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Yüksel Peker

Basel • Beijing • Wuhan • Barcelona • Belgrade • Novi Sad • Cluj • Manchester



Editor
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Abstract: Background: Obstructive sleep apnea (OSA) is a chronic disorder of the upper airway.
OSA surgery has oftentimes been researched based on the outcomes of single-institutional facilities.
We retrospectively analyzed a multi-institutional national database to investigate the outcomes of
OSA surgery and identify risk factors for complications. Methods: We reviewed the American
College of Surgeons National Surgical Quality Improvement Program (NSQIP) database (2008–2020)
to identify patients who underwent OSA surgery. The postoperative outcomes of interest included
30-day surgical and medical complications, reoperation, readmission, and mortality. Additionally,
we assessed risk-associated factors for complications, including comorbidities and preoperative
blood values. Results: The study population included 4662 patients. Obesity (n = 2909; 63%) and
hypertension (n = 1435; 31%) were the most frequent comorbidities. While two (0.04%) deaths were
reported within the 30-day postoperative period, the total complication rate was 6.3% (n = 292).
Increased BMI (p = 0.01), male sex (p = 0.03), history of diabetes (p = 0.002), hypertension requiring
treatment (p = 0.03), inpatient setting (p < 0.0001), and American Society of Anesthesiology (ASA)
physical status classification scores ≥ 4 (p < 0.0001) were identified as risk-associated factors for any
postoperative complications. Increased alkaline phosphatase (ALP) was identified as a risk-associated
factor for the occurrence of any complications (p = 0.02) and medical complications (p = 0.001).
Conclusions: OSA surgery outcomes were analyzed at the national level, with complications shown
to depend on AP levels, male gender, extreme BMI, and diabetes mellitus. While OSA surgery has
demonstrated an overall positive safety profile, the implementation of these novel risk-associated
variables into the perioperative workflow may further enhance patient care.

Keywords: obstructive sleep apnea (OSA); airway surgery; head and neck surgery; big data
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1. Introduction

Obstructive sleep apnea (OSA) is a chronic disorder defined as increased pharyngeal
airway resistance during sleep with subsequent repetitive collapse of the upper airway [1,2].
With over one billion people affected worldwide, OSA represents a highly prevalent and
continually increasing disorder. OSA patients suffer from different symptoms, including
sleep fragmentation, hypoxia, and increased cardiovascular morbidity [3–6].

Positive airway pressure (PAP) therapy represents the gold standard in non-surgical
OSA management [7]. A wide array of surgical treatment options exist, including (i) uvu-
lopalatopharyngoplasty (UPPP); (ii) other soft tissue reduction procedures, such as tonsillec-
tomy, glossectomy, and epiglottidectomy; (iii) skeletal surgeries, such as maxillomandibular
advancement (MMA), genioglossus advancement (GA), and hyoid myotomy and suspen-
sion (HMS); and (iv) upper airway bypass procedures, including tracheostomy for severe
OSA [1,3].

In most cases, OSA surgeries are performed in non-academic facilities [8]. Outcome
research on complication rates and risk-associated factors for OSA is often derived from
retrospective analyses of single-surgeon, single-institution, or technique-specific medical
records, which can reduce research transferability and significance to the scientific commu-
nity [9]. By pooling patient data with geographical and institutional variation, an analysis
of multicenter national databases can help identify more robust risk-associated factors and
provide a panoramic view of postoperative outcomes in OSA patients.

The American College of Surgeons (ACS) National Surgical Quality Improvement
Program (NSQIP) provides an extensive and diverse patient cohort by collecting validated
data from more than 700 US hospitals. We, therefore, query this database to fill the research
gap regarding the outcomes and occurrence of adverse events of OSA procedures in
larger, mostly academic hospital centers, which may represent more complex cases with a
multimorbid patient group [10].

2. Methods

2.1. Data Source and Patient Selection

Data were collected between 2008 and 2020 from the American College of Surgeons
National Surgical Quality Improvement Program (ACS-NSQIP) database. As a multi-
institutional catalog, the ACS-NSQIP records over 150 pre-, peri-, and postoperative data
points. Since the records analyzed did not contain patient-identifying information, the
study was exempt from Institutional Review Board approval.

The ACS-NSQIP database was queried to identify all patients who underwent surgi-
cal treatment for obstructive sleep apnea (OSA). Specifically, 13 annual records between
2008 and 2020 were searched for ICD-9-CM 327.23 (“Obstructive sleep apnea”) and ICD-
10-CM G47.33 (“Obstructive sleep apnea”) codes. In a second step, we screened this OSA
cohort of 4781 cases and retrieved all cases in which bariatric surgical procedures were
performed. We excluded a total of 119 cases of bariatric treatment to obtain a more homoge-
neous cohort undergoing head and neck surgery as the only therapeutic management for
OSA. Thus, the analyzed cohort did not include any case of bariatric OSA treatment, either
as the main procedure or as a concomitant procedure. Finally, the generated patient pool
was manually cross-checked by two investigators (S.K. and A.C.P.), and the classification as
head and neck OSA surgery was confirmed for each individual case. A third investigator
(L.K.) was consulted in cases of discrepant assessments, with any unclear records being
excluded from the analysis.

2.2. Variable Extraction

Pre-, peri-, and thirty-day postoperative variables were extracted for analysis.
(i) Preoperative data were evaluated as follows: (a) patient demographics (sex, age,

race, height in inches, and weight in pounds), (b) comorbidities (history of chronic obstruc-
tive pulmonary disease (COPD) or congestive heart failure (CHF), active dialysis treatment,
diabetes mellitus, hypertension, dyspnea, metastatic cancer, smoking status in the past
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year, steroid or immunosuppressive therapy use, weight loss greater than 10% of body
weight, wound infections, ventilator dependency, and functional health status), (c) preoper-
ative scores (wound classification (score of 1–4) and American Society of Anesthesiology
(ASA) physical status classification (score of 1–5)), and (d) preoperative laboratory values,
including serum sodium, blood urea nitrogen (BUN), serum creatinine, serum albumin,
total bilirubin, serum glutamic-oxaloacetic transaminase (SGOT), alkaline phosphatase
(ALP), white blood count (WBC), hematocrit, platelet count, partial thromboplastin time
(PTT), international normalized ratio (INR), and prothrombin time (PT). In addition, we
calculated the body mass index (BMI) for all patients using the following formula: weight
(pounds)/height (inches)2 × 703. All extracted preoperative variables are shown in Table 1.

Table 1. Patient demographics and comorbidities. Reported as n (%), unless otherwise stated.

Characteristic Patients (n = 4662)

Demographics
Sex

Female (n) 1273 (27)
Male (n) 3388 (73)

Age, mean ± SD 42 ± 13
BMI, mean ± SD 33 ± 7.3
Race

American Indian or Alaskan Native 28 (0.6)
Asian 244 (5.2)
Native Hawaiian or Pacific Islander 51 (1.1)
Black or African American 544 (12)
White 2979 (64)
Other or unknown 804 (17)

Preoperative health and comorbidities
Diabetes 469 (10)

Insulin-treated diabetes 137 (2.9)
COPD 60 (1.3)
CHF 5 (0.1)
Obesity 2909 (62)
Hypertension 1435 (31)
Dyspnea 229 (4.9)
Current smoker 742 (16)
Corticosteroid use 80 (1.7)
Wound infection 13 (0.3)

ASA physical status classification score
1—No disturbance 217 (4.7)
2—Mild disturbance 2650 (57)
3—Severe disturbance 1744 (37)
4—Life-threatening 45 (1.0)

Wound class
1—Clean 179 (3.8)
2—Clean/contaminated 4396 (94)
3—Contaminated 63 (1.4)
4—Dirty/infected 24 (0.5)

Functional Status
Independent 4606 (99)
Partially or totally dependent 56 (1.2)

ASA, American Society of Anesthesiology.

(ii) In terms of perioperative data, we evaluated the type of anesthesia (general, moni-
tored, epidural or spinal, local or regional, and other), surgical specialty (otolaryngology,
general surgery, and other), setting (inpatient or outpatient), year of surgery within the
13-year period of 2008–2020, and total operative time in minutes. All perioperative data are
shown in Tables 2 and 3.
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Table 2. Surgical characteristics. Reported as n (%), unless otherwise stated.

Characteristic Patients (n = 4662)

Surgical specialty
General 39 (0.8)
ENT 4587 (98)
Other 36 (0.8)

Type of anesthesia
General 4642 (100)
Local 3 (0.06)
Monitored anesthesia care 8 (0.2)
Epidural or spinal 6 (0.1)
Other or unknown 3 (0.06)

Setting
Inpatient 1382 (30)
Outpatient 3280 (70)

Year of surgery
2008 173 (3.7)
2009 202 (4.3)
2010 306 (6.6)
2011 120 (2.6)
2012 441 (9.5)
2013 429 (9.2)
2014 440 (9.4)
2015 455 (9.8)
2016 457 (9.8)
2017 516 (11)
2018 445 (9.5)
2019 376 (8.1)
2020 302 (6.5)

Table 3. (Sub)Types of surgery. Reported as n (%), unless otherwise stated.

Type of Surgery N of Patients (%)

Isolated Uvulopalatopharyngoplasty (UPPP) 321 (6.9)

+ tonsillectomy 46 (1.0)
+ turbinate reduction 14 (0.3)
+ tongue radiofrequency ablation (RFA) + tonsillectomy 1 (0.02)
+ turbinate reduction + tongue RFA 3 (0.06)
+ tongue RFA 2 (0.04)
+ turbinate reduction + tonsillectomy 7 (0.2)

Isolated Palatopharyngoplasty (PPP) 1161 (25)

+ tonsillectomy 887 (19)
+ tonsillectomy + turbinate reduction 306 (6.6)
+ tonsillectomy + tongue RFA 70 (1.5)
+ tonsillectomy + turbinate reduction + tongue RFA 43 (0.9)
+ tonsillectomy + hyoid myotomy and suspension + turbinate reduction 5 (0.1)
+ turbinate reduction + sinus surgery 27 (0.6)
+ tongue RFA 76 (1.6)
+ turbinate reduction 409 (8.8)
+ sinus surgery 22 (0.5)
+ tonsillectomy + sinus surgery 9 (0.2)
+ turbinate reduction + tongue RFA 41 (0.9)
+ tonsillectomy + sinus surgery + turbinate reduction 9 (0.2)
+ tonsillectomy + turbinate reduction + sinus surgery + tongue RFA 2 (0.04)
+ turbinate reduction + sinus surgery + tongue RFA 1 (0.02)
+ sinus surgery + turbinate reduction + tonsillectomy 2 (0.04)

4
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Table 3. Cont.

Type of Surgery N of Patients (%)

+ sinus surgery + tongue RFA 1 (0.02)
+ sinus surgery + tonsillectomy + tongue RFA 1 (0.02)

Isolated Tonsillectomy 578 (12)

+ turbinate reduction 85 (1.8)
+ turbinate reduction + sinus surgery 7 (0.2)
+ uvulectomy 76 (1.6)
+ uvulectomy + sinus surgery 2 (0.04)
+ turbinate reduction + uvulectomy 18 (0.4)
+ uvulectomy + tongue RFA 3 (0.06)
+ turbinate reduction + tongue RFA 1 (0.02)
+ tongue RFA 3 (0.06)
+ sinus surgery 2 (0.04)

Isolated Uvulectomy 31 (0.7)

+ turbinate reduction 14 (0.3)
+ sinus surgery + turbinate reduction 2 (0.04)
+ sinus surgery 1 (0.02)

Isolated Partial Glossectomy 13 (0.3)

+ PPP 35 (0.8)
+ PPP + turbinate reduction 6 (0.1)
+ turbinate reduction 4 (0.09)
+ PPP + tonsillectomy 28 (0.6)
+ tonsillectomy + PPP + turbinate reduction 7 (0.2)
+ tonsillectomy + turbinate reduction 3 (0.06)
+ tonsillectomy 2 (0.04)
+ hyoid myotomy and suspension 1 (0.02)

Isolated Genioglossus Advancement 0 (0.0)

+ maxillomandibular advancement 15 (0.3)
+ PPP + turbinate reduction 1 (0.02)
+ PPP + tonsillectomy 3 (0.06)
+ maxillomandibular advancement + sinus surgery + turbinate reduction 1 (0.02)
+ maxillomandibular advancement + PPP 4 (0.09)
+ maxillomandibular advancement + PPP + tonsillectomy 2 (0.04)
+ maxillomandibular advancement + PPP + turbinate reduction 2 (0.04)
+ maxillomandibular advancement + turbinate reduction 1 (0.02)
+ turbinate reduction 1 (0.02)
+ PPP 1 (0.02)

Isolated Maxillomandibular Advancement 25 (0.5)

Isolated Hyoid Myotomy and Suspension 35 (0.8)

+ tonsillectomy 6 (0.1)
+ PPP 26 (0.6)
+ tongue RFA 3 (0.06)
+ PPP + turbinate reduction 10 (0.2)
+ PPP + partial glossectomy 1 (0.02)
+ tongue RFA + turbinate reduction 4 (0.09)
+ PPP + tonsillectomy 7 (0.2)
+ PPP + tongue RFA 2 (0.04)
+ turbinate reduction 1 (0.02)

Procedures Including Craniofacial Osteotomies 32 (0.7)

Procedures Including Epiglottidectomy 16 (0.3)

Procedures Including Tracheostomy 18 (0.4)

Other 57 (1.2)

5
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For an in-depth evaluation, we manually analyzed all cases of head and neck OSA
surgery and first classified them into one of the following types of surgery (based on the
most invasive procedure or the entered main procedure): uvulopalatopharyngoplasty
(UPPP), palatopharyngoplasty (PPP), tonsillectomy, uvulectomy, partial glossectomy, ge-
nioglossus advancement, maxillomandibular advancement, hyoid myotomy and suspen-
sion, cases including craniofacial osteotomy, cases including epiglottidectomy, cases in-
cluding tracheostomy, and other. Next, we refined this classification system by specifying
which concomitant (less invasive) procedures were entered in parallel.

When classifying and labeling the individual types of surgery, we closely adhered to
the nomenclature recorded in the NSQIP database. Accordingly, the specification of the
surgical types was based on the procedural description and the recorded Current Procedural
Terminology (CPT) codes. Further, we followed the guidelines of the American Society of
Anesthesiologists Task Force on the management of patients with OSA in assessing the
invasiveness of the procedures [11]. In rare cases, for example, craniofacial osteotomies,
a more precise specification was not possible due to limited case information. Surgical
characteristics, including the classification pattern and the prevalence of each (sub)type of
surgery, are summarized in Table 3 and Figure 1.

Figure 1. Procedure distribution. Procedures performed concomitantly with other procedures (com-
bined procedures) are shown with a striped pattern. The majority of procedures (>65%) were PPPs,
followed by tonsillectomies. The exact numbers are shown in Table 3. PPP, palatopharyngoplasty;
UPPP, uvulopalatopharyngoplasty.

6
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(iii) The gathered and analyzed 30-day postoperative outcomes included discharge
destination (home, not home, and other or unknown) and length of hospital stay (LOS).
LOS was counted as the difference in days between the date of admission and the date
of discharge. Any complication was defined as the occurrence of any of the following:
mortality, reoperation, readmission or unplanned readmission, and surgical or medical
complications. For further analyses, all surgical complications reported in the ACS-NSQIP
database (i.e., superficial and deep incision-site infections, organ-space infections, wound
lacerations or dehiscences, and blood transfusions) that arose at least once were considered.
Similarly, while evaluating all medical complications captured in the ACS-NSQIP catalog
(i.e., pulmonary embolism, pneumonia, reintubation, ventilator use for more than 48 h,
infection of the urinary tract, renal insufficiency, acute renal failure, deep-vein thrombosis or
thrombophlebitis, cardiac arrest, cerebrovascular incident or stroke, myocardial infarction,
sepsis, and septic shock), we focused on those for which at least one case was reported.
Detailed information on postoperative outcomes after head and neck OSA surgery is listed
in Tables 4–6.

Table 4. Operative and postoperative outcomes for all patients undergoing head and neck OSA
surgery. Reported as n (%), unless otherwise stated.

Outcome Patients (n = 4662)

Length of Hospital Stay, mean days ± SD 0.9 ± 2.0
Operative Time, mean minutes ± SD 66 ± 54
Any Complication 292 (6.3)
Mortality within 30 days 2 (0.04)
Reoperation 163 (3.5)
Readmission 100 (2.1)
Unplanned Readmission 99 (2.1)
Surgical Complication 48 (1.0)

Superficial Incisional Infection 26 (0.6)
Deep Incisional Infection 4 (0.09)
Organ-Space Infection 8 (0.2)
Dehiscence 10 (0.2)

Medical Complication 55 (1.2)
Pneumonia 21 (0.5)
Reintubation 17 (0.4)
Pulmonary Embolism 4 (0.09)
Ventilator > 48 h 10 (0.2)
Myocardial Infarction 1 (0.02)
Cardiac Arrest Requiring CPR 1 (0.02)
DVT or Thrombophlebitis 5 (0.1)
Urinary Tract Infection 11 (0.2)
Septic Shock 1 (0.02)
Sepsis 8 (0.2)

Discharge destination
Home 3956 (85)
Not Home 16 (0.3)
Other or Unknown 8 (0.2)

Table 5. Distribution of procedures with the type-specific occurrence of any complication.

Type of Surgery Total
Any

Complication
Any Complication

(Total %)

Uvulopalatopharyngoplasty (UPPP), of which:
Isolated 321 13 4.0
+ tonsillectomy 46 3 6.5
+ turbinate reduction 14 1 7.1

7
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Table 5. Cont.

Type of Surgery Total
Any

Complication
Any Complication

(Total %)

+ tongue radiofrequency ablation (RFA) 2 0 0.0
+ turbinate reduction + tonsillectomy 7 0 0.0
+ turbinate reduction + tongue RFA 3 0 0.0
+ tongue RFA + tonsillectomy 1 0 0.0

Palatopharyngoplasty (PPP), of which:
Isolated 1161 65 5.6
+ tonsillectomy 887 57 6.4
+ tonsillectomy + turbinate reduction 306 18 5.9
+ tonsillectomy + tongue RFA 70 9 13
+ tonsillectomy + turbinate reduction + tongue RFA 43 0 0.0
+ tonsillectomy + hyoid myotomy and suspension + turbinate reduction 5 1 20
+ turbinate reduction + sinus surgery 27 2 7.4
+ tongue RFA 76 5 6.6
+ turbinate reduction 409 18 4.4
+ sinus surgery 22 0 0.0
+ tonsillectomy + sinus surgery 9 2 22
+ turbinate reduction + tongue RFA 41 4 9.8
+ tonsillectomy + sinus surgery + turbinate reduction 9 1 11
+ tonsillectomy + turbinate reduction + sinus surgery + tongue RFA 2 0 0.0
+ turbinate reduction + sinus surgery + tongue RFA 1 0 0.0
+ sinus surgery + turbinate reduction + tonsillectomy 2 0 0.0
+ sinus surgery + tongue RFA 1 0 0.0
+ sinus surgery + tonsillectomy + tongue RFA 1 0 0.0

Tonsillectomy, of which:
Isolated 578 50 8.7
+ turbinate reduction 85 4 4.7
+ turbinate reduction + sinus surgery 7 0 0.0
+ uvulectomy 76 4 5.4
+ uvulectomy + sinus surgery 2 0 0.0
+ turbinate reduction + uvulectomy 18 2 11
+ uvulectomy + tongue RFA 3 0 0.0
+ turbinate reduction + tongue RFA 1 0 0.0
+ tongue RFA 3 0 0.0
+ sinus surgery 2 0 0.0

Uvulectomy, of which:
Isolated 31 0 0.0
+ turbinate reduction 14 2 14
+ sinus surgery + turbinate reduction 2 0 0.0
+ sinus surgery 1 0 0.0

Partial Glossectomy, of which:
Isolated 13 0 0.0
+ PPP 35 2 5.7
+ PPP + turbinate reduction 6 1 17
+ turbinate reduction 4 0 0.0
+ PPP + tonsillectomy 28 3 11
+ tonsillectomy + PPP + turbinate reduction 7 0 0.0
+ tonsillectomy + turbinate reduction 3 0 0.0
+ tonsillectomy 2 0 0.0
+ hyoid myotomy and suspension 1 0 0.0

Genioglossus Advancement, of which:
Isolated 0 0 0.0
+ maxillomandibular advancement 15 2 13
+ PPP + turbinate reduction 1 0 0.0
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Table 5. Cont.

Type of Surgery Total
Any

Complication
Any Complication

(Total %)

+ PPP + tonsillectomy 3 0 0.0
+ maxillomandibular advancement + sinus surgery + turbinate reduction 1 0 0.0
+ maxillomandibular advancement + PPP 4 0 0.0
+ maxillomandibular advancement + PPP + tonsillectomy 2 1 50
+ maxillomandibular advancement + PPP + turbinate reduction 2 1 50
+ maxillomandibular advancement + turbinate reduction 1 0 0.0
+ turbinate reduction 1 0 0.0
+ PPP 1 0 0.0

Isolated Maxillomandibular Advancement 25 2 8.0
Hyoid Myotomy and Suspension, of which:

Isolated 35 3 8.6
+ tonsillectomy 6 0 0.0
+ PPP 26 3 12
+ tongue RFA 3 0 0.0
+ PPP + turbinate reduction 10 1 10
+ PPP + partial glossectomy 1 0 0.0
+ tongue RFA + turbinate reduction 4 1 25
+ PPP + tonsillectomy 7 0 0.0
+ PPP + tongue RFA 2 0 0.0
+ turbinate reduction 1 0 0.0

Procedures Including Craniofacial Osteotomies 32 2 6.3
Procedures Including Epiglottidectomy 16 0 0.0
Procedures Including Tracheostomy 18 4 22
Other 57 5 8.8

Of note, as the primary composite outcome, we defined the occurrence of any com-
plication, i.e., mortality, reoperation, readmission, unplanned readmission, any surgical
complication, or any medical complication. In this context, it is important to mention that
we counted the total number of patient cases and not the sheer number of complications.
In other words, if a patient both returned to the operating room and experienced a medical
complication, this was recorded as any complication n = 1. Second, we analyzed all individ-
ual outcomes separately and determined the mean length of hospital stay. To this end, we
evaluated the frequency of mortality, reoperation, (unplanned) readmission, any surgical,
and any medical complication. The latter two included the occurrence of superficial or
deep incisional infection, organ-space infection, dehiscence, pneumonia, reintubation, pul-
monary embolism, ventilator use for more than 48 h, myocardial infarction, cardiac arrest,
deep-vein thrombosis or thrombophlebitis, urinary tract infection, sepsis, and septic shock.
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2.3. Statistical Analysis

Data were collected and stored in an electronic laboratory notebook (LabArchives, LLC,
San Marcos, CA, USA) and evaluated with GraphPad Prism (V9.00 for MacOS, GraphPad
Software, La Jolla, CA, USA). Continuous variables (i.e., age and BMI) were analyzed with
independent t-tests and reported as means with standard deviations. Pearson’s chi-squared
test was used to measure differences in categorical variables. In cases with fewer than
10 events, Fisher’s exact test was applied. Statistical significance was measured at p < 0.05.
a univariable subgroup analysis was performed to accomplish risk-associated factors for
complications by separating the cohort into three groups depending on the occurrence of
any, surgical, or medical complications. An in-depth statistical analysis was conducted
using ordinary least squares (OLS) based on a multivariate logistic regression analysis.
OLS regression is a statistical-mathematical method calculating the association between
one or more independent variables and a dependent variable. Multivariate regression is
considered an advanced version of normal OLS regression. These models were performed
to control for confounding by including all variables found to be significant risk-associated
factors for the occurrence of any, surgical, or medical complications. More specifically, this
analysis was adjusted for gender, BMI, setting, diabetes, hypertension, and ASA physical
status classification (any complications); for age, race, setting, COPD, and dyspnea (surgical
complications); and for BMI, setting, diabetes, obesity, corticosteroid use, ASA physical
status classification, and functional status (medical complications).

3. Results

3.1. Patient Demographics

The study population included 4662 patients who underwent OSA surgery over a
13-year review period (2008–2020). The average patient age was 42 ± 13, while male
(n = 3388; 73%) and white (n = 2979; 64) patients with class-1 or -2 obesity (BMI: 33 ± 7.7)
accounted for the majority of OSA surgery candidates. Obesity (n = 2909; 63%) and hyper-
tension (n = 1435; 31%) were the most frequent comorbidities. In our study population, 16%
(n = 742) declared to be current smokers. Detailed demographic data and comorbidities of
the entire study population are described in Table 1. Supplementary Table S1 focuses on
patients who underwent isolated uvulopalatopharyngoplasty, palatopharyngoplasty, and
tonsillectomy procedures and provides a breakdown of their characteristics.

3.2. Surgical Characteristics

Isolated palatopharyngoplasty (PPP) (n = 1161; 25%) was the most frequently per-
formed surgery, with tonsillectomy (PPP with tonsillectomy) (n = 887; 19%) and turbinate
reduction (PPP with turbinate reduction) (n = 409; 8.8%) as most common multilevel
procedures. Most procedures were performed in an outpatient setting (n = 3280; 70%).
Tables 2 and 3 display surgical characteristics in detail.

3.3. Perioperative Outcomes

The mean operation time was 66 ± 54 min. After a postoperative LOS of 0.9 ± 2.0 days
on average, 84% (n = 3956) of patients were discharged home (Table 4).

3.4. Postoperative Surgical and Medical Outcomes

The occurrence of any complication (i.e., mortality, reoperation, readmission, un-
planned readmission, any surgical complication, or any medical complication) was recorded
in 292 patient cases (6.3%) (Table 4). While two (0.04%) deaths were reported within the
30-day postoperative period, the reoperation rate amounted to 3.5% (n = 163). The surgical
complication rate was 1.0% (n = 48), with superficial incisional infection (n = 26; 0.6%)
as the most frequently reported adverse surgical event. Medical complications occurred
in 55 (1.2%) cases, of which pneumonia constituted 21 (0.5%) cases. Male sex (p = 0.03),
increased BMI (p = 0.01), inpatient setting (p < 0.0001), history of diabetes (p = 0.002), hyper-
tension requiring treatment (p = 0.03), and ASA scores ≥ 4 (p < 0.0001) were identified as
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risk-associated factors for the occurrence of any postoperative complications. Advanced age
(p = 0.04), inpatient setting (p = 0.0002), history of COPD (p = 0.003), and dyspnea (p = 0.03)
were identified as risk-associated factors for the occurrence of any surgical complication. In
terms of medical complications, increased BMI (p < 0.0001), inpatient setting (p < 0.0001),
history of diabetes (p < 0.0001), corticosteroid use (p = 0.01), and ASA scores ≥ 4 (p = 0.0006)
were identified as risk-associated factors. A multivariable analysis confirmed that ASA
score and diabetes were independent risk-associated factors for the occurrence of any
complication (p = 0.03 and p = 0.001, respectively; Table 7). Further details about the multi-
variable assessments of any, surgical, and medical complications are described in Tables 7
and 8. Increased alkaline phosphatase (ALP) was identified as a risk-associated factor
for the occurrence of any complication (p = 0.02) and medical complications (p = 0.001).
Detailed preoperative lab value data are described in Table 9.

Table 7. Multivariable assessment of any, surgical, and medical complication occurrences for all
patients undergoing head and neck OSA surgery.

Risk-Associated Factors OR 95% CI p-Value

Any complications

Sex (female) −0.02 −0.04–−0.01 0.003
Diabetes 0.03 0.00–0.05 0.03
ASA physical status classification score (≥4) 0.12 0.05–0.20 0.001

Surgical complications

Race (White) −0.02 −0.02–−0.01 <0.0001
Race (Black or African American) −0.02 −0.03–−0.01 0.004
COPD 0.05 0.02–0.07 0.0006

Medical complications

Diabetes 0.02 0.01–0.03 0.003
History of CHF 0.15 0.05–0.24 0.004
Corticosteroid use 0.03 0.01–0.06 0.006
Underweight; BMI < 18.5 0.08 0.01–0.14 0.02
Extreme Obesity Class 3; BMI > 40 0.01 0.00–0.02 0.02

ASA, American Society of Anesthesiology.

Table 8. Multivariable assessment of any, surgical, and medical complication occurrences with regard
to different types of surgeries.

Risk-Associated Factors OR 95% CI p-Value

Any complications

Isolated tonsillectomy 0.05 0.02–0.09 0.003
Procedures including tracheostomy 0.12 0.00–0.25 0.04
PPP + tonsillectomy + tongue RFA 0.09 0.02–0.15 0.007
PPP + tonsillectomy + sinus surgery 0.17 0.01–0.33 0.03
Genioglossus advancement + maxillomandibular advancement + PPP + tonsillectomy 0.45 0.11–0.78 0.009
Genioglossus advancement + maxillomandibular advancement + turbinate reduction 0.96 0.48–1.43 <0.0001

Surgical complications

Genioglossus advancement + maxillomandibular advancement 0.06 0.01–0.11 0.03
Genioglossus advancement + maxillomandibular advancement + turbinate reduction 0.99 0.79–1.18 <0.0001
Hyoid myotomy and suspension 0.07 0.04–0.11 <0.0001
Hyoid myotomy and suspension + PPP 0.06 0.02–0.10 0.001
Hyoid myotomy and suspension + tongue RFA + turbinate reduction 0.24 0.15–0.34 <0.0001

Medical complications

Procedures including tracheostomy 0.06 0.00–0.11 0.04
Genioglossus advancement + maxillomandibular advancement 0.06 0.00–0.11 0.04
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Table 8. Cont.

Risk-Associated Factors OR 95% CI p-Value

PPP + tonsillectomy + tongue RFA 0.03 0.00–0.06 0.04
PPP + tonsillectomy + sinus surgery 0.09 0.02–0.17 0.01
PPP + tonsillectomy + sinus surgery + turbinate reduction 0.11 0.03–0.18 0.004
Hyoid myotomy and suspension + PPP + turbinate reduction 0.09 0.02–0.16 0.01
UPPP + turbinate reduction 0.07 0.01–0.13 0.02

PPP: palatopharyngoplasty; RFA: radiofrequency ablation; UPPP, uvulopalatopharyngoplasty.

To delineate a correlation pattern between the type of procedure performed and the
occurrence of adverse events, we first reviewed the total number of complications. We
found that most complications occurred in patients who underwent palatopharynoplasty
(PPP), (n = 65) followed by patients receiving tonsillectomy (n = 50) (Table 5). This was not
surprising considering that these two surgical procedures also numerically accounted for
the largest proportion of the cohort (Figure 1). We, therefore, calculated a complication rate
(defined as the number of complications within a surgery type relative to the total number
of patients who underwent that specific procedure; Table 5). A comparison of complication
rates among the different (sub)types of surgery revealed that there were no statistically sig-
nificant differences between isolated procedures and multilevel surgeries (Supplementary
Table S2). When focusing exclusively on isolated procedures, we found isolated tonsillec-
tomy to be associated with a significantly higher risk than isolated uvulopalatopharyngo-
plasty (p = 0.009) and isolated palatopharyngoplasty (p = 0.02; Supplementary Table S3).
Further, tracheostomy showed significantly higher complication rates than isolated uvu-
lopalatopharyngoplasty (p = 0.009), isolated palatopharyngoplasty (p = 0.02), and isolated
uvulectomy (p = 0.01; Figure 2 and Supplementary Table S3). Comparable trends were
also noticeable in the multivariable assessment of complication occurrences among the
different (sub)types of surgery. While isolated tonsillectomy was found to be statistically
significantly associated with any complications (p = 0.003), tracheostomy surgery was
associated with significantly higher risks for any (p = 0.04) and medical complications
(p = 0.04; Table 8). The multivariable analysis suggested two surgical combinations as
high-risk conditions for the occurrence of postoperative complications. Namely, combined
genioglossus advancement and maxillomandibular advancement, as well as combined
palatopharyngoplasty and tonsillectomy, were frequent among the risk-associated types of
surgery (Table 8).
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Figure 2. Complications rates for different procedures. Isolated and combined procedures did not
significantly differ in terms of complication rates. Tonsillectomy, when performed as an isolated
procedure, had a significantly higher rate of complications than isolated UPPP or isolated PPP.
Tracheostomy procedures had the highest rate of complications, significantly higher than isolated
UPPP, isolated PPP, and isolated uvulectomy. The exact numbers are shown in Supplementary
Tables S2 and S3.

4. Discussion

Big databases represent a powerful tool for tracking surgical outcomes and improv-
ing patient care. For OSA patients, as a vulnerable patient group per se, it is impor-
tant for surgeons to thoroughly determine a patient’s risk profile prior to undergoing
surgery [12]. We queried the ACS-NSQIP database to investigate medical and surgical
complications and risk-associated factors, as well as 30-day postoperative outcomes, in
4662 OSA surgery cases.

For the purpose of a homogeneous patient cohort (and, thus, for better interindividual
comparability), we excluded all cases of bariatric surgery as a therapeutic approach for OSA.
Nonetheless, in our study population undergoing head and neck surgery, middle-aged
(42 ± 13 years of age) males with class-1 obesity (BMI: 33 ± 7.3 kg/m2) still represented
the most common OSA patient. This finding aligns with recent studies by Du et al. and
Zaghi et al. who each investigated demographic patterns in OSA surgery [13,14]. Further,
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we found that 62% of patients undergoing upper airway surgery suffered from obesity and
31% from hypertension, while 16% of patients were current smokers. The high prevalence
of comorbidities, such as obesity, was also reported in a 2014 Korean population study of
348 patients, as well as in a 2015 study by Heinzer et al. including 2121 OSA patients [15,16].
The high prevalence of nicotine abuse in OSA patients has also been described in the scien-
tific literature [17,18]. Our findings, therefore, underscore the vulnerability of this specific
patient group (i.e., middle-aged, male, and obese patients with a medical record of nicotine
abuse) to OSA. With the background of increasing worldwide obesity rates and persistently
high smoking prevalence, joint efforts are needed to sensitize and target risk patients, such
as overweight adolescents or current smokers, before the clinical manifestation of OSA
symptoms [19–21].

Surgical OSA therapy is a case-to-case decision based upon individual anatomical
findings with the possible combination of different surgical techniques in multilevel surg-
eries [2,22]. Of note, UPPP, which was considered the standard OSA surgery prior, has
been successively replaced by multilevel surgery to simultaneously address variables
that predispose patients to UPPP-resistant OSA (e.g., narrowing or collapse at sites other
than the retropalate) [23]. The multilevel approach renders perioperative risk evaluation
more challenging and necessitates procedure-adjusted complication assessment. In our
study, isolated UPPP accounted for 6.9% of the cases, while palatopharyngoplasty com-
bined with different concurrent procedures accounted for 40% of the patients (Figure 1).
This distribution pattern corroborates the ongoing shift toward concomitant surgeries in
OSA patients.

Regarding complication rates, different studies have shown overall perioperative
complication rates in OSA surgery ranging between 1.0% and 15% [22,24]. More recent
reports have indicated relatively low complication rates for OSA surgery: while van
Daele et al. documented reoperation rates and surgical site infections in 4.8% and 0.9% of
all cases, respectively, Rosero et al. found postoperative complications occurring in 6.4%
of surgical OSA patients [25,26]. Both authors reported surgery-related mortality rates of
less than 0.1%. Overall, these numbers are comparable to our analysis, where we found
2 cases of death (0.4%), 292 (6.3%) cases of any complications, and 163 reoperations (3.5%)
due to complications.

Interestingly, in our study, no significant differences in the occurrences of complica-
tions and the incidences of readmissions and reoperations were found between multilevel
surgeries and isolated procedures (Supplementary Table S2). The stacking of concomi-
tant procedures for customized patient therapy was not associated with a significantly
increased risk. This finding is in line with recent studies that have highlighted the safety
profile of multilevel OSA surgery [27–31]. More specifically, the SAMS randomized clinical
trial involved 51 patients undergoing multilevel OSA surgery (i.e., uvulopalatopharyn-
goplasty and minimally invasive tongue volume reduction), with only two participants
(4%) experiencing postoperative adverse events [30]. Similarly, Bosco et al. reported the
absence of any unexpected complications during the postoperative follow-up of 24 patients
receiving one-stage multilevel OSA surgery (pharyngoplasty, tongue base reduction, or
partial epiglottectomy) [31]. In 2021, a meta-analysis evaluated 37 studies and a total of
1639 patients undergoing multilevel OSA surgery. With major complications being reported
in only 1.1% of all cases, this analysis further validated the procedures’ safety [29]. Thus,
our study substantiates the current trend towards multilevel OSA surgery also from a risk-
associated standpoint. However, we identified two surgical combinations (i) genioglossus
advancement plus concomitant maxillomandibular advancement and ii) palatopharyngo-
plasty plus parallel tonsillectomy) as high-risk procedures. Therefore, although this study
may encourage surgeons to consider concomitant procedures for more tailored surgical
management of OSA patients, surgeons should pay particular attention to these two combi-
nations during preoperative planning and critically evaluate patients’ eligibility. In this
context, we advocate an individualized case-by-case decision that takes into account both
the patient characteristics and the relevant circumstances (such as psychosocial support,
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monetary burden, and available (mid- and long-term) nursing). The proposed predictive
factors, including patient gender, body weight, comorbidities, and laboratory values, may
aid in achieving an evidence-based risk assessment.

Of note, tracheostomy was also identified as a risk-associated factor for both any and
medical complications, regardless of the main surgical procedure. In general, tracheostomy
has been shown to be a safe airway management technique in most cases, as well as a
potential, yet uncommon, therapeutic alternative for patients with severe OSA [32–36]. Still,
tracheostomy is an invasive procedure that carries a risk of high morbidity. The spectrum
of potential adverse events is broad, ranging from postoperative bleeding and infection
to tracheal wall injury and tube obstruction. Further tracheostomy-related complications
(such as stenosis, malacia, and fistula formation) may also be life-threatening by affecting
airway passability, ultimately rendering this procedure one of the most morbid in the wide
field of OSA therapy [37–39]. Koitschev et al. showed that the surgical technique used
for tracheotomy influenced the risk for tracheostomy-related complications. They found
that surgical approaches resulting in an epithelialized tracheostoma minimized the risk for
tracheostomy-related complications [40]. To our knowledge, this is the first study to outline
the increased risk of tracheostomy in OSA surgery. Therefore, surgeons may critically
weigh the potential benefits of tracheostomy, such as enhanced nursing care, against the
additional complication risk in OSA patients. However, this finding should be corroborated
on larger scales.

OSA patients represent a vulnerable patient group in surgical risk management [12,41].
Therefore, the identification of risk-associated factors plays a pivotal role in enhancing pa-
tient care. In our analysis, we found male gender, diabetes mellitus, and ASA scores ≥ 4 to
be predictive of any complications. While these factors have been described as risk-
associated factors in other fields of surgery, this is the first study to reveal an increased
risk for this patient profile when undergoing OSA surgery [42–48]. For medical compli-
cations, we not only found extreme obesity (i.e., BMI > 40 kg/m2) but also underweight
status (i.e., BMI < 18.5 kg/m2) to be significant risk-associated factors (Table 7; Supple-
mentary Figure S1). While Du et al. found the same for OSA surgery patients in obesity
classes 2 and 3 when analyzing 1923 OSA surgery cases, this is the first study to reveal
an increased risk of medical complications in underweight patients who underwent OSA
surgery. Further, we identified elevated alkaline phosphatase (ALP) values to be predictive
of medical and surgical complications following OSA surgery. Increased ALP levels can
be due to hepatic and biliary diseases, as well as bone disorders [49,50]. Increased ALP
values have been implicated with elevated complication rates in other types of surgery,
but the exact pathomechanism by which ALP influences perioperative patient health
remains to be determined [51,52]. Based on our analysis, we propose that particular atten-
tion be paid to patients with ALP levels lower than 81.5 U/L given the association with
postoperative complications.

Although the experience, dexterity, and expertise of the surgeon can have a substan-
tial impact on therapeutic success, a series of pre- and perioperative measures can help
optimize patient safety. Care providers may, therefore, wish to implement the identi-
fied risk-associated factors into their clinical workflow to optimize (i) patient counseling,
(ii) high-risk patient group identification, (iii) preoperative patient-tailored planning, (iv) pe-
rioperative multimodal monitoring, and (v) postoperative (long-term) follow-up. Thus, by
updating and upgrading the risk assessment armamentarium, an individual surgeon can
contribute to further honing surgical OSA management.

Limitations

To the best of our knowledge, the study is the first to analyze risks, complications,
and outcomes after different kinds of surgical treatment in OSA patients based on multi-
center data collected over more than a decade. However, interpretation of the findings
considering the study’s limitations is mandatory. First, we would like to emphasize that
we analyzed correlations and not causalities with the statistical calculations. We identified
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factors that were associated with higher perioperative risk. However, the underlying causal
mechanisms remain to be elucidated. In general, the NSQIP database only provides a
limited postoperative follow-up for a 30-day period, meaning that long-term complications,
e.g., disease recurrence, remain uncovered [53]. Further, this study entails the risk of
unconsidered bias and confounding factors due to its conceptualization as a retrospective
data analysis. Due to subjectivity and the unequal expertise of professional database
documentation, intra- and interinstitutional differences in the precision and completeness
of data collection represent additional limitations in data comparison [54]. However,
the robustness, quality, and validity of the entered information are warranted by spot
audits and peer controls [55,56]. In fact, according to Shiloach et al., the NSQIP database
established low variance in heterogeneity by means of trained data collectors and ongoing
audits of data reliability [57].

The range of OSA therapy is far-reaching. The ACS-NSQIP does not cover all of the
available treatment modalities [25]. As such, e.g., the implantation and use of a hypoglossal
nerve stimulator device (“upper airway stimulation system”) is not included in this study.
Protocols and therapeutic approaches in the surgical management of OSA vary across
the globe [58–61]. Since the NSQIP is a national US database, the transferability of our
findings is limited to the American healthcare system [62]. Lacking information about
significant subgroup variables, including OSA severity and primary OSA treatment, may
lead to deviating outcomes in patient cases. Not considering the initial severity of OSA
and the corresponding degree of invasiveness of the surgical procedure, complication rates
constitute a kind of average value without the possibility of exact procedure identification.
The NSQIP database does not provide information regarding the improvement of OSA
symptoms after surgery; thus, no conclusions regarding the impact of risk-associated factors
on surgical success rates could be drawn. Furthermore, the ACS-NSQIP database does
not specify the criteria upon which an OSA diagnosis is generated and validated. Thus,
it cannot be ascertained whether overnight polysomnography was used as a diagnostic
procedure. Nevertheless, despite the aforementioned limitations, we are convinced of the
study’s significance, validity, and value. The described findings may help further refine the
perioperative protocols of OSA surgery and, ultimately, optimize patient care.

5. Conclusions

Utilizing the NSQIP-ACS big database, we analyzed 4662 patients undergoing OSA
surgery over a 13-year period. We identified that elevated ALP levels (≥81.5 U/L), male
gender, diabetes mellitus, values at extreme ends of the BMI scale (BMI < 18.5 kg/m2 and
>40 kg/m2), and ASA scores ≥ 4 were predictive factors for postoperative complications.
Awareness of these risk-associated factors may help surgeons carefully balance a patient’s
eligibility and refine their perioperative management. More specifically, by accounting for
these factors during the preoperative planning stage, high-risk patients can be preemp-
tively identified and closely monitored. Moreover, we noted no significant differences in
the safety profiles between multilevel surgeries and isolated interventions. While these
findings generally imply a step toward treatment individualization, we revealed two (rela-
tively) high-risk surgical combinations (i.e., genioglossus advancement plus concomitant
maxillomandibular advancement and palatopharyngoplasty plus parallel tonsillectomy).
In addition, cases involving tracheostomy were found to be associated with an increased
incidence of adverse events. OSA surgeons should be mindful of these correlations when
planning individual treatments and counseling patients.
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Abstract: Abstract: BackgroundWest Virginia (WV) has the highest rates of obesity and cardiopul-
monary disease in the United States (U.S.). Recent work has identified a significant care gap in
WV for obstructive sleep apnea (OSA). This OSA care gap likely has significant health implications
for the region given the high rates of obesity and cardiopulmonary disease. The purpose of this
mix methods study was to identify barriers that contribute to the rural OSA care disparity pre-
viously identified in WV. Methods: This study used mixed methods to evaluate the barriers and
facilitators to management of OSA at Federally Qualified Health Centers serving communities in
southern WV. Focus groups were conducted at federally qualified health centers with providers
serving Appalachian communities. Participants also completed the validated Obstructive Sleep
Apnea Knowledge and Attitudes (OSAKA) questionnaire to gain insight into provider knowledge
and beliefs regarding OSA. EMR analysis using diagnostic codes was completed at the sites to assess
OSA prevalence rates. The same individual served as the interviewer in all focus group sessions
to minimize interviewer variability/bias. Our team checked to ensure that the professional tran-
scriptions were correct and matched the audio via spot checks. Results: Themes identified from the
focus groups fell into three broad categories: (1) barriers to OSA care delivery, (2) facilitators to OSA
care delivery, and (3) community-based care needs to optimize management of OSA in the targeted
rural areas. Questionnaire data demonstrated rural providers feel OSA is an important condition to
identify but lack confidence to identify and treat OSA. Evaluation of the electronic medical record
demonstrates an even larger OSA care gap in these rural communities than previously described.
Conclusion: This study found a lack of provider confidence in the ability to diagnose and treat OSA
effectively and identified specific themes that limit OSA care in the communities studied. Training
directed toward the identified knowledge gaps and on new technologies would likely give rural
primary care providers the confidence to take a more active role in OSA diagnosis and management.
An integrated model of care that incorporates primary care providers, specialists and effective use of
modern technologies will be essential to address the identified OSA care disparities in rural WV and
similar communities across the U.S. Community engaged research such as the current study will be
essential to the creation of feasible, practical, relevant and culturally competent care pathways for
providers serving rural communities with OSA and other respiratory disease to achieve health equity.

Keywords: respiratory health disparity; rural health; obstructive sleep apnea; mixed methods;
community engaged research

J. Clin. Med. 2022, 11, 4449. https://doi.org/10.3390/jcm11154449 https://www.mdpi.com/journal/jcm23



J. Clin. Med. 2022, 11, 4449

1. Introduction

Appalachia—especially West Virginia (WV)—persistently has the highest rates of
obesity, cardiovascular disease, and smoking-related pulmonary illness in the United
States [1–3]. Despite federal support and other programs aimed at improving care in rural
communities, these health disparities persist [4]. Among those with cardiopulmonary
disease, research suggests significant improvements in health outcomes with treatment
of obstructive sleep apnea (OSA) [5–9]. Given these highly prevalent comorbid condi-
tions, identification and treatment of OSA is of particular importance in improving health
outcomes in disadvantaged rural communities.

OSA prevalence in adults is increasing and recent work demonstrates nearly a billion
people worldwide have undiagnosed sleep apnea suggesting a prevalence of 13% [10,11].
However, there is significant geographical variation in OSA prevalence, with some coun-
tries having a prevalence rate that exceeds 50% in the adult population [11]. This rise in
OSA prevalence has been attributed in part to the increased prevalence of obesity, a key risk
factor for OSA, and no region in the U.S. has been more affected by the obesity epidemic
than Appalachia [12]. According to the CDC’s Behavioral Risk Factor Surveillance System
(BRFSS), WV has the highest obesity prevalence rate at almost 40% [1]. Previous work
suggests that OSA is under-recognized and ineffectively managed in rural WV communi-
ties [13,14]. A large study analyzed the WV Medicaid database covering approximately
1/3 of the state’s adult population and found that only 8% carried a diagnosis code for
OSA compared to an expected prevalence in this population of 25% [15]. This OSA care
gap in WV is likely related to healthcare disparities in rural Appalachian communities that
lack access to specialty care.

Like many rural areas, WV has a dearth of specialty providers, and management of
chronic respiratory conditions such as OSA typically falls to primary care providers. For this
study, we conducted: (1) a community-engaged research project to assess the knowledge
and beliefs of primary care providers with regard to OSA and how these may impact their
decision to screen and treat OSA, (2) quantitative analysis of diagnostic patterns at the
targeted Federally Qualified Health Centers (FQHCs). These community-based health care
providers receive funds from the Health Resources and Services Administration to provide
primary care services in underserved areas [16]. We hypothesized that unidentified barriers
to care for OSA contribute to the rural OSA care disparity previously identified in WV.

2. Materials and Methods

This study used mixed methods to evaluate the barriers and facilitators to provider
management of OSA at FQHCs serving communities in southern WV, an area with some of
the poorest healthcare outcomes and healthcare disparities in the U.S. [4]. West Virginia
has a population of ~1.7 million inhabitants [17]. Ninety-three percent of the population is
Caucasian [17]. Unfortunately, 15.8% live in poverty and 8.3% do not have health insurance.
Approximately 1/3 of the state’s population has Medicaid insurance coverage [15]. On
a per capita basis, there are about 69 PCPs per 100,000 persons in West Virginia. The
specific FQHCs in this study were targeted for multiple reasons, including: (a) providing
care for a rural population with significant healthcare disparities, (b) having providers
who expressed interest in the study during preliminary discussions with our team, and
(c) having support from the FQHC’s executive leadership to pursue clinical research to
improve care for the community served. Data sources included qualitative data from
focus groups, questionnaires, and analysis of the FQHCs’ electronic medical record. This
study was reviewed by the West Virginia University IRB (Exempt Protocol 2009107631)
and supported by funding through the West Virginia Clinical and Translational Sciences
Institute (NIH/NIGMS 5U54GM104942-03).

2.1. Qualitative Methods

Targeted providers included primary care physicians and advanced practice providers
who were recruited for participation through the support of the West Virginia Practice Based
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Research Network (WVPBRN). The WVPBRN is a group of primary care clinicians and
practices partnered with research centers (such as West Virginia University, the WV School
of Osteopathic Medicine, and Charleston Area Medical Center) who work together to answer
community-based healthcare questions and translate research findings into meaningful
everyday practice. The WVPBRN contacted executive leadership and the chief medical
officer at each FQHC, who subsequently offered participation to all providers. Provider
focus groups were scheduled with the support of the WVPBRN and local collaborators
championing our efforts at each of two clinical sites at two FQHCs, for a total of four sites.

All providers at the targeted clinic sites were included in the study (except one
provider who was on vacation at the time of the focus group). No subspecialists partici-
pated in these focus groups; there were no exclusion criteria. Participants received USD
100 for their time and effort.

Each focus group had 3-to-5 participants (n = 14). A semi-structured interview guide
was developed to assess understanding of provider knowledge and comfort level with
OSA management as well as to explore their perspectives on the barriers and facilitators
to OSA care in their rural communities (Table 1). Questions were developed based on
input from rural practitioners and previous research [13–15]. Focus group sessions lasted
approximately 45 min, were audio recorded and professionally transcribed. Professional
transcription was completed with NVivo (QRS International DataC, Ruggell, Liechtenstein).
Saturation was achieved by the fourth focus group, where no new themes emerged. The
same individual served as the interviewer in all focus group sessions to minimize inter-
viewer variability/bias. Our team checked to ensure that the professional transcriptions
were correct and matched the audio via spot checks.

Table 1. Focus Group Guide for Rural Practitioners.

Provider Knowledge and Beliefs of Sleep Apnea

1. Tell me what you know about sleep apnea.
2. Do you regularly screen patients for sleep apnea.

a. Why or why not?

3. Are you comfortable managing obstructive sleep apnea?

a. Are you comfortable reviewing sleep study results?
b. If you decide to treat sleep apnea what therapies do you offer And why?
c. Are you comfortable managing CPAP therapy for sleep apnea?

Provider Percieved Barriers to Osa Management in Rural Commmunities

1. If you have concerns of sleep apnea, what steps do you take to confirm the diagnosis?

a. Are there barriers to successfully diagnose patients with sleep apnea. If so what are they?
b. Is there anything that helps you successfully diagnose patients with sleep apnea?

2. Do you feel your patients are receptive or would be receptive to discussions on sleep apnea?
3. If you were to develop a special program to help improve screening and treatment of sleep

apnea in your community:

a. What would that program look like?
b. What things would you include?

2.2. Quantitative Methods

Three data sources were utilized: demographic questionnaires, the validated Ob-
structive Sleep Apnea Knowledge and Attitudes (OSAKA) questionnaire [18], and the site
electronic medical record (EMR). All focus group participants completed demographic
questionnaires that captured gender, age, race, professional certification, board certification
(if applicable), years in practice, and years in practice at the current FQHC. The OSAKA
questionnaire was used to determine providers’ OSA knowledge, using 18 true-false
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statements with a third option of “don’t know.” This portion is scored for correctness,
with a higher score indicating greater OSA knowledge. Then, using a five-point Likert
scale, providers rate their level of agreement with five statements. The first two state-
ments are about the importance of OSA (1 = not important, 5 = extremely important)
and next three statements are about their confidence in identifying and managing OSA
(1 = strongly disagree, 5 = strongly agree). Higher scores for these two portions indi-
cate greater rating of the importance of OSA and provider confidence in diagnosing and
managing OSA. Questionnaires were completed in paper format. The data were then
de-identified and stored in a HIPAA-compliant, secure Research Electronic Data Capture
(REDCap) database (hosted at WVCTSI). Finally, we assessed OSA diagnosis rates at one of
the targeted FQHCs through EMR interrogation for the period between 1 July 2019 and
19 October 2021. We queried adult patients with an ICD-10 code for sleep apnea during the
reporting period [ICD-10 codes G4731 Primary Central Sleep Apnea; G4733 Obstructive
Sleep Apnea (adult) (pediatric); G4739 Other Sleep Apnea].

2.3. Statistical Analysis
2.3.1. Qualitative Analysis: Focus Groups

Focus group transcripts were analyzed using content analysis to identify themes
relating to facilitators and barriers of sleep apnea management. Two coders thoroughly read
and reread the transcripts, and each coder independently developed code words/phrases
to label thoughts or concepts that emerged. The research team met with the coders to
compare their initial coding schemes and reached consensus on how to code thoughts
and concepts. These codes were then operationally defined and documented in a data
dictionary within the NVivo software. After all transcripts were coded, our team sorted
and collapsed the operationally defined codes into broader, more encompassing themes
or subthemes. Inter-rater reliability was evaluated using Cohen’s kappa statistic. It was
determined a priori that if a minimum kappa of 0.8 was not met, the coding process would
occur iteratively until that value was reached. After core themes were determined, the
transcripts were reread to ensure that these themes accurately depicted the data. Data
management, including searching, coding and categorization of the text from transcripts,
was completed with NVivo (V.12).

2.3.2. Quantitative Analysis

Questionnaires: Demographic data were analyzed descriptively as frequencies and
percentages. Continuously scaled measures were summarized by means, standard devia-
tions, medians, and ranges. The OSAKA questionnaire was used to determine providers’
OSA knowledge, importance, and confidence. Provider responses to OSA knowledge items
were analyzed for correctness. This dataset was analyzed with SPSS Windows version 28
(SPSS Inc., Chicago, IL, USA).

Electronic Medical Record: This analysis was completed in collaboration with West
Virginia University Office of Health Affairs who have an agreement with the FQHCs to
use the EMR data source for approved research projects. This partnership provides WVU
faculty access to anonymized data. Record-level claims data from 2021 were aggregated at
the individual level to assess the overall prevalence of sleep apnea among adult patients
at the FQHC. We calculated the prevalence of OSA diagnoses by dividing the number
of patients with a sleep apnea ICD-10 code by the number of unique patient encounters
during the study timeframe. Descriptive statistics provided details on age, sex, race, and
ethnicity for patients with an OSA diagnosis. JMP Statistical Discovery Software version 15
was used for this analysis (SAS Inc, Cary, NC, USA).

26



J. Clin. Med. 2022, 11, 4449

3. Results

3.1. Questionnaire Results

A total of 14 providers participated in the focus group sessions. Participants’ demo-
graphic characteristics are shown in Table 2. Eight participants were advanced practice
providers and six were physicians

Table 2. Characteristics of Providers Participating in Focus Groups.

AGE Mean (SD)

Mean 53.0 years (12.5) [Range 31 years–75 years]

Gender, N (Percent)

Male 3 (21.4%)

Female 11 (78.6%)

Race, N (Percent)

Caucasian 14 (100%)

Practice Type, N (Percent)

Advanced Practice Provider 8 (57.1%)

Physician 6 (42.9%)

Practice Tenure, Mean (SD) [Range]

Total Years in Practice 16.2 (15.0) [less than one month to 43 years]

Total Years in Practice at FQHC 8.7 (13.5) [less than one month to 43 years]

Degree N (Percent)

MD 5 (35.7%)

DO 1 (7.1%)

NP 6 (42.8%)

PA 2 (14.3%)

They had 16.2 mean years in practice overall and 8.7 mean years in practice at the
FQHC; however, there was a wide range of years in practice. The majority of participants
were female. All physicians were board- certified in Family Medicine.

Regarding the OSAKA questionnaire, the mean OSA importance rating was 9.1 for
all providers with a highest possible score of 10 from the two Likert questions on the
OSAKA regarding disease importance. The average OSA confidence rating was 9.6 with
a highest possible score of 15 from the three Likert questions on the OSAKA regarding
disease confidence in disease management. Knowledge scores ranged from 11 to 16 correct
answers out of 18. The average number of correct answers for all providers was 14 (SD 1.6).
Table 3 shows correct participant responses to each individual item. No provider answered
all the knowledge questions correctly. The most common items answered incorrectly were
item 3- OSA epidemiology (28.6% respondents answered correctly), Item 4- OSA symptoms
(57.1% respondents answered correctly), and item 8- OSA treatment (28.6% respondents
answered correct).

Table 3. Participants Answering OSAKA Knowledge Items Correctly (n = 14).

Item Number
Number and Percent

Answer Correctly
Item Number

Number and Percent
Answer Correctly

Item 1 14 (100%) Item 10 13 (92.69%)

Item 2 10 (71.4%) Item 11 14 (100%)

Item 3 4 (28.6%) Item 12 14 (100%)
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Table 3. Cont.

Item Number
Number and Percent

Answer Correctly
Item Number

Number and Percent
Answer Correctly

Item 4 8 (57.1%) Item 13 11 (78.6%)

Item 5 12 (85.7%) Item 14 14 (100%)

Item 6 13 (92.6%) Item 15 11 (78.6%)

Item 7 12 (85.7%) Item 16 12 (85.7%)

Item 8 4 (28.6%) Item 17 9 (64.3%)

Item 9 12 (85.6%) Item 18 14 (100%)

3.2. Focus Group Themes

Themes identified from the focus groups fell into 3 broad categories (Table 4): (1)
barriers to OSA care delivery, (2) facilitators to OSA care delivery, and (3) community-based
care needs to optimize management of OSA in the targeted rural areas.

Table 4. Categorization of Themes and Subthemes with Representative Quotes.

Theme Subtheme Representative Quotes

Barriers to OSA Care
Delivery (N = 94)

OSA Care Access “And lack of transportation.”

Provider Knowledge
/Beliefs OSA

“I, uh, learned a little bit more about sleep apnea in the past several years
from continuing education class. But I think there’s a lot I don’t know.”

Cost of OSA Care

“I noticed even before I started doing those physicals that some insurers
prefer to just do the overnight sleep study without, uh, referral to a specialist,
and so then I was left holding the results and was not real happy about
that. So, so to me, the barrier, the biggest barrier is cost and coverage.”

Facilitators to OSA care
Delivery (N = 33)

Specialty Referral Access They [specialist and DME] pretty much take care of all that stuff. As long
as they do all that, then I’m pretty comfortable with that.”

Patient Characteristics “I’ve never had any patient that closed the door on that discussion
[regarding OSA] with me in my practice.”

Community Based Care
needs to improve OSA
management in
targeted rural areas
(N = 19)

Community Programming

“A lot of them [patients] are these big burly gentlemen that are very
manly, and they don’t want to say that, ‘Yeah. Well, maybe something’s
not right. I’m not tired’. But yet they can’t lift five pounds, because they
are so tired. So, you have this, no disrespect, but this ‘man mentality’ to
some of these guys.”

Provider Preferences “I mean, it’s my responsibility, but since you’re conducting this study,
I would be interested in more education on it [OSA and CPAP]”.

Educational Needs “I probably would consider learning how to manage it [OSA] more
myself and prescribe CPAP.”

3.2.1. Theme 1: Barriers to OSA Care Delivery

OSA Care Access: A major concern for providers was whether their patients could
access care for OSA. Providers reported making referrals for OSA testing or specialist
evaluation, but patients often did not follow-up. Reasons for lack of follow-up include
lack of transportation or cost of transportation, scheduling difficulties, not wanting to stay
overnight for a sleep study, patients not “trusting” other providers and only wanting to be
treated by their primary care provider, and important aspects of the social determinants of
health for the community including poverty, low health literacy and low educational levels.
Even when patients followed through with referrals, it was difficult for the providers and
patients to get feedback from the appointments and/or test results. Providers described
the issues with patients’ access to care:

28



J. Clin. Med. 2022, 11, 4449

“And lack of transportation. Most of the patients I see, they want to go close to
here and there’s only one facility here [sleep specialist] and sometimes scheduling
is a nightmare just because you cannot get ahold of anybody there.”

“[T]here’s nothing here locally; they have to go Charleston or a lot of the other what
have you and a lot of these people do not have cars or can’t pay four zillion dollars,
if they can’t afford for somebody to transport them, then that’s the problem.”

“The constraints that I’ve seen though, nobody wants to do an overnight sleep
study and some of the insurances don’t want to pay for the home sleep studies,
they only want them to go to a site and nobody wants to do that . . . ”

Treatment for OSA is also described as a challenge. Many patients will not accept contin-
uous positive airway pressure therapy (CPAP). Those who do undergo a trial of CPAP
therapy may encounter problems, but there is not good local support from durable medical
equipment (DME) companies to address these issues. Patients don’t communicate if they
are having problems, and then just stop using CPAP. As providers explained:

“I don’t know if it’s related to the [DME] company versus a patient, but they [the
patient] will usually come to you first and say, ‘Oh, I couldn’t get that last thing
to work or whatever’. So, I don’t know if it’s because on that end they’re [the
DME company] hard to get in contact with or they [the patient] dropped the ball.

“[T]here’s certainly some patients who don’t do well with CPAP and they proba-
bly don’t tell anybody and just don’t get treatment.”

“They [patients] don’t tell you if it’s actually not working I think.”

“The patients are not very successful with trying to contact the companies once
they’ve dropped the equipment . . . . It’ll be stuck on us to try to get back in
contact with the third [party] company.”

Variable Provider Knowledge/Beliefs About OSA: In general, providers reported
that screening patients for OSA was a low priority, but did note that there seems to be
increasing awareness in the local medical community. Symptoms that may trigger OSA
screening included fatigue/sleepiness, choking/coughing at night, spouse complaints
of snoring, and chronic headaches. Hypertension was the mostly commonly reported
disease that prompted OSA screening, although there was significant variability in reported
conditions that led to OSA evaluation. Most providers will not evaluate patients with these
conditions unless the patient has sleep-related complaints. As providers explained:

“Everybody in my practice complains of fatigue. And almost everybody com-
plains of fatigue and fatigue is such a broad diagnosis. A lot of them you’ll ask
them, ‘Do you snore’? ‘Well, I don’t know if I do or not’. They’ll giggle and say,
‘I don’t listen to myself sleep’”.

“I have to say in all honesty I think over my career I’ve probably done a lousy job
of screening for sleep apnea. And I’ve probably only referred people for testing
when they said they were sleepy. And, um, and even then, I think it was low down
on my list of things to consider to do a sleep study and to think about sleep apnea.”

“I don’t think I’m screening and I don’t think I’m doing follow up, um, uh, gosh,
questions related to it. It’s really not on, on my radar.”

“I, uh, learned a little bit more about sleep apnea in the past several years from
continuing education class. But I think there’s a lot I don’t know.”

“If you mean do I have a questionnaire that I ask my patients or have them
complete, the answer is no. But if you ask me if I screen the patient, I do. If
you’re obese and hypertensive, if you’re obese and complain of not being able to
sleep well at night, or that you wake up coughing or choking along with GERD
symptoms, I mean, I screen that way.”
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Providers did not feel comfortable reviewing and interpreting sleep study data and
“don’t trust” the results of a negative home sleep test. Providers did not feel comfortable
managing CPAP machines including trouble-shooting common issues and reviewing data
downloaded from the device. Providers will order a portable sleep test, but will leave
treatment decisions up to a specialist. Some providers were willing to refill prescriptions for
CPAP supplies if a patient is doing well, but were not comfortable making any adjustments
to the CPAP device. In general, there was limited knowledge about CPAP alternatives. As
one provider explained:

“I was going to say I can read it [the results] and understand some. The last one
I had, I thought it was kind of difficult to interpret the gist of the wording and
stuff on the report.”

“No, I feel more comfortable when I get the results and seeing its positive to
send them [patients] somebody that can do that, not that I wouldn’t, if I had the
training, feel like I could do it. I’ve just never had the training.”

“I just don’t know like, you know, change in settings, you know, how many . . . if
they’re [patients] still having episodes of apnea, you know, all of the adjustments
you have to make on the machines, I really don’t even know where to start.”

“I just refer and let them [specialists] manage it. I mean, if uh . . . Even in the
dental appliances, I would not know where to . . . who to approach to about this
fitting mouthpieces and things that they do, so I just, I just assume the uh, sleep
center knows all that.”

“I only ask them [patients] the last time that their equipment was replaced, like
their face mask and that type of stuff, but outside of that I would have no clue.”

Cost of OSA Care: High cost and variable insurance coverage are other sub-themes
impacting OSA care in the targeted rural communities. Some insurances will not cover
specialty referral and require a home sleep test through the primary care provider leaving
the provider with results they do not understand. Some specialty providers will not accept
patient insurance due to low reimbursement. Testing and equipment for OSA treatment
are often denied by insurance. Insurance requirement for yearly OSA follow-up was also a
noted barrier for many patients who cannot afford travel to specialty clinics or do not have
access to transportation. As providers discussed:

“14% of people are uninsured and then you heard people comment that some
of the insurances don’t cover this specific test, or that specific, so definitely
healthcare coverage is also a barrier.”

“People’s ability to get a test. And, and sometimes, um, they can’t afford it. I,
I do, um, patient physicals and the, the DOT [Department of Transportation]
requires that everybody who uses a CPAP get a, an annual sleep study. And, um,
we really run into a problem that a lot of these guys can’t, or ladies, can’t afford
the follow-up sleep study or the follow-up visit. I’m not sure why it’s not well
covered by insurance.”

“[T]he other thing is I noticed even before I started doing those physicals that
some insurers prefer to just do the overnight sleep study without, uh, referral to a
specialist, and so then I was left holding the results and was not real happy about
that. So, so to me, the barrier, the biggest barrier is cost and coverage.”

“And then they [dental professional] want some ridiculous amount for the, the
[oral] appliance. People don’t have the money.”

“And, and, and besides those that pay for it, it’s a question of does the specialist
accept that kind of insurance? . . . . Because if the reimbursement is low, and I
think that’s an issue with our person in XXX.”
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3.2.2. Theme 2: Facilitators to OSA Care Delivery

Providers were able to identify certain characteristics that improved the likelihood
of a patient successfully navigating the local OSA care pathway leading to diagnosis and
effective treatment.

Specialty Referral Access: Rural providers with good access to specialty care clinics
and DMEs felt more comfortable with OSA management although they still referred
patients to specialists. In general, these providers were comfortable ordering sleep tests and
CPAP supplies and would refer patients to DMEs for CPAP trouble-shooting. Proximity to
specialty centers mitigated transportation issues for some patients. Increased access to and
Medicaid coverage of home sleep testing also facilitated OSA care delivery. One provider
explained the relationship with a local specialist and their DME company:

“They [specialist and DME] pretty much take care of all that stuff. As long as they
do all that, then I’m pretty comfortable with that. But if they don’t, which I’ve
never seen them not, we titrate the machines and do all that. And then they will
follow them only if they have an underlying COPD or something like that, I think
pulmonary gets involved. But other than that, once they’re diagnosed and their
machines are titrated and all that good stuff, they [patients] just stay with us.”

Patient Characteristics: Providers felt that patients are generally receptive to discus-
sion of OSA and open to referral for evaluation. Patients have the most trust in their local
provider and when their provider takes time to discuss OSA testing and CPAP treatment
they are more likely to follow-up with the referral. Providers also stated that there is more
awareness in the community with regard to OSA which facilitates diagnosis and successful
management. As one provider explained the receptivity of patients to treatment for OSA:

“I’ve never had any patient that closed the door on that discussion with me in
my practice. They’re usually very open. They feel so bad, and they want to figure
out why, whether they believe that or not is the question, but they’re open to the
possibilities [of getting assessed for OSA].”

Theme 3: Community-based Care Needs to Improve OSA Management in the Targeted
Rural Areas.

Community Programming: Providers felt that a special community program for OSA
would need to focus on patient education. Patients are not aware of the adverse impact
of OSA and poor sleep on health. Patients tend to just accept bad sleep as something that
is not changeable. In general patients are hesitant to share what’s wrong or that there is a
problem, especially if they are male as Appalachian culture prizes toughness as a feature of
masculinity. As one provider explained the receptivity of patients to treatment for OSA:

“A lot of them [patients] are these big burly gentlemen that are very manly, and
they don’t want to say that, ‘Yeah. Well, maybe something’s not right. I’m not
tired’. But yet they can’t lift five pounds, because they are so tired. So, you have
this, no disrespect, but this ‘man mentality’ to some of these guys.”

Provider Preferences: Providers felt they could develop comfort with home sleep
testing but would need specific education about CPAP devices. In general, providers would
not mind oversight of home tests, although some felt that the specialist should order the
appropriate diagnostic tests. Providers noted that patients will often call them with CPAP
issues and felt comfortable addressing easy equipment issues, but many times felt that they
needed more training to respond.

“I mean, it’s my responsibility, but since you’re conducting this study, I would be
interested in more education on it [OSA and CPAP]”.

Educational Needs: Providers wanted more education regarding OSA screening,
diagnosis and management. The main concern was the limited time for patient visits and
whether OSA management could be practically accomplished in a rural primary care clinic.
As one provider explained:
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“I probably would consider learning how to manage it [OSA] more myself and
prescribe CPAP. Um, I’m sort of hesitant to say that ‘cause I, you know, you, you
worry about getting overwhelmed with things. My worry with that would be the
clinical time to do it”.

3.3. EMR Analysis

The EMR analysis identified 21,701 unique patients who sought care from July 1 2019
to October 19 2021. Among those patients, 507 (2.3%) had an ICD-10 code (G47.31, G47.33,
G47.39) for sleep apnea. Almost all (99.6%) were diagnosed with “obstructive sleep apnea
(adult) (pediatric)” as represented by ICD-10 code G47.33. We compared this result to
expected prevalence rates based on national datasets and previous work assessing OSA
prevalence in the WV Medicaid population (Table 5). The expected prevalence for OSA
in the targeted population is 25% [15]. Our analysis demonstrated a prevalence rate of
2.3% based on diagnostic coding.

Table 5. National Estimate and Statewide OSA Prevalence Data Compared to Rural WV FQHC OSA
Prevalence Data.

Data Source OSA Prevalence

Expected WV Adult Medicaid OSA Prevalence from National Data Sources [15] 25%

Observed WV Adult Medicaid OSA Prevalence from State Database Analysis [15] 8.8%

FQHC Specific OSA Prevalence from Local EMR Database Analysis 2.3%

4. Discussion

Our results showed that primary care providers from Appalachia feel OSA is an
important disease to consider and have reasonable knowledge but lack the confidence
to assume primary management (Figure 1). The OSAKA questionnaire also identified
some specific knowledge gaps that could be easily addressed through targeted training.
Utilizing a low-cost education and training intervention identified by the focus group
sessions may have a significant impact on increasing the OSA workforce. While providers
reported not being comfortable reviewing sleep study results or managing positive airway
pressure therapy, studies have demonstrated that primary care providers can be effectively
trained in the management of OSA including the use of these technologies with non-inferior
outcomes compared to specialists’ care [19–21]. A challenge in the clinics we evaluated is
the high prevalence of cardiopulmonary disease in the population. These patients were
excluded from these previous studies assessing primary care management of OSA. The
current American Academy of Sleep Medicine guidelines recommend management of
OSA in patients with significant cardiorespiratory disease be through a specialized sleep
center [22]. However, the COVID pandemic has led to paradigm shift in this thinking and
these complex patients may be managed by primary care providers in collaboration with
specialists through telemedicine [23].

Our findings suggest that the current OSA care model in rural WV has significant
barriers that prevent successful navigation through the diagnostic testing and treatment
pathways. The majority of providers stated they refer to specialty sleep centers or spe-
cialists for diagnostic testing and treatment, but given healthcare access issues in these
communities related to patient financial constraints, transportation issues and geographic
isolation, this approach alone cannot address the OSA disparities in rural WV and in other
rural settings. Similar challenges have been identified in rural communities both inside
and outside the United States [14,24–26]. Implementation of a three-pronged strategy may
provide a possible solution to this issue of limited access decreasing this inequity in the
targeted region and other rural areas. This strategy includes: (1) training of local providers
in OSA care (2) distribution of portable sleep testing through rural health clinics, and
(3) management of auto-titrating continuous positive airway pressure (APAP) treatment
program through rural health clinics in partnership with local DMEs. Implementation of
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this three-pronged approach would likely require some support from specialists. Fortu-
nately sleep medicine has been at the forefront of telemedicine for years including remote
diagnostics, teleconsultation and telemonitoring of therapy [27–29]. These well-developed
technologies could not only address rural care disparity for sleep apnea, but could also
serve as a model for addressing respiratory health inequity in other disease states and
communities [30].

 
Figure 1. Percentage of Participants (n = 14) Responding OSA is Highly Important or Have High
Confidence in OSA Management.

The providers in the current study felt targeted education on OSA management
including training on portable sleep testing and APAP management could empower them
to take primary ownership of OSA care and they would be enthusiastic for this training.
The main concern with OSA management was with regard to feasibility; specifically lack
of healthcare provider time and clinic resources. This important theme warrants further
consideration. Based on recent data OSA is becoming as prevalent as other common
conditions such as DM and HTN managed through primary care [11]. A mindset change
for primary care and paradigm shift in OSA management pathways may be required. As
with DM and HTN, PCPs will need to manage “straightforward” OSA cases to address
this growing epidemic. Specialists support would only be required in more complex OSA
presentations analogous to current care for refractory hypertension or brittle diabetes. As
discussed above this care pathway could be well supported through specialist collaboration
via telemedicine [30–32].

Analysis of EMR data demonstrated only a 2.3% prevalence of OSA based on
ICD-10 codes. Our previous work estimated a 25% OSA prevalence in the WV adult popula-
tion while analysis of the WV Medicaid database (>400,000 patients) demonstrated that only
8.8% of the population had an OSA diagnosis based on claims data [15]. A 2.3% prevalence
in the current study suggests a significantly larger OSA care gap in challenged rural WV
communities primarily served by FQHCs than previously described. This finding fur-
ther demonstrates the urgent need for a redesign of the current OSA care model. These
communities likely have nuanced deficiencies that will require out of the box thinking to
address. Unfortunately, evidence-based practice guidelines are not developed specifically
for rural communities and few guidelines have been adapted to meet the needs of rural
dwelling patients. As discussed by Afifi et al., robust community engaged approaches and
implementation science will be required for health equity in these regions [33].
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Despite the high disease burden of OSA worldwide and growing evidence of its
negative health impacts, many healthcare systems have failed to adopt effective diagnostic
and management strategies to address this growing problem. This care gap is amplified in
rural WV communities (and likely other rural communities) and of critical importance given
the high prevalence of comorbid cardiopulmonary conditions. The specialty workforce
is very limited and cannot alone feasibly address the growing OSA problem. Engaging
primary care providers in OSA diagnosis and management will be essential to addressing
health disparities in WV and other highly vulnerable regions with limited healthcare
resources. The current work provides insight into barriers and facilitators to OSA care from
rural providers’ perspectives. Community engagement studies such as the current study
will be essential to the creation of feasible, practical, relevant and culturally competent care
pathways for providers serving rural communities with OSA and other respiratory disease
to achieve health equity.

While our study provides important insight into the thoughts, beliefs, and barriers to
OSA care in rural WV communities, our findings are subject to certain limitations. First, it
was conducted at 4 small clinics within two FQHCs serving the southern coalfields of WV.
The unique care challenges in this region—poverty, high comorbid disease burden, lim-
ited transportation access, few specialists—could limit the generalizability of our findings.
However, the limited number of specialists and challenges in terms of the social determi-
nants of health are shared by rural communities throughout the U.S. [4]. Second, although
the majority of providers at each clinic participate in the focus groups, it is possible that
the participants’ responses may differ from those who did not participate. Third, while
there is precedent for utilizing ICD-10 billing codes in our EMR analysis to assess disease
prevalence, this approach relies on accurate coding by providers [14,15,34,35]. There is
always some degree of error in coding, but given the large number of patient visits (>21,000)
this is unlikely to dramatically alter our results. Lastly, another limitation is that the EMR
analysis only captures people who actually present for care.

Finally, the identification of OSA is only the first step in improving outcomes. We
did not evaluate whether the small number of individuals diagnosed with OSA were
effectively treated. Previous studies suggest poor outcomes of OSA treatment in rural
communities; however, further analysis is required to assess treatment outcomes in our
population Appalachian population [13,14,36].

5. Conclusions

Although prior evidence suggests that primary care providers can effectively take
ownership of OSA management, there are many potential challenges to implementation,
particularly in rural WV communities with significant health disparities. This study sug-
gests a lack of provider confidence in the ability to diagnose and treat OSA effectively;
specific knowledge gaps related to OSA epidemiology, symptoms and treatment; over-
reliance and lack of access to specialty care for OSA management; and failure of new
technologies to permeate rural communities (portable sleep testing, APAP). Education
directed toward the identified knowledge gaps and training on new technologies would
likely give rural primary care providers the confidence to take a more active role in OSA
diagnosis and management, and the providers in our study were open to this intervention.
An integrated model of care that incorporates primary care providers, specialists and
effective use of modern technologies will be essential to address the identified OSA care
disparities in rural WV and similar communities across the U.S. Community engagement
studies such as the current study will be essential to the creation of feasible, practical,
relevant and culturally competent care pathways for providers serving rural communities
with OSA and other respiratory disease to achieve health equity.
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Abstract: Background: Heart failure (HF) patients commonly experience obstructive sleep apnea
(OSA), which may worsen their condition. We reviewed a diverse range of studies to investigate
the prevalence of OSA in HF patients, the effects of positive airway pressure (PAP) treatment, and
the potential impact of sodium-glucose cotransporter-2 inhibitors (SGLT2i) and sacubitril/valsartan
on OSA outcomes. Methods: We analyzed case-control, observational studies, and randomized
controlled trials. Prevalence rates, PAP treatment, and HF pharmacotherapy were assessed. Results:
Numerous studies revealed a high prevalence of OSA in HF patients, particularly with preserved ejec-
tion fraction. PAP treatment consistently improved an apnea-hypopnea index, left ventricular ejection
fraction, oxygen saturation, and overall quality of life. Emerging evidence suggests that SGLT2i
and sacubitril/valsartan might influence OSA outcomes through weight loss, improved metabolic
profiles, and potential direct effects on upper airway muscles. Conclusions: The complex interplay
between OSA and HF necessitates a multifaceted approach. PAP treatment has shown promising
results in improving OSA symptoms and HF parameters. Additionally, recent investigations into the
effects of HF pharmacotherapy on OSA suggest their potential as adjunctive therapy. This review
provides insights for clinicians and researchers, highlighting the importance of addressing OSA and
HF in patient management strategies.

Keywords: sleep; sleep apnea; obstructive sleep apnea; OSA; sleep-disordered breathing; heart failure

1. Introduction

Obstructive Sleep Apnea Syndrome (OSAS) is a chronic inflammatory disease charac-
terized by episodes of total or partial obstruction of upper respiratory airways during sleep
with preserved respiratory muscle effort [1]. In accordance with the American Academy
of Sleep Medicine Task Force definition, obstructive sleep apnea (OSA) is characterized
by the occurrence of five or more respiratory events per hour of sleep, which is measured
by the apnea-hypopnea index (AHI) [2]. Clinically, OSA may manifest with the following
symptoms: daytime sleepiness, loud snoring, arousals caused by gasping or choking,
concentration and memory impairment, morning headaches, mood disorders, or insomnia.
Moreover, the sleep partner of the patient may observe their apneas, gasping, or choking [2].
The severity of obstructive sleep apnea is classified as mild (AHI = 5–14), moderate (AHI
= 15–29), or severe (AHI ≥ 30) [3]. The prevalence of OSA is estimated at 44% in the
general European adult population, with approximately 23% of patients with moderate to
severe OSA (AHI ≥ 15) [4]. Unfortunately, a significant number of individuals with OSA
remain undiagnosed or untreated. Such patients are predisposed to an elevated risk of
hypertension, cardiovascular disease (CVD), heart failure, stroke, metabolic derangements
(obesity, diabetes mellitus), depression, excessive daytime sleepiness that may lead to
traffic, and work-related accidents as well as absence at work [5–8]. The pathogenesis
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of OSA is multifactorial and remains only partially explained. It encompasses various
mechanisms, including selective activation of inflammatory pathways, endothelial dys-
function, metabolic dysregulation, and oxidative stress [9–11]. Endothelial dysfunction is
considered one of the earliest identifiable and potentially reversible abnormalities during
the progression of atherosclerosis [12]. American Academy of Sleep Medicine (AASM)
offers evidence-based recommendations for the diagnosis, management, and long-term
care of patients with OSA [2].

Heart failure (HF) is characterized by structural and/or functional impairments in
cardiac ejection, leading to a complex clinical syndrome with distinctive symptoms and
manifestations. HF has been identified as a global pandemic, with an estimated 64.3 million
individuals worldwide in 2017 [13]. The prevalence of HF is expected to increase due to en-
hanced survival rates following an HF diagnosis. That is attributed to the availability of HF
evidence-based treatment methods and the overall extended life expectancy of the general
population. According to the classification based on left ventricular ejection fraction (LVEF),
heart failure was categorized into three groups: HF with reduced ejection fraction (HFrEF),
HF with mildly reduced ejection fraction (HFmrEF), and HF with preserved ejection fraction
(HFpEF). These categories were defined based on LVEF ranges of ≤40%, 41–49%, and ≥50%,
respectively. Evidence-based recommendations for the diagnosis and management of heart
failure are found in the 2022 guidelines of the American College of Cardiology/American
Heart Association/Heart Failure Society of America (ACC/AHA/HFSA) and the 2021
guidelines of the European Society of Cardiology (ESC) [14,15].

OSA is highly associated with adverse outcomes in heart failure patients. It possesses
a potential negative feedback loop and worsens comorbid conditions that deteriorate OSA.
HF and OSA complications create a vicious circle of reciprocal correlations [16]. Among
patients with symptomatic or decompensated HF, the prevalence of sleep apnea ranges up
to 80%. More than half of these individuals suffer from OSA [16,17]. Sleep apnea, whether
in the presence or absence of HF, is associated with a higher risk of negative cardiovascular
outcomes, including aggravation of HF-related symptoms, increased hospitalizations, and
higher mortality rates.

Moreover, individuals diagnosed with OSA (without a previous diagnosis of HF)
meet a notably elevated risk of developing HF [18]. This association between OSA and
HF is influenced by various pathophysiological mechanisms, including the activation of
neurohormonal pathways, increased levels of oxidative stress and inflammation, acute
changes in preload and afterload due to significant swings in intrathoracic pressure, and
the exacerbation of systemic hypertension. An incident of airflow obstruction, hypoxia, and
an attempted inspiratory effort result in arousal and an exaggerated drop in intrathoracic
pressure. The drop in intrathoracic pressure leads to the pressure increase within the left
ventricle (LV), known as transmural pressure, which subsequently raises the afterload.
Additionally, intrathoracic pressure drop increases the venous return, leading to distention
of the right ventricle (RV) and a leftward shift of the interventricular septum.

Consequently, a decrease in LV filling is observed. The combination of reduced LV
filling and increased afterload results in a reduction in stroke volume (SV). The enlargement
of the jugular vein observed in individuals with decompensated HF may significantly dete-
riorate OSA symptoms by exerting additional pressure on the hypopharynx, particularly
in a supine position. The pathophysiological cycle showing the association between heart
failure and obstructive sleep apnea is presented in Figure 1.
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Figure 1. Pathophysiological association of heart failure and obstructive sleep apnea.

The primary objective of this systematic review is to comprehensively analyze the
existing literature concerning the intricate interplay between OSA and HF (OSA + HF). By
conducting this review, the authors aim to shed light on the mutual impacts of these two
conditions, explaining how OSA influences the progression and outcomes of HF and vice
versa. This endeavor is important as it enhances our understanding of the complex rela-
tionship between OSA and HF, ultimately contributing to improved patient management
and healthcare strategies. One of the novel aspects this review brings is the exploration of
the effect of emerging HF pharmacotherapies, specifically sodium-glucose cotransporter-2
inhibitors (SGLT2i) and sacubitril/valsartan (S/V), on sleep parameters in OSA + HF
patients. The exploration of the impact of these HF pharmacotherapies in the treatment
of HF + OSA significantly contributes to the existing body of knowledge in the following
ways. Firstly, studying the effects of emerging HF medications on sleep parameters in the
context of OSA addresses a complex dual health challenge many patients face. Secondly,
the study aligns with the growing emphasis on holistic patient care. It acknowledges that
HF + OSA patients require comprehensive treatment addressing cardiovascular health and
sleep quality.

Additionally, the use of emerging HF pharmacotherapies reduces the number of hos-
pitalizations, improves cardiac outcomes, and enhances the life quality of HF patients.
Investigating how evolving HF medications impact sleep parameters may uncover syner-
gistic benefits, enhancing the overall well-being of the patients. This correlation may help
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clinicians make more conscious decisions about treatment combinations, considering the
cardiovascular and sleep-related aspects of care.

Moreover, it may indirectly contribute to better adherence to the prescribed treatment
regimen, improving clinical outcomes. Studying these effects can contribute to the develop-
ment of personalized treatment plans and adjusting medication to the individual needs
of the patient. With these innovative medications revolutionizing HF management by
targeting underlying pathophysiological pathways, it is imperative to elucidate whether
they influence sleep characteristics in affected individuals. HF medications may indirectly
impact sleep patterns. Therefore, understanding any potential changes in sleep parameters
holds great clinical significance.

2. Materials and Methods

The criteria of the Preferred Reporting Items for Systematic Reviews and Meta-
Analysis (PRISMA) checklist were followed in conducting and reporting this systematic
review [19]. The study protocol was not registered. The PICO (population, indicator,
control, outcome) questions are shown in Table 1.

Table 1. The PICO’s question.

What Is the Prevalence of OSA in HF Patients?/How Do Sleep and Cardiac Parameters Change after PAP Therapy in These
Patients?/Does New Cardiological Pharmacotherapy (SGLT2i and Sacubitril/Valsartan) Play a Role in the Treatment of OSA?

The population Patients with OSA and HF (OSA + HF)/patients with OSA and SGLT2i or
sacubitril/valsartan in treatment

The indicator AHI, LVEF, NT-proBNP concentration.

The control
Groups of patients without OSA or patients with other SDB/
patients without PAP treatment/patients without SGLT2i or sacubitril/valsartan
in the treatment

The outcome The difference in AHI/LVEF/NT-proBNP/BNP concentration

The study design
Peer-reviewed English articles.
Adult (>18 years) human subjects.
Case–control studies, randomized control trials, and observational studies.

Abbreviations: OSA, obstructive sleep apnea; SDB, sleep-disordered breathing; HF, heart failure; PAP, positive
airway pressure; SGLT2i, sodium/glucose cotransporter-2 inhibitors; AHI, apnea-hypopnea index; LVEF, left
ventricle ejection fraction; NT-proBNP, N-Terminal pro-Brain Natriuretic Peptide.

We searched PubMed, Scopus Library and Cochrane for case-control studies, random-
ized control trials (RCTs) and observational studies concerning the prevalence of obstructive
sleep apnea syndrome in heart failure patients, changes in sleep and cardiological parame-
ters after PAP therapy, and the role of new cardiac pharmacotherapy in OSA + HF patients.
The search was performed using the words “sleep apnea”, “disordered breathing”, “heart
failure”, “preserved ejection fraction”, “mildly reduced ejection fraction” and “reduced
ejection fraction” in different combinations.

We searched the PubMed database using the following string: ((sleep apnea) OR (OSA)
OR (disordered breathing)) AND (heart failure)) and ((sleep apnea) OR (OSA) OR (disor-
dered breathing) AND (sglt2i) OR (dapagliflozin) OR (empagliflozin) OR (ertugliflozin)
OR (canagliflozin) and (sleep apnea) AND (sacubitril/valsartan)). Filters: Randomized
Control Trials.

To obtain literature from the Scopus library, we used the following string: TITLE-
ABS-KEY ((sleep AND apnea OR obstructive AND sleep AND apnea OR sleep AND
disordered AND breathing AND heart AND failure AND (LIMIT-TO (OA, “all”) OR LIMIT-
TO (OA, “Randomized Control Trials”)) AND (LIMIT-TO (PUBSTAGE, “final”)) AND
(LIMIT-TO (SUBJAREA, “MEDI”)) AND (LIMIT-TO (DOCTYPE, “ar”)) AND (LIMIT-TO
(LANGUAGE, “English”)) AND (LIMIT-TO (EXACTKEYWORD, “Human”)) and ((sleep
apnea OR obstructive sleep apnea OR sleep disordered breathing AND empagliflozin
OR dapagliflozin OR canagliflozin OR ertugliflozin OR sotagliflozin OR sacubitril val-
sartan AND (LIMIT-TO (OA,“all”) OR LIMIT-TO (OA, “Randomized Control Trials”))
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AND (LIMIT-TO (PUBSTAGE, “final”)) AND (LIMIT-TO (SUBJAREA, “MEDI”)) AND
(LIMIT-TO (DOCTYPE,“ar”)) AND (LIMIT-TO (LANGUAGE,“English”)) AND (LIMIT-TO
(EXACTKEYWORD,“Human”)).

We searched Cochrane using the following string: “OSA” and “heart failure”, “heart
failure” and “SDB”, “heart failure” and “sleep apnea”, “OSA” and “dapagliflozin”, “OSA”
and “empagliflozin”, “OSA” and “canagliflozin”, “OSA and ertugliflozin”, and “OSA and
sotagliflozin”.

The search results were exported to the Mendeley reference manager for the records’
initial title and abstract screening. Duplicate articles were removed by the “remove du-
plicates” function of Mendeley. The literature search was performed between 2 June 2023
and 20 June 2023 and again on 2 July 2023. To obtain articles that were not received
from databases, bibliographies of published articles were manually reviewed to identify
additional studies. Two authors (A.P. and N.O.) independently performed the literature
search and evaluated articles for inclusion. Discrepancies, if any, were resolved through
discussion.

During the initial screening of titles and abstracts, the retrieved studies had to meet
the following criteria for inclusion in full-text eligibility assessment: (1) randomized control
trials, case-control studies or observational studies; (2) papers concerning adult human sub-
jects with HF; (3) papers concerning adult human subjects diagnosed with OSA (AHI ≥ 5),
(4) studies evaluating a combination of sleep and/or cardiological parameters, (5) clearly
defined experimental and control groups. Exclusion criteria were: (1) studies in other than
English language, (2) studies on pediatric population (i.e., age < 18 years), (3) the studies
were classified as article review, letter, poster, conference summary or editorial, (4) the
studies were not a randomized control trial/case-control/observational study. After the
initial screening, two investigators (A.P. and N.O.) retrieved and independently assessed
full-text manuscripts.

The process for selecting the studies is provided in the flow chart in Figure 2.
The Quality Assessment Tool EPHPP (Effective Public Healthcare Panacea Project) was

used to evaluate the quality of the studies included in our systematic review. Two authors
(A.P. and N.O.) performed an independent search and evaluation of the studies following
the Quality Assessment Tool for Quantitative Studies Dictionary. Any discrepancies or
concerns that arose during this process were thoroughly discussed by the authors to ensure
consistency and accuracy in the evaluation process. This tool enabled us to thoroughly
assess the quality of various study types (e.g., randomized controlled trial, controlled
clinical trial, cohort, case-control) by offering customizable criteria based on study design.
It facilitated a comprehensive evaluation of study quality by examining selection bias,
study design, data collection methods, blindings, and potential confounding variables.
Quality assessment of included studies is presented in Supplementary Material, Table S1.
Comprehensive information on the assessment process and the specific questions used for
evaluation are presented in Supplementary Material, Table S2.
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Figure 2. PRISMA flow diagram of the literature selection process.

3. Results

3.1. The Prevalence of Obstructive Sleep Apnea in the Heart Failure Population

The prevalence of OSA in HF patients was estimated by Wang et al. and depended on
the LVEF [20]. Among 252 HF patients enrolled in the study, 48% presented OSA as well.
When comparing the HFrEF, HFmrEF, and HFpEF groups, there were 42%, 47%, and 49%
of OSA participants, respectively (p = 0.708). Additionally, the prevalence and the severity
of sleep-disordered breathing (SDB) were significantly higher in HFrEF and HFmrEF. The
above-mentioned types of heart failure were associated with central sleep apnea (CSA).
OSA was found to be more common in individuals with HFpEF.

Wang et al. conducted another study with 248 patients diagnosed with heart failure to
explore the prevalence of sleep-disordered breathing in patients with HF of different etiolo-
gies. The overall prevalence of SDB in the HF population was 70.6%, with OSA accounting
for 47.6%. The patients were categorized into five groups based on the underlying cause of
HF: ischemic, hypertensive, myocardial, valvular, and arrhythmic. The prevalence of SDB
across these five groups was 75.3%, 81.4%, 77.8%, 51.9%, and 58.5%, respectively (p = 0.014).
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Regarding OSA, the prevalence among the five groups was 42.7%, 72.1%, 36.1%, 37.0%,
and 49.1%, respectively (p = 0.009) [21]. An analysis of sleep data across the five groups
revealed that AHI, the longest duration of hypopnea, and the proportion of Cheyne-Stokes
respiration (CSR) were higher in the ischemic, hypertensive, and myocardial groups com-
pared to the valvular and arrhythmic groups (18.3 (5.0–31.4); 12.8 (6.1–28.0); 20.3 (9.3–34.5),
respectively; p < 0.05). The myocardial group had the lowest LVEF values, followed by the
ischemic group, whereas the other three groups demonstrated higher LVEF values (0.43
(0.31–0.52); 0.58 (0.43–0.68), respectively; p < 0.001).

Gupta et al. screened two groups of patients for SDB: 25 individuals previously
diagnosed with HFpEF and 25 age and sex-matched controls of healthy subjects. SDB was
observed in 64% of the case patients and 12% of the control group (p < 0.001). Among
HFpEF patients with SDB (16/25), 13 were diagnosed with OSA and 3 with CSA. There was
a significant difference between the patients and controls in AHI (p < 0.001), NT-ProBNP
(p < 0.001), and polysomnography parameters (PSG WASO, PSG N1, N2, N3). A positive
correlation between the AHI score and the degree of diastolic dysfunction was observed
(r = 0.67; p < 0.001) [22].

The German multicenter SchlaHF (Sleep-Disordered Breathing in Heart Failure) reg-
istry by Arzt et al. enrolled 1557 HFrEF patients and estimated OSA as 29% of all included
individuals [23].

Oldenburg et al. screened 700 patients with HF for SDB and presented 76% of SDB in
the studied population, including 36% of OSA [16]. Patients with no SDB (including OSA)
experienced less severe symptoms (New York Heart Association (NYHA) class 2.57 ± 0.5;
p < 0.05) compared to the individuals with CSA (NYHA class 2.9 ± 0.5). Additionally, OSA
patients had significantly higher LVEF values (p < 0.05) than CSA patients.

Bitter et al. investigated the prevalence and type of SDB in patients with HFpEF. The
authors enrolled 244 patients with HFpEF and documented SDB in 169 patients (69.3%), of
which 97 (39.8%) had OSA. The severity of OSA was mild in 40%, moderate in 36%, and
severe in 24% of the cases [24].

A study conducted by Chan et al. screened 20 patients with HFpEF for SDB. 55% of
participants were diagnosed with significant sleep-disordered breathing. In this group,
63.64% of patients had predominantly OSA with a mean AHI of 10.9 ± 5.1 [25].

Yumino et al. enrolled 218 patients with HF (with LVEF ≤ 45%) and screened them for
SDB. Using AHI cutoff ≥ 10, ≥15, and ≥20, the prevalence of sleep apnea was estimated
as 60%, 47%, and 39%, respectively. The prevalence of OSA was 37%, 26%, and 21%,
respectively. The results of the OSA population were BMI (31.0 ± 5.0), LVEF (25.7 ± 9.1),
and NYHA Class (class III + IV: OSA 31) [26].

Herrscher et al. assessed the prevalence of SDB in HF patients independent of systolic
left ventricular function. In a cohort of 115 patients (62% with reduced EF and 38% with
preserved EF), individuals were classified as New York Heart Association Class II–IV. The
prevalence of SDB was 81%, including 54% of OSA. Among the HFpEF patients, SDB was
present in 80% of the cases, with OSA occurring in 62%. Furthermore, the group of HFpEF
patients also revealed a significantly higher incidence of hypertension. When comparing
patients with preserved EF to the ones with reduced EF, both groups had nearly the same
high prevalence of sleep apnea (80% vs. 82%). Additionally, within the HFpEF group, there
were more patients with OSA than CSA (62% vs. 18%) [27].

Kalaydzhiev et al. screened 100 individuals and found 61 sleep-disordered breathing
patients. In this study population, 50 individuals were diagnosed with OSA (82%), and 52%
were male. The following parameters were estimated: left ventricular ejection fraction at
49.6 ± 8.5%, AHI at 41.8 ± 23.2, BMI at 38.5 ± 7.1, NTproBNP at 1359.12 ± 740.64 pg/mL,
mean oxygen saturation (MOS) at 83.9 ± 6.8%, and the lowest oxygen saturation (LOS) at
65.3 ± 12.7% [28].

The summarized data of chosen studies is presented in Table 2. Figure 3 presents OSA
prevalence over the years.
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Figure 3. OSA prevalence in chosen studies. Abbreviations: Overall OSA prevalence, number (n) of
OSA/n all study participants; OSA prevalence, n OSA/n SDB participants [16,20–28].

3.2. Does Positive Airway Pressure Play a Role in HF Patients?
3.2.1. Obstructive Sleep Apnea and Heart Failure with Preserved Ejection Fraction

Arikawa et al. collected data from 58 patients with new-onset HFpEF. In these patients,
LVEF and plasma BNP concentration at the baseline were 61 ± 5% and 391 (218–752) pg/mL,
respectively. Obstructive sleep apnea, with a mean AHI score of 43± 16, was found in 39 subjects
(67%). Furthermore, none of these patients showed evidence of CSA. All of them were treated
for OSA with CPAP and were advised lifestyle modifications over a 36-month observational
period. The baseline plasma brain natriuretic peptide concentration in the studied groups
was 444 (233–752) pg/mL in OSA and 316 (218–703) pg/mL in the non-OSA group. After
36 months of the follow-up period, the BNP concentration decreased in both groups. However,
the reduction was less significant in patients with sleep apnea. While the BNP concentration
was similar at the one-month cutoff in both groups, they were notably higher in the sleep apnea
group after six months (p < 0.05), 12 months (p < 0.05), and 36 months (p < 0.05) [29]. This
research demonstrated that in patients with HFpEF, obstructive sleep apnea leads to elevated
BNP levels during extended follow-up periods compared to non-OSA subjects. These findings
indicate that even with appropriate CPAP treatment, OSA might negatively impact long-term
cardiac function and prognosis. Table 3 presents data from the study.

Table 3. The characteristics and results of a chosen study population with OSA and HFpEF.

Author,
Year

N
Sex,
M/F

Age,
Years

EF, %
Pre

EF, %
Post

OSA
Prevalence,

%

CPAP Ad-
herence

AHI
Pre

AHI
Post

BNP
Pre, pg/mL

BNP Post, pg/mL

Arikawa
et al.,

2016 [29]
58 31/19

66 ± 15
(OSA)

65 ± 11
(nOSA)

61 ± 5
(OSA)
63 ± 9

(nOSA)

ND 67% (39/58) ND ND ND

444 (233–752)
(OSA)

316 (218–703)
(nOSA)

1 m: 302 (202–350) (OSA)
212 (180–405) (nOSA)
6 m: 222 (137–324) ♦

(OSA)
76 (38–96) ♦ (nOSA)
12 m: 123 (98–197) ♦

(OSA)
52 (38–76) ♦

(nOSA)
36 m: 115 (64–174) ♦

(OSA)
56 (25–74) ♦

(nOSA)

Abbreviations: ND, no data; ♦, significant difference; M/F, Male/Female; EF, ejection fraction; OSA, obstructive
sleep apnea; nOSA, no obstructive sleep apnea. Data is presented as a percentage of cohort or mean ± standard
deviation or median.

3.2.2. Obstructive Sleep Apnea and Heart Failure with Reduced Ejection Fraction

The prospective, single-arm, open-label study conducted by Naito et al. analyzed
55 Japanese patients with HFrEF and moderate-to-severe OSA [30]. After one month of
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CPAP treatment, the AHI decreased from 45.3 ± 16.1 to 5.4 ± 4.1 and the arousal index
from 43.9 ± 19.6 to 15.7 ± 10.3. The LVEF improved from 37.2% ± 9.8 to 43.2% ± 11.7.
Additionally, a significant decrease in heart rate (76.3 ± 11.2 vs. 70.7 ± 9.0, p < 0.001), systolic
(131.3 ± 13.3 vs. 126.2 ± 12.2, p < 0.001), and diastolic (78.4 ± 10.5 vs. 74.3 ± 10.3, p < 0.001)
blood pressure after the treatment was noted. However, there were no significant changes
in the BMI. Univariate regression analysis showed that age (p < 0.001), BMI (p < 0.001),
atrial fibrillation (p = 0.0443), LOS (p = 0.0266), and pressure levels of CPAP (p = 0.0013)
were positively associated with improvements in LVEF at the baseline. After adjusting for
confounding variables, age (p = 0.008) and BMI (p < 0.001) became the most significant
factors for LVEF improvement. There was no correlation between pharmacotherapy (ACE
inhibitors, AR blockers, Beta-blockers, diuretics, spironolactone, nitrates, digoxin) and
LVEF improvement in HFrEF patients. The multivariate regression analyses indicated that
young patients with obesity are inclined to LVEF enhancement. The degree of improvement
was estimated at 6% in this population. The results are consistent with other studies.

Kaneko et al. conducted a study on 24 patients previously diagnosed with OSA and
HFrEF [31]. The subjects were randomly assigned to control (N = 12) and CPAP group
(N = 12). After one month, a significant reduction in the following sleep parameters was
observed in the CPAP group: AHI (from 31.7 ± 6.4 to 8.3 ± 2.8, p < 0.001), arousal index
(from 31.4 ± 6.1 to 12.8 ± 1.7, p = 0.003) and desaturation index (from 12.7 ± 3.2 to 0.8
± 0.5, p < 0.001). Moreover, the LOS improved from 82.3 ± 1.2 to 89.6 ± 1.1 (p = 0.004).
Additionally, there was a decrease in cardiological parameters, such as: daytime systolic
blood pressure (from 126 ± 6 to 116 ± 5 mmHg, p = 0.02) and heart rate (from 68 ± 3 to 64
± 3 beats per minute, p = 0.007). Furthermore, the LVEF value increased from 25.0 ± 2.8%
to 33.8 ± 2.4%. There were no significant improvements in the control group in the above-
mentioned parameters. In conclusion, patients who received HF treatment and managed
concurrent OSA through CPAP presented systolic blood pressure and HR reduction, as
well as left ventricular systolic function improvement.

Mansfield et al. enrolled 55 individuals formerly diagnosed with both OSA and
HFrEF. The study was randomized: 28 subjects were assigned to the CPAP group and
27—to the control group. The results indicated that three months of CPAP treatment was
associated with significant improvements in LVEF (Δ1.5 ± 1.4% vs. 5.0 ± 1.0%, respectively,
p = 0.04), AHI (Δ−8.4 ± 3.6 vs. −21.1 ± 3.8, p < 0.001), LOS (Δ0.0 ± 1.6 vs. 11.5 ± 2.7,
p = 0.001), reductions in overnight urinary norepinephrine excretion (Δ1.6 ± 3.7 vs. −9.9 ±
3.6 nmol/mmol creatinine, p = 0.036), and improvements in quality of life (in the domains
of physical role (p = 0.03), vitality (p = 0.02), social functioning (p = 0.03), and mental health
(p = 0.01). Overall, the treatment of OSA among HF patients leads to improvement in
cardiac function, sympathetic activity, and quality of life [32].

Fox et al. randomized 58 patients with HFrEF and OSA to automatic positive airway
pressure (Auto-PAP) (N = 25) or nasal strips (controls) (N = 33) [33]. The study indicated
significant LVEF improvement in the Auto-PAP group (from 38 ± 9% at baseline to 40 ±
9% at six months) compared with controls (40 ± 9% to 40 ± 8%; p < 0.01). AHI decreased
significantly from baseline to 6 months in the Auto-PAP group (from 34 ± 17/h to 9 ± 8/h;
p < 0.001) but remained unchanged in the control group (from 35 ± 13/h to 33 ± 20/h).
Additionally, patients with Auto-PAP treatment experienced a greater improvement in the
MOS (controls: from 92.03 ± 2.23 to 92.00 ± 2.97, p = 0.857; Auto-PAP group: from 92.47 ±
2.62 to 93.82 ± 1.92, p = 0.001) when compared to both initial levels and the control group.
In summary, Auto-PAP intervention demonstrated a significant improvement compared
to the control group, especially in terms of percent-predicted cardiopulmonary exercise
capacity (peak VO2), a well-established marker for cardiovascular prognosis in HFrEF.
Additionally, Auto-PAP showed beneficial effects on hypoxemia, cardiac function, and
overall quality of life.

A randomized sham-controlled trial conducted by Kim et al. on 52 patients with severe
OSA and reduced ejection fraction analyzed left ventricle (LV) and right ventricle (RV)
function by conventional and speckle-tracking echocardiography before and after three
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months of CPAP (N = 26) or sham treatment (N = 26) [34]. CPAP treatment significantly
improved LV global longitudinal strain (GLS) compared to the sham treatment (−20.0%
± 2.1% vs. −18.0% ± 2.5%; p = 0.004). There were no differences in LV dimension or
ejection fraction. CPAP treatment reduced RV size and improved the fractional area change
(51.3% ± 7.9% vs. 46.9% ± 6.7%; p = 0.038) compared with the sham treatment but did not
improve the RV GLS compared with the sham treatment. Overall, in individuals diagnosed
with severe OSA, three months of CPAP therapy resulted in enhancement of LV and RV
function when compared to the sham treatment. CPAP treatment significantly improved,
especially in LV mechanical function and RV fractional area change evaluated through
speckle-tracking and two-dimensional echocardiography.

Gilman et al. performed a substudy of a larger randomized controlled trial on 19
OSA and HFrEF individuals and randomized them to CPAP treatment (N = 12) or control
(N = 7) group for one month [35]. In the control group, there were no significant changes in
the AHI (from 41 ± 13 to 37 ± 18) and other sleep parameters (LOS) from 82.4 ± 6.9 to 78.5
± 12.4; arousals from 34.1 ± 13.5 to 35.1 ± 15.8) between the baseline and the follow-up.
However, in contrast, CPAP intervention, with an average pressure of 8.8 ± 2.4 cm H2O
and a nightly usage duration of 6.3 ± 1.5 h, resulted in significant reductions in AHI (from
30 ± 15 to 7 ± 6), arousal index (from 26.7 ± 10.3 to 11.6 ± 3.6) (all p < 0.001). Furthermore,
CPAP therapy led to improvements in MOS (from 94.8 ± 1.0 to 96.1 ± 1.6, p = 0.022) and
LOS (from 82.5 ± 5.1 to 90.5 ± 3.6, p < 0.001). In the control group, there was no significant
change in LVEF between baseline and follow-up. In contrast, the CPAP group presented an
increase in LVEF, significantly greater than the control group (p = 0.028).

Servantes et al. conducted a study to examine the effects of exercise training and CPAP
in patients with HFrEF (LVEF < 40%) and OSA. A total of sixty-five participants enrolled
in four groups: control group (N = 18), exercise group (N = 17), CPAP group (N = 15),
and exercise + CPAP group (N = 15), completed the study protocol. CPAP adherence
and average daily use were similar between the groups. When comparing the baseline
measurements with the three-month follow-up, there was no significant change in the
mean AHI in the control group. However, the exercise group demonstrated a moderate
decrease in AHI from 28 ± 17 to 18 ± 12 (p < 0.03). In contrast, both the CPAP group and
the exercise + CPAP group exhibited a significant reduction in AHI, from 32 ± 25 to 8 ±
11 (p < 0.007) and from 25 ± 15 to 10 ± 16 (p < 0.007), respectively. No significant changes
were observed in NYHA functional class distribution, excessive daytime sleepiness, quality
of life, or sexual function in the control group. However, in the other intervention groups,
there was an improvement in the NYHA functional class (classes II and III moved into class
I, p < 0.05) and a reduction in daytime sleepiness (p < 0.05). Significant improvements in
quality of life were observed in the exercise and exercise + CPAP groups compared to the
control group (p < 0.05). Sexual function improved in the exercise + CPAP group compared
to baseline, with no significant differences among the groups [36].

Egea et al. selected 60 patients with HF with LVEF < 45% and sleep apnea (83% OSA,
17% CSA) with AHI > 10/h and evaluated them at baseline and after three months of
treatment with optimal CPAP or sham-CPAP. An improvement in AHI and LVEF was
observed in the CPAP group but not in the sham group. In patients with HF and OSA,
there was an improvement in the LVEF in the patients treated with CPAP but no changes
in the sham-CPAP group after three months of treatment (p = 0.03) [37].

Ryan et al. enrolled 18 patients with OSA and HF with LVEF < 45% and randomized
them to the control group (N = 8) and the CPAP group (N = 10). Over one month, there
were no changes in participants’ BMI, diastolic blood pressure, or heart rate. After one
month, a significant reduction in AHI was observed in the CPAP group (p < 0.001), with
no improvement in controls (p = 0.77). The improvement in LVEF was observed in the
CPAP group (p = 0.03), and no improvement in controls (p = 0.18). Additionally, in the
CPAP group, there was a reduction in arousal index (p = 0.004), ventricular premature beats
(VPBs) (p = 0.037), and an increase in minimum SaO2 (p = 0.05) [38].

Table 4 summarizes data from the above-mentioned studies.
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3.3. Healthcare Resources Utilization in Heart Failure and Obstructive Sleep Apnea Patients

Cistulli et al. conducted a retrospective observational study of 4237 patients with
HFpEF who received a new diagnosis of OSA. The adherence to Positive Airway Pressure
(PAP) therapy was associated with improvements in healthcare resource use, including
reductions in general hospitalization rate (adherent to PAP 0.33 ± 0.84 vs. nonadherent
0.53 ± 1.08, p < 0.001), cardiovascular hospitalizations (adherent to PAP 0.06 ± 0.28 vs.
nonadherent 0.11 ± 0.41, p < 0.004.), and emergency room visits (adherent to PAP 0.83 ±
1.49 vs. nonadherent 1.21 ± 1.82, p < 0.001). The study observed the clinical and economic
benefits of OSA treatment in patients with heart failure with preserved ejection fraction,
particularly among individual’s adherent to therapy. Adherent patients had lower total
healthcare costs than moderately adherent and nonadherent patients, with $12,676 vs.
$16,157 vs. $16,173, respectively (p < 0.001 for both comparisons). Furthermore, adherent
patients had significantly reduced costs associated with inpatient hospitalizations ($3880
vs. $6409, vs. $7025, respectively; p < 0.001 for both comparisons) and emergency room
visits ($741 vs. $1142, vs. $1168, respectively; p < 0.001 for both comparisons) [39].

The correlation between OSA and the risk of hospitalization in patients with HF was
analyzed by Abdullah et al. The researchers examined data from the National Inpatient
Sample (NIS), Healthcare Cost and Utilization Project, and Agency for Healthcare Research
and Quality database, specifically focusing on records between 2012 and 2014. A total of
12,608,637 hospital discharges of adult patients were included in the analysis. Among the
data, there were 147,463 patients with a primary diagnosis of HFpEF. There were 653,762
(5.2%) patients with OSA. The prevalence of OSA in patients with HFpEF and without
HFpEF was estimated at 16.8% and 5.0%, respectively. Patients with OSA were older (62.5
± 13.7 vs. 58.6 ± 20.8, p < 0.001) and predominantly male, smoked (35.4% vs. 28.0%,
p < 0.001) and had a higher incidence of comorbidities, including hypertension (78.1% vs.
53.9%, p < 0.001), coronary artery disease (35.3% vs. 20.7%, p < 0.001), prior myocardial
infarction (8.9% vs. 5.2%, p < 0.001), atrial fibrillation (26.1% vs. 14.1%, p < 0.001), chronic
kidney disease (28.1% vs. 15.5%, p < 0.001), acute kidney injury (18.7% vs. 12.3%, p < 0.001),
diabetes mellitus (52.8% vs. 25.9%, p < 0.001), obesity with BMI = 30–40 (18.7% vs. 6.0%,
p < 0.001), and morbid obesity with BMI > 40 (31.8% vs. 3.7%, p < 0.001). The primary
endpoint, a discharge with HFpEF diagnosis, occurred in 3.8% of patients in the OSA group
and 1.0% in the non-OSA group (p < 0.001). Multivariable logistic regression analysis
confirmed that OSA was independently associated with higher odds of admission with
HFpEF. This association remained significant in both women and men, with adjusted odds
ratios of 2.3 (95% CI 2.27 to 2.36) and 2.0 (95% CI 1.98 to 2.08), respectively [40].

Malhotra et al. enrolled 3182 patients with OSA and HFrEF and assessed the impact
of adherence to PAP therapy on healthcare resource utilization. During the first year
of therapy, 39% of patients (N = 1252) were considered adherent to PAP therapy, 29%
(N = 935) had intermediate adherence, and 31% (N = 995) were nonadherent. After one
year of initiating positive airway pressure treatment, patients adherent to the treatment
had a lower number of combined healthcare visits compared to nonadherent patients (0.92
± 1.59 and 1.15 ± 1.83, respectively, p = 0.006). This reduction was primarily attributed to a
24% decrease in emergency room visits. Additionally, the cost of combined healthcare visits
was found to be statistically lower in adherent patients ($3500) compared to nonadherent
patients ($5879, p = 0.031) [41]. Significant predictors of adhering to PAP included older age
(>55 years), presence of atrial fibrillation, and adherence to β-blocker medication. Table 5
presents data on costs and hospitalization and ER risk of OSA + HF patients.
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3.4. Do New Medicaments in Heart Failure Pharmacotherapy Play a Role in Sleep-Disordered
Breathing Patients?
3.4.1. Sodium/Glucose Cotransporter-2 Inhibitors (SGLT2i)

Wojeck et al., in VERTIS CV exploratory study, evaluated the impact of ertugliflozin
(5 mg, 15 mg, and control group) on the prevalence of OSA. Out of 8246 enrolled patients,
93.3% (N = 7697) had no baseline OSA (placebo N = 2561; ertugliflozin N = 5136; mean age
64.4 years; BMI 31.7 kg/m2; HbA1c 8.2%; 69.2% male; 88.3% White). The results were: OSA
incidence rate: 1.44 per 1000 person-years for ertugliflozin vs. 2.61 per 1000 person-years
for placebo, resulting in a 48% relative risk reduction (HR 0.52; 95% CI 0.28–0.96; p = 0.04).
In summary, in the VERTIS CV study, the use of the SGLT2 inhibitor ertugliflozin resulted
in a decreased occurrence of OSA in individuals with type 2 diabetes [42].

In a recent post-hoc analysis of the EMPA-REG OUTCOME trial to explore the effects
of empagliflozin (EMPA) on the incidence of OSA, it was found that approximately 6% of
the enrolled population had OSA at baseline. Patients with OSA were more likely to have
moderate to severe obesity (55.2% vs. 18.2%) and a higher prevalence of coronary artery
disease (CAD). Additionally, patients with OSA had an increased risk of cardiovascular
and kidney events and higher overall all-cause mortality compared to those without OSA.
The analysis also indicated a trend towards greater weight loss (adjusted for baseline
body weight) in patients with OSA treated with empagliflozin compared to those without
OSA. Interestingly, patients treated with EMPA had a 52% lower likelihood of developing
new-onset OSA than those treated with a placebo. No AHI measurements were made. The
diagnosis of OSA in this study was based on patient and investigator reports rather than
objective assessment using systematic polysomnography [43].

Two small prospective studies assessed dapagliflozin (DAPA) in individuals with SDB.
In the first study, DAPA (5 mg/day) was administered to 30 obese diabetes type 2 (T2D)
patients for 24 weeks. SDB was categorized based on the 3% oxygen desaturation index
(ODI). After treatment, weight loss was 1.7 kg and 2.56 kg in mild and moderate/severe SDB
groups, respectively. DAPA significantly improved 3% ODI only in the moderate/severe
SDB group (baseline: 25.0 ± 3.8; end: 18.5 ± 6.1, p = 0.017). Notably, weight loss and neck
circumference reduction did not correlate with a 3% ODI improvement. Polysomnography,
AHI data, and a control group were lacking in this study [44].

In the second study, 36 OSA and T2D patients were divided into two groups: the
dapagliflozin (DAPA) arm (N = 18) received 5 mg/day DAPA (increased to 10 mg after
one week), and the control arm (N = 18) received 2 mg/day glimepiride (titrated up
to 4 mg if needed). Both groups received metformin 850 mg twice daily for 24 weeks.
DAPA resulted in significant reductions in BMI, Homeostatic Model Assessment for IR
(HOMA-IR), and AHI, improved minimum SpO2, and decreased ESS scores compared to
glimepiride (p < 0.05). Limitations include small sample size, short duration, and absence
of neck circumference and other obesity-related data. Sulfonylurea use in the control group
may have affected BMI differences [45].

A retrospective study (with no control group) conducted by Sawada et al. examined
the effects of SGLT2 inhibitors on 18 T2D patients with OSA (12/18 with severe OSA)
regarding weight reduction and changes in AHI. SGLT2 inhibitors were administered for
a median of 21 weeks. Body weight, BMI, and AHI (from 31.9 ± 18.0 to 18.8 ± 11.5, p =
0.003) significantly improved after treatment. The number of participants with severe OSA
decreased from 12 to 4. However, greater body weight reduction was associated with less
AHI improvement in severe OSA patients. Compensatory hyperphagia and concurrent
diuretic therapy were suggested as possible explanations [46].

DAHOS, a 3-month, multicentric, prospective, randomized controlled clinical study
by Xie et al., is conducted to assess the changes in OSA-related indicators and the treatment
of heart failure and to verify the effectiveness of dapagliflozin (10 mg) in the treatment
of HFrEF with coexisted OSA. Inclusion criteria are adults with LVEF ≤ 40% AHI ≥ 15.
Patients will be randomized to optimized HF therapy plus a standard dose of dapagliflozin,
while the controls will receive only optimized HF therapy. Participants will be evaluated at
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baseline and 3-month follow-up after dapagliflozin administration. The primary endpoint
of the main study is the decreasing value of AHI. The secondary outcomes of the study in-
clude assessing the proportion of patients experiencing a 20% and 50% decrease in the AHI
before and after dapagliflozin treatment, evaluating changes in Epworth Sleepiness Scale
(ESS) scores, examining echocardiographic measures of structure and function (ejection
fractions, left ventricular diameters, atrial surface, diastolic function, and filling pressures)
pre- and post-dapagliflozin, analyzing serum BNP and pro-BNP concentrations before
and after dapagliflozin, measuring laboratory parameters such as creatinine, potassium,
sodium, hemoglobin, alanine, and aspartate transaminase levels, assessing the quality of
life using the Minnesota Living with Heart Failure Questionnaire and EQ-5D-3L Question-
naire, and evaluating levels of inflammatory and oxidative stress factors (IL-6, CRP) before
and after dapagliflozin [47].

The summarized data of the chosen studies is presented in Table 6.

Table 6. Characteristics from SGLT2i studies.

Author,
Year

N
Sex,
M/F

Age, Years
Rate/1000
Patient-
Years

3P-MACE CV Death HHF
All-Case
Mortality

Incident or
Worsening
Nephropaty

Changes in Sleep
Parame-

Ters

Wojeck
et al.,

2023 [42]

5126 E,
2557 P 69.2(%) 64.3

1.4 E
2.6 P
♦

ND ND ND ND ND ND

Neeland
et al.,

2020 [43]

7020
w/OSA:
4421 Em,
2208 P;

391 OSA:
266 Em,
125 P

5016/2004

63.1 ± 8.6
w/OSA,

Em;
63.2 ± 8.9
w/OSA, P;
63.7 ± 7.7
OSA, Em;
63.7 ± 7.3

OSA, P

2.2 E;
4.6 P
♦

490/4687
Em;

282/2333
P
♦

172/4687
Em;

137/2333
P
♦

126/4687
Em;

95/2333P
♦

269/4687
Em;

194/2333
P
♦

525/4687
Em;

388/2333 P
♦;

459/4687
Em;

330/2333 P
♦

ND

Furukawa
et al.,

2018 [44]

30,
24 mSDB;
6 m-sSDB

20/10

59.0 ± 10.7
mSDB;

58.3 ± 11.7
m-sSDB

ND ND ND ND ND ND

3% ODI,
baseline: 25.0 ± 3.8;

follow-up: 18.5 ± 6.1
♦

Tang et al.,
2019 [45]

36,
18 dapa;

18 w/dapa
22/14

56.10 ± 7.2
dapa;
57.8 ±
10.07

w/dapa

ND ND ND ND ND ND

AHI
dapa: baseline 37.45
± 6.04 vs. follow-up

26.72 ± 4.69
♦;

w/dapa:
baseline 38.11 ± 6.27
vs. follow-up 36.1 ±

4.50;
LSpO2:
dapa:

baseline 84.06 ±
14.58 vs. follow-up

87.16 ± 13.56 ♦;
w/dapa:
baseline

83.72 ± 13.77
follow-up 84.12 ±

13.83

Sawada
et al.,

2018 [46]
18 14/4 64 ± 13 ND ND ND ND ND ND

AHI baseline: 31.9 ±
18.0;

follow-up 18.8 ±
11.5 ♦

Abbreviations: E, patients with ertugliflozin; Em, empagliflozin; dapa, patients with dapagliflozin; w/dapa,
patients without dapagliflozin; P, placebo; OSA, obstructive sleep apnea patients; w/OSA, patients without
obstructive sleep apnea; ♦, significant difference; M/F, Male/Female; 3P-MACE, 3-point major adverse CV events;
HHF, hospitalization for heart failure; mSDB, mild sleep disordered breathing; m-sSDB, moderate-to-severe sleep
disordered breathing; ODI, oxygen desaturation index; LSpO2, lowest oxygen saturation, AHI, apnea/hypopnea
index; ND, no data. Data is presented as a percentage of cohort or mean ± standard deviation.

3.4.2. Sacubitril/Valsartan

Owens et al. conducted AWAKE-HF randomized, double-blind study conducted in
23 centers in the United States. Participants with HFrEF (N = 140) were randomly allocated
to receive either sacubitril/valsartan (N = 70) or enalapril (N = 70) treatment. Subjects
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presented with undiagnosed, untreated, moderate-to-severe sleep-disordered breathing
(≥15 events/h), and nearly all had OSA (N = 1 CSA). Baseline and 8-week follow-up
assessments were conducted to evaluate all endpoints. After eight weeks of treatment,
the mean 4% AHI changed minimally from 16.3/h to 15.2/h in the sacubitril/valsartan
group and from 16.8/h to 17.6/h in the enalapril group. Mean total sleep time decreased
slightly in both treatment groups at week 8 (−14 and −11 min for sacubitril/valsartan and
enalapril, respectively) [48].

The study conducted by Pelaia et al. in 2022 evaluated the effects of a 6-month therapy
with sacubitril/valsartan on hemodynamic and metabolic parameters in patients with
HFrEF and sleep apnea already under treatment with CPAP. Additionally, apnea/hypopnea
occurrence and oxygen saturation were examined. The authors enrolled 132 consecutive
patients with HFrEF and analyzed them at baseline and 6-month follow-up. Fifty-five
patients (41.7%) were diagnosed with OSA, and 77 (58.3%) had CSA. Each participant
received CPAP treatment. During a temporary CPAP interruption, the sleep parameters
evaluation demonstrated significant improvements. There was a notable reduction in the
overall AHI (from 26.5 ± 10.4 to 21.7 ± 8.3, p < 0.0001), ODI (from 18.0 ± 3.7 to 13.5 ± 4.9,
p < 0.0001), and time spent with oxygen saturation below 90% (TC90) (from 14.1 ± 4.5%
to 6.8 ± 3.9%, p < 0.0001). Additionally, there were significant increases in mean oxygen
saturation, which improved from 91.3 ± 1.9% to 92.0 ± 2.0% (p < 0.0001). There were
significant decreases in BMI (p < 0.0001) and NT-proBNP concentration (p < 0.0001) [49].

The ENTRESTO-SAS trial is a six-center, prospective, open-label, real-life cohort study
by Jaffuel et al., which was conducted to evaluate the sacubitril/valsartan impact on sleep
apnea in HFrEF patients [50]. The authors analyzed 118 patients at baseline and 3-month
follow-up. The nocturnal ventilatory polygraphy was performed. Based on the initial
results, three groups were established: G1: AHIcentral ≥ 5/h and AHIobstructive <15/h;
G2: AHIobstructive ≥ 15/h regardless of the AHIcentral; and G3: AHIcentral <5/h and
AHIobstructive <15/h. A significant decrease in AHI was observed in G1 + G2 patients,
with a median reduction of −7.10/h (range: −16.10 to 0.40), p < 0.001. In G1 patients, who
primarily exhibited a central pattern of irregular breathing, AHI significantly decreased
from a median of 22.90 (range: 16.00–43.50)/h to 19.20 (range: 12.70–31.10)/h (p = 0.002).
The median AHI difference was −6.60 (range: −11.70 to 0.40). For G2 patients, who
predominantly had an obstructive pattern, AHI decreased from a median of 30.10 (range:
26.40–47.60) to 22.75 (range: 14.60–36.90) (statistically non-significant, p = 0.059). The
median AHI difference was −12.40 (range: −23.60 to 0.35). Around 24.4% of patients
experienced a ≥50% decrease in AHI (21.6% for G1 and 37.5% for G2). Additionally, 20% of
patients had an initial AHI < 15, which increased to 37.78% at three months (24.3% for G1,
p = 0.146; 0% for G2, p = 0.5). NT-proBNP concentration significantly decreased in all three
groups (median change of −301.00 pg/mL for G1, p = 0.001; −309.00 pg/mL for OSA-G2,
p = 0.043; and −299.50 pg/mL for G3, p < 0.001). Approximately 51.72% of the population
showed a change of over 30% in NT-proBNP values after initiating SV, with no significant
differences between groups. LVEF significantly increased in G1 and G3 (median change of
2% for G1, p = 0.001; median change of 2% for G3, p = 0.016) [50].

Wang et al. conducted a study to evaluate the effect of sacubitril-valsartan on 18 HFrEF
patients. Out of the total 18 patients, 50% (9 patients) had OSA, 39% (7 patients) had CSA,
and 11% (2 patients) had normal breathing. After three months of sacubitril-valsartan
therapy, there was a reduction in NT-pro BNP concentration (p < 0.001) and an improvement
in LVEF (p < 0.001). Portable apnea monitoring showed a significant decrease in the
respiratory event index (REI) following sacubitril-valsartan treatment (p = 0.003). Subgroup
analysis based on the type of apneas revealed that both REI and the time spent below 90%
saturation decreased in patients with both OSA and CSA (all p < 0.05) [51].

Passino et al. enrolled 51 stable HFrEF patients and switched them from an ACE-
i/ARB to sacubitril-valsartan [52]. The baseline characteristics were age 65 ± 9 years, 39
males, 45% of ischemic etiology, LVEF 28.6 ± 6%, 41%, NYHA class III. Fifteen patients had
OSA (29%), and 33 had CSA (65%) at nighttime. Among patients with OSA, 4 (8%), 7 (13%),
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and 4 (8%) had mild (i.e., AHI ≥ 5, <15), moderate (i.e., AHI ≥ 15, < 30) and severe (i.e., AHI
≥ 30) apneas, respectively. Among those with CSA,12 (23%), 8 (16%) and 13 (26%) had mild,
moderate, and severe apneas, respectively. After six months of S/V administration, cardiac
parameters improved. There was a relevant decrease in NTproBNP (p < 0.001) and an
increase in LVEF (p < 0.001). When assessing the effects on sleep parameters in the overall
population, sacubitril-valsartan administration was associated with a significant decrease
in the daytime AHI (p < 0.001), nighttime AHI (p = 0.026) and the 24-h AHI (p < 0.001).
Within the subset of individuals with OSA, the impact of medication administration did
not display any nocturnal effect (p > 0.05). In contrast, the utilization of sacubitril-valsartan
showed a significant reduction in daytime occurrences (p = 0.007), primarily attributed to
a decrease in hypopneas (80 events (33–128) to 23 events (10–41), p = 0.011), rather than
apneas (1 event (0–9) to 0 events (0–3), p = 0.51). Table 7 presents summarized data from
the above-mentioned studies.
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4. Discussion

4.1. The Prevalence of Obstructive Sleep Apnea in Heart Failure Patients

Heart failure and obstructive sleep apnea are prevalent conditions that often coexist
and interact, leading to increased morbidity and mortality [53,54]. A prior investigation
indicated that approximately 75% of individuals suffering from HF experience SDB linked
to daytime sleepiness, chronic bronchitis, peripheral edema, and dyspnea [55]. The preva-
lence of OSA in HF patients with systolic dysfunction varied from approximately 20%
to 45% [56]. These findings highlight the importance of considering OSA as a potential
comorbidity in HF patients, given its impact on disease progression and outcomes. Overall,
the prevalence of obstructive sleep apnea among heart failure patients has exhibited a
varied trajectory over the years. Especially OSA prevalence rates within the HF population,
as demonstrated by studies conducted in 1997, 2007, and 2009 by Chan et al., Oldenburg
et al. and Yumino et al., were reported as 63.64%, 48.21%, and 55.45%, with corresponding
overall OSA prevalence rates of 35%, 36%, and 25.69% [16,25,26]. However, it’s essential to
consider that the more recent investigation by Kalaydzhiev et al. in 2023 reported a notably
higher OSA prevalence of 81.97% among HF patients, while the overall OSA prevalence
remained at 50% [28]. It’s worth highlighting that the study by Kalaydzhiev et al. had
a sample size of 100, which could potentially introduce a risk of bias due to its limited
size [28]. These findings underscore a dynamic shift in OSA prevalence among the HF
population across the analyzed years and emphasize the need for caution when interpreting
results from studies with smaller sample sizes.

Interestingly, the prevalence of OSA in HF patients appears to vary depending on
the type of HF, but these differences are not significant. However, the studies consistently
show that HFrEF and HFmrEF patients tend to have higher rates of sleep-disordered
breathing, particularly CSA. On the other hand, HFpEF patients exhibit a higher prevalence
of OSA [22,24,27,29,40,57–60]. Additionally, it is noteworthy that the underlying etiology
of HF may also influence the prevalence of sleep-disordered breathing, with ischemic and
hypertensive groups having higher rates of SDB compared to valvular and arrhythmic
groups [21]. Moreover, the studies suggest that OSA patients with HF have higher LVEF
values than CSA patients, indicating potential differences in the pathophysiology and
mechanisms of these two types of sleep-disordered breathing in HF [20]. In instances of
right heart failure, fluid accumulation in the body, including the cervical region, leads to
edema. This, in turn, contributes to an escalation in upper airway obstruction.

Furthermore, the inadequacy of the right ventricle impairs the circulation of blood
within the pulmonary vessels, culminating in reduced perfusion of the lung tissue. Conse-
quently, there is a decline in oxygenation levels, exacerbating desaturation during episodes
of apnea. Conversely, left heart failure prompts the occurrence of pulmonary edema, im-
pacting the optimal perfusion of the alveoli and the ensuing gas exchange process. This, in
effect, leads to a reduction in oxygen (O2) levels in the blood and an elevation in carbon
dioxide (CO2) levels. The malfunction of the left ventricle further results in compromised
renal perfusion, thereby fostering the development of hypertension and heightened fluid
retention within the body, consequently exacerbating generalized edema.

In summary, the findings from these studies underscore the importance of considering
sleep-disordered breathing, particularly OSA, in the management and treatment of heart
failure patients. The data from the cited studies collectively emphasize the strong associ-
ation between HFpEF and OSA. The prevalence of OSA in HFpEF patients is significant
and highlights the need for routine screening and management of OSA in this population.
There is no screening program for OSA in HF patients, and it is primarily attributed to
the elevated costs associated with polysomnography and the constrained accessibility
of sleep centers, even within well-developed regions. Early diagnosis and appropriate
interventions for OSA in HF patients may play a role in improving patient outcomes and
quality of life. However, further research is warranted to understand better the mechanisms
and implications of sleep-disordered breathing in different types of heart failure and its
impact on patient prognosis and management strategies.
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4.2. The Impact of Positive Airway Pressure Therapy in Heart Failure and Obstructive Sleep Apnea
Patients

Sleep-disordered breathing presents a potent stimulant for the upregulation of adren-
ergic activity. Disrupted sleep patterns and episodes of intermittent hypoxia can potentially
initiate excessive sympathetic activity, oxidative stress, vascular inflammation, endothe-
lial dysfunction, arterial stiffness and hypercoagulation [59]. Following the American
Academy of Sleep Medicine guidelines, positive airway pressure therapy (CPAP, Auto-
PAP and, BiPAP, bilevel positive airway pressure) is recommended in adult patients with
OSA [2]. Considering the multifactorial benefits and its targeting of shared pathophysi-
ological pathways in heart failure and obstructive sleep apnea, evaluating the impact of
PAP therapy on HF outcomes becomes crucial. CPAP has the strongest evidence for a
beneficial cardiovascular effect [61]. Investigations involving PAP treatment have indi-
cated that effective therapy could alleviate the heightened sympathetic activity observed in
patients with OSA [62,63]. Studies have demonstrated that each occurrence of breathing
cessation during sleep triggers significant elevations in muscle sympathetic nerve activity
(MSNA) among individuals with OSA. Comparatively, HF patients with coexisting OSA
have demonstrated an increase of 11 bursts per 100 heartbeats in MSNA compared to those
without sleep apnea [64]. Notably, a subanalysis of a randomized controlled trial revealed
a reduction of 12 bursts per 100 heartbeats in patient MSNA following CPAP therapy,
underscoring the potential of distinct sympathoexcitatory mechanisms (HF and OSA) to
synergistically heighten MSNA through additive summative effects.

A moderate confirmation level suggests that OSA is associated with increased serum
and plasma inflammatory cytokines, oxidative stress indicators, adhesion molecules, adi-
pose tissue hormones, and abnormal lipid profiles, which can be reduced with PAP treat-
ment [65]. Additionally, PAP may help to maintain sinus rhythm after ablation or electrical
cardioversion in patients with atrial fibrillation [66]. Moreover, analyzed studies reported
reductions in NT-proBNP concentration after follow-up in HFpEF patients treated with
PAP [22,29]. However, it is worth noting that the reduction in NT-proBNP concentration
was less significant in patients with OSA compared to non-OSA patients, indicating that
OSA may have a modifying effect on the response to treatment. Studies with HFrEF patient
groups and PAP treatment also showed a consistent trend toward improvement in LVEF.
The LVEF changes suggest that PAP therapy might positively impact cardiac function and
improve outcomes in HF patients with coexisting OSA. Gupta et al. also assessed the
correlation between the severity of OSA measured by the AHI and diastolic dysfunction in
HFpEF patients [22]. The study found a positive correlation between AHI severity and the
degree of diastolic dysfunction. This suggests that the presence and severity of OSA may
be associated with worsening diastolic function in HFpEF patients.

When analyzing HFrEF patients, studies consistently show significant reductions in
the AHI and arousal index after PAP treatment [30–33,35,37,38]. These improvements
indicate successful management of OSA and relief of sleep-disordered breathing in HF
patients. Additionally, PAP therapy leads to significant enhancements in desaturation
index, LOS, and MOS levels, promoting better sleep quality and increased oxygenation
during sleep. Most importantly, studies indicated that PAP treatment was associated with
reduced daytime systolic blood pressure and heart rate in HF patients with OSA [30,31,38]
among the observational studies and RCTs included in a well-summarized review by Peker
et al. PAP treatment significantly reduces blood pressure, especially nocturnal, in OSA
patients. Lowering blood pressure is crucial for patients with HF to reduce the workload
afterload, prevent cardiac strain, minimize fluid retention, and improve coronary blood
flow [67].

Moreover, maintaining a low heart rate reduces myocardial oxygen demand, enhances
diastolic filling, optimizes cardiac output, and improves synchronization [68]. A clinical
trial conducted on individuals with HFrEF, known as the Ivabradine and Outcomes in
Chronic Heart Failure (SHIFT) study, demonstrated the advantageous effects of ivabra-
dine in HF patients with heart rates exceeding 70 beats per minute (bpm) persisted even
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when patients were already undergoing recommended therapeutic approaches, including
beta-blocker therapy [69]. The incidence of major adverse cardiovascular events, such as
hospitalization for heart failure and cardiovascular-related mortality, exhibited a notewor-
thy decrease in the ivabradine-treated group compared to the placebo-treated group. This
reduction was particularly prominent among those participants with initially higher base-
line heart rates. Additionally, these findings are crucial as hypertension and increased heart
rate are common complications in HF, and PAP therapy might play a role in mitigating
further cardiovascular risk among OSA patients with heart failure at baseline.

Age and BMI are significant determinants of LVEF improvement in HF patients with
OSA after PAP treatment [30]. Younger patients with obesity demonstrated a higher degree
of improvement in LVEF. These observations highlight the importance of patient-specific
factors in predicting the response to PAP therapy and suggest that younger, obese patients
may benefit more from the intervention. Additionally, several studies indicated that PAP
treatment is associated with improved quality of life, NYHA functional class, and daytime
sleepiness in HF + OSA patients [31,32,36]. These improvements suggest that PAP may
have broader benefits beyond cardiovascular parameters, enhancing these patients’ overall
well-being and functional status.

Moreover, in contemporary medical practice, assessing the treatment-related costs and
the potential risk of hospitalization in OSA + HF patients has become essential, particularly
considering that the HF population tends to have a higher frequency of hospital visits than
the general population. Furthermore, it is crucial to investigate whether PAP treatment
could contribute to reducing the aforementioned utilization of medical resources in individ-
uals with OSA and HF. Cistulli et al. found that good adherence to PAP therapy resulted
in significant improvements in healthcare utilization [39]. Adherent patients experienced
reduced hospitalization rates, emergency room visits, and cardiovascular hospitalizations
compared to non-adherent patients. Additionally, adherent patients had lower total health-
care costs. Moreover, adherence to PAP therapy in HFrEF patients was associated with
reduced healthcare resource utilization, including decreased emergency room visits and
healthcare costs [41]. These findings highlight the potential economic benefits of PAP
treatment, which may lead to cost-effective management of this patient population.

4.3. The Heart Failure Medications on Sleep Parameters: Correlation and Potential Mechanisms

Worsening of HF symptoms can elevate the tendency to obstructive and central
apneas. HF can potentially worsen or unmask latent OSA through heightened upper
airway instability, particularly during supine sleep due to cervical venous congestion [70].
Research has demonstrated a link between volume redistribution during sleep and AHI
in HF patients with OSA [71]. Increased volume load could lead to cervical venous
congestion, thus aggravating OSA. Consequently, optimizing HF therapy emerges as the
pivotal approach, as it diminishes preload and interstitial lung pressure, thus mitigating
the hyperventilation that drives OSA. Preload reduction concurrently alleviates cervical
venous congestion and upper airway instability. Given the fluid retention and rostral fluid
shift in HF patients, interventions aimed at reducing intravascular volume and venous
congestion hold promise in alleviating the severity of both OSA and CSA.

Pharmacological intervention is a cornerstone in HF management, guided by estab-
lished protocols. Beta-blockers and ACE inhibitors enhance cardiac output and confer
symptomatic relief in OSA [72]. Diuretics effectively curtail OSA severity by impeding fluid
retention and curtailing fluid translocation to the oral cavity [73]. For instance, a three-day
regimen of spironolactone and furosemide heightened upper airway caliber and decreased
AHI (p < 0.001) in individuals with diastolic HF and severe OSA [74]. Addressing HF com-
plications warrants particular attention. Pharmacotherapy for HF offers a beneficial impact
on OSA by mitigating volume shifts and lung and cervical region volume overload. Cardiac
resynchronization therapy has been observed to ameliorate CSA in congestive heart failure
patients by reducing AHI. However, significant reductions are yet to be found in subjects
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with OSA [75]. These initial investigations have occurred against notable transformations
in heart failure treatment, leading to improved prognoses in HF.

American Heart Association and European Society of Cardiology new guidelines have
added a class of diabetes drugs called SGLT-2 inhibitors (empagliflozin, dapagliflozin) to
the list of treatments for heart failure [14,15]. Canagliflozin, ertugliflozin and sotagliflozin
are other SGLT2 inhibitors. Conducting studies on the effects of new pharmacotherapy,
SGLT2 inhibitors and sacubitril/valsartan in patients with OSA and HF is paramount due
to several compelling reasons. These medications represent novel therapeutic approaches
in HF treatment, and their potential benefits extend beyond cardiovascular parameters.
The SGLT2 inhibitors have gained prominence in the treatment of both HF and type 2
diabetes. Their multifaceted effects encompass cardiovascular benefits, renal protection,
and metabolic improvements. Since sleep disturbances are intricately linked to metabolic
dysregulation and cardiovascular dysfunction, studying the impact of SGLT2 inhibitors on
sleep quality and OSA parameters in HF patients becomes pivotal. The proven positive
effects of SGLT2 inhibitors on sleep in diabetes patients underscore the need to explore
their potential benefits in the HF population, shedding light on yet unexplored avenues
for enhancing patient well-being. When analyzing the effects of SGLT2-i on OSA inci-
dence, Wojeck et al. reported a 48% relative risk reduction in the development of OSA
in HF patients treated with ertugliflozin compared to placebo [42]. This finding suggests
a potential protective effect of this SGLT2 inhibitor against the development of OSA in
HF patients. Additionally, an analysis of the EMPA-REG OUTCOME trial revealed that
patients with OSA were at increased risk of cardiovascular and kidney events and higher
all-cause mortality [43]. Interestingly, treatment with empagliflozin was associated with a
lower likelihood of developing new-onset OSA. These findings suggest a potential benefit
of empagliflozin in reducing the risk of OSA and improving outcomes in HF patients with
coexisting OSA. Given the constrained availability of data regarding SGLT2 inhibitors in
individuals with heart failure and obstructive sleep apnea, our inclusion criteria encom-
passed studies involving these medications among patients with OSA and other conditions,
e.g., diabetes, where more comprehensive data were obtained. Small prospective studies
on dapagliflozin indicated potential improvements in sleep parameters in obese type 2
diabetes (T2D) patients with OSA [44,45]. The first study showed a significant improvement
in the oxygen desaturation index in the moderate/severe SDB group after dapagliflozin
treatment. However, the second study’s small sample size limits the conclusions that can be
drawn. Sawada et al.’s retrospective study demonstrated that SGLT2 inhibitors, including
dapagliflozin, were associated with weight reduction and improvements in AHI in T2D
patients with OSA [46]. However, severe OSA may attenuate the AHI improvement with
increasing body weight reduction, suggesting the importance of personalized approaches
in this population. Additional evidence of the favorable impact on the pathophysiology of
OSA arises from the established influence of SGLT2 inhibitors on visceral and subcutaneous
adipose tissue, as demonstrated in previous studies [76–78]. This phenomenon is exem-
plified in animal models of type 2 diabetes mellitus and metabolic syndrome, where the
alteration in energy substrates from carbohydrates to lipids results in heightened lipolysis
and beta-oxidation of fatty acids [79–81]—changes that contribute to the aforementioned
positive effects. SGLT2i have also exhibited efficacy in countering liver steatosis in individ-
uals and animals with T2DM [82–87]. Notably, the SGLT2 inhibitor, canagliflozin, has been
proven to decrease the accumulation of epicardial fat [88], a factor closely linked to coro-
nary heart disease [89,90]. There have been suggestions that SGLT2 inhibitors might yield
beneficial outcomes for individuals with obstructive sleep apnea due to a fascinating, albeit
debated, mechanism [91]. This mechanism involves the inhibition of leptin activation [92],
a hormone found at elevated levels in individuals with OSA [93,94]. Indeed, reinforcing
this notion, a recent meta-analysis involving ten randomized controlled trials highlighted
that the use of SGLT2i in individuals with type 2 diabetes mellitus was linked to reductions
in circulating leptin levels and increases in adiponectin levels [95]. There is a potential link
between leptin and obstructive sleep apnea, although the relationship is complex and not
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fully understood. Leptin concentration tends to be higher in individuals with more adipose
tissue, and obesity is associated with leptin resistance. The resistance may contribute to
disruptions in appetite regulation and potentially impact the regulation of breathing during
sleep. Moreover, hypoxia can influence the production and release of various hormones,
including leptin. Increased sympathetic activity in OSA individuals can impact hormonal
regulation, including leptin production and signaling. Disrupted sympathetic activity due
to OSA might influence leptin’s actions and further complicate metabolic pathways [96].
The results of the ongoing DAHOS trial will provide further insights into the potential role
of dapagliflozin in managing OSA and heart failure in this specific patient population.

Another new medicament in HF pharmacotherapy, sacubitril/valsartan, was assessed
in several studies with OSA patients. Sacubitril/valsartan, a neprilysin inhibitor combined
with an angiotensin receptor blocker, has demonstrated remarkable efficacy in HF ther-
apy. S/V acts by inhibiting neprilysin, thereby preventing the degradation of natriuretic
peptides. This, in turn, amplifies their natriuretic and vasodilatory impacts, leading to
decreased pulmonary congestion [97,98]. The treatment also positively affects cardiac
reverse remodeling, a phenomenon linked to improved LVEF, potentially augmenting
cardiac output [99,100]. These combined effects can enhance respiratory efficiency and
optimize gas exchange.

Furthermore, the treatment may influence the chemoreflex by diminishing pulmonary
stretch receptor activation and enhancing peripheral chemoreceptor perfusion [101]. An-
other conceivable outcome of increased cardiac output is reduced circulation time, which
limits the chemoreflex system’s capacity to recognize and react to fluctuations in CO2
levels [102]. Lastly, this medication has demonstrated the capacity to mitigate the upward
shift of fluids towards the head that typically occurs when an individual is in a reclined po-
sition [103]. To the best of our knowledge, Fox et al. identified the first case of a 71-year-old
male with heart failure and sleep-disordered breathing, in which administering sacubi-
tril/valsartan therapy was linked to enhanced cardiac function, evidenced by a reduction
in NT-proBNP levels and an improvement in LVEF and a substantial decrease in the AHI.
This instance marks the inaugural presentation of amelioration in both HF and SDB subse-
quent to the initiation of SV treatment [104]. In another analyzed study, we found minimal
changes in the AHI and total sleep time after eight weeks of S/V treatment, suggesting that
these medications might not have a significant impact on OSA parameters [48]. However,
the effects of a 6-month therapy with sacubitril/valsartan on hemodynamic, sleep and
metabolic parameters demonstrated significant improvements in AHI, oxygen desaturation
index, and time spent with oxygen saturation below 90% [49].

Additionally, there were significant decreases in BMI, NT-proBNP concentration,
and improvements in LVEF. Moreover, patients primarily exhibiting a central pattern of
irregular breathing and an obstructive pattern of breathing showed a decrease in AHI.
These findings from the ENTRESTO-SAS trial suggest that sacubitril/valsartan might
have a positive impact on sleep parameters in patients with both CSA and OSA [50].
Additionally, the medication was associated with improved cardiac biomarkers and left
ventricular function, further supporting its potential benefits in managing sleep apnea and
heart failure with reduced ejection fraction. However, further studies with larger sample
sizes and longer follow-up periods are necessary to confirm these observations and provide
more definitive evidence.

Incorporating an investigation into the effects of SGLT-2i and sacubitril/valsartan on
sleep parameters aligns with contemporary patient-centered care, where a holistic approach
encompasses the management of cardiac function and the overall well-being of HF patients.
Recognizing any modifications in sleep patterns due to these medications can aid healthcare
providers in optimizing treatment plans and improving patient outcomes.

4.4. OSA and HF—Clinical Relevance, Clinical Practice and Patient Care

The relationship between OSA, HF, and cardiovascular medications (like SGLT2i and
sacubitril/valsartan) significantly impacts clinical practice and patient care. Incorporating
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this correlation into healthcare strategies may enhance the efficiency of screening and treat-
ing patients with the above-mentioned interconnected conditions. Regarding screening
strategies, it is important to identify OSA in HF patients, particularly those with preserved
ejection fraction, due to the high prevalence of OSA in this population. Routine OSA screen-
ing and using tools such as the STOP-BANG questionnaire or portable sleep study devices
may facilitate early detection and successful intervention. Additionally, acknowledgement
of common risk factors (obesity, hypertension, daytime sleepiness) shared between OSA
and HF may guide clinicians to perform OSA evaluation for particular patients. Managing
HF should include not only traditional HF medications but also treatments addressing
comorbid conditions like OSA. Effective management of OSA may contribute to the im-
provement of HF outcomes.

Furthermore, cardiovascular medications like SGLT2i and sacubitril/valsartan have
displayed promise in enhancing cardiac function among HF patients. Thus, clinicians
should consider incorporating these medications into their HF + OSA management strat-
egy. Exploring combination therapy is essential, as these medications may offer syner-
gistic benefits for HF patients with OSA. Apart from the primary indications, the above-
mentioned pharmacotherapy may also be used to reduce OSA-related cardiovascular risks.
In patient-centered care, recognizing the diversity among HF patients is crucial. Personal-
ized treatment plans should include the presence of OSA and the choice of cardiological
medications based on individual patient’s characteristics and comorbidities. The role of
effective follow-up is worth emphasizing. Patients with HF and OSA may benefit from
long-term monitoring of both conditions to assess treatment effectiveness. Regular follow-
up appointments may help clinicians adjust treatment strategies as needed to optimize
patients’ outcomes. Lastly, education of the patients is a key to therapeutic success. Patients
should know the interplay between OSA, HF, and cardiological medications. Overall
outcomes of the therapy may be significantly improved by encouraging patients to report
sleep-related symptoms and engage in discussions with their healthcare providers about
treatment options.

In conclusion, this systematic review is a valuable effort to advance our understanding
of the intricate relationship between OSA and HF. By exploring the bidirectional influences
between these conditions and examining the impact of innovative pharmacotherapies of
HF on sleep parameters, the authors aspire to contribute significantly to the expanding
knowledge base in this field. This undertaking is pivotal in guiding evidence-based clinical
decisions, fostering multidisciplinary approaches, and ultimately improving the quality of
life for individuals grappling with the complexities of both OSA and HF.

Importantly, the current AASM recommendations for optimal sleep breathing disor-
ders treatment include, among others, body mass reduction, PAP therapy, oral appliances,
and surgical methods. Medicaments used in the treatment of heart failure do not reverse
airway obstruction. Analyzing data from randomized controlled trials might only enable
selecting an appropriate method of pharmacotherapy and sleep apnea management dedi-
cated to patients co-suffering from HF and OSA. Optimized therapy could potentially and
maximally reduce OSA and HF complications, extend life expectancy, improve the quality
of life and sleep, and reduce the risk of hospitalization. Nevertheless, treating patients with
multi-chronic conditions should target all the diseases’ causes. Patients with comorbid
OSA and HF should obtain proper HF treatment and OSA management.

Despite the promising results, the current systematic review has some limitations
that should be acknowledged. Firstly, substantial heterogeneity across included studies,
stemming from differences in study populations and outcome measures, may hinder the
comprehensive pooling of results for meaningful analysis. Additionally, randomized
controlled trials are limited in the context of novel HF pharmacotherapy on OSA outcomes.
Including different study types allowed for a more comprehensive exploration of this
intricate relationship between pharmacotherapy and sleep parameters in HF patients
with coexisting OSA. Secondly, the review’s potential language bias, resulting from the
restriction of the search to the English language, raises the possibility of omitting relevant
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studies conducted in other languages, introducing a source of bias into the analysis. Thirdly,
the inherent publication bias in the literature, wherein studies with significant findings
are more likely to be published, might lead to an unintentional overrepresentation of
positive results in the review. Lastly, the limited availability of long-term data in most of the
included studies might impede a thorough understanding of the potential long-term effects
of interventions, particularly if the majority of studies are short-term in nature. These
limitations should be considered when interpreting the findings and implications of the
review. Therefore, additional large-scale, well-controlled clinical trials are necessary to
confirm and further investigate the effects of these medications on sleep parameters and
clinical outcomes in HF patients.

Overall, the evidence presented in these studies underscores the importance of recog-
nizing and managing OSA in patients with heart failure to optimize their overall outcomes
and quality of life. Multidisciplinary approaches that incorporate cardiovascular and sleep
medicine specialists may benefit the comprehensive management of these patients. Future
research will likely provide more insights and pave the way for more effective therapeutic
strategies for heart failure patients with coexisting obstructive sleep apnea.

5. Conclusions

The evidence presented in the above-mentioned studies strongly supports the as-
sociation between heart failure and obstructive sleep apnea, highlighting the need for
early detection and appropriate management of sleep-disordered breathing in heart failure
patients. The data suggest that implementing effective interventions for obstructive sleep
apnea, such as PAP treatment, might lead to significant improvements in sleep parame-
ters, cardiac function, and overall patient well-being. Furthermore, using PAP in heart
failure patients with coexisting OSA can optimize patient outcomes, reduce HF-related
hospitalizations, and lower healthcare costs. Additionally, the integration of novel pharma-
cotherapeutic agents such as SGLT2 inhibitors and sacubitril/valsartan in the treatment
regimen for heart failure holds promise for ameliorating sleep parameters in patients with
OSA + HF. Exploring these innovative therapeutic modalities offers the potential to reveal
favorable effects on sleep disruptions associated with OSA in the context of heart failure
pathology. Multidisciplinary collaboration between cardiovascular and sleep medicine
specialists is most likely beneficial in providing comprehensive care to heart failure patients
with coexisting obstructive sleep apnea.
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Abstract: Hypertension (HT) is a worldwide public health issue and an essential risk factor for car-
diovascular and cerebrovascular diseases. Obstructive sleep apnea (OSA) is a condition characterized
by recurrent episodes of apnea and hypopnea as a consequence of partial or complete obstruction
of the upper airways due to anatomic and/or functional disturbances. There is mounting evidence
of a relationship between OSA and HT. In patients with OSA, HT is predominantly nocturnal and
characterized by high diastolic blood pressure and usually by a nondipping pattern. Optimizing
the blood pressure control is recommended in the current guidelines as the first treatment option in
hypertensive patients with OSA. Continuous positive airway pressure (CPAP) therapy may reduce
blood pressure, albeit only slightly as a stand-alone treatment. CPAP, as an add-on treatment to
antihypertensive medication, appears to be an efficient treatment modality when both conditions
coexist. This narrative review aims to summarize the current perspectives on the association of OSA
with HT and the treatment options available for adults with OSA-related HT.

Keywords: obstructive sleep apnea; hypertension; narrative review

1. Introduction

In general, patients with an office systolic blood pressure (SBP) ≥ 140 mm Hg and a
diastolic blood pressure (DBP) ≥ 90 mmHg are deemed to have hypertension (HT). The
overall prevalence of HT in adults is reportedly around 30–45% [1]. Obstructive sleep
apnea (OSA) is a condition with recurrent apnea and hypopnea, frequent arousal, and
hypoxemia, which can lead to serious cardiovascular consequences such as HT, heart failure,
arrhythmia, and atherosclerosis [2]. As an important cause of morbidity and mortality, HT
accounted for the deaths of approximately 10 million people in 2015 and over 200 million
disability-adjusted life years [3]. Blood pressure normally drops during sleep. A nocturnal
decrease of more than 10% in the mean blood pressure level throughout the day is defined
as the “dipping pattern”. The absence of this decrease indicates a nondipping pattern. One
of the important causes for the nondipping pattern is OSA [4,5]. Here, the sympathetic
nervous system is activated due to the obstructed airway in patients with OSA, resulting in
the disruption of the natural dipping pattern and causing an increase in blood pressure [5].
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Traditionally recognized risk factors for cardiovascular diseases (CVDs), such as obesity,
insulin resistance, diabetes mellitus, and hyperlipidemia, are common in OSA patients, and
the most common CVD in patients with OSA is HT. The coexistence of OSA and chronic
obstructive pulmonary disease (COPD) is called overlap syndrome [6], and individuals
with overlap syndrome have a significantly increased risk of HT compared with those with
COPD alone [7].

On behalf of the Turkish Collaboration of Sleep Apnea Cardiovascular Trialists (TUR-
COSACT), we recently published a position paper on OSA and cardiovascular diseases [8].
To provide in-depth analyses of the topic, the present narrative review aimed to summarize
the existing perspectives on the association of OSA with HT and the treatment options
available for individuals with OSA and concomitant HT.

2. Epidemiology of OSA and Hypertension

HT and OSA often coexist. Pensukan et al. found a significant relationship between
OSA and elevated blood pressure (odds ratio (OR): 2.38; 95% confidence interval (CI):
1.68–3.39), and HT (OR: 2.55; 95% CI: 1.57–4.15) after adjusting for demographic character-
istics [9]. OSA has been reported among 30–50% of hypertensive patients. This rate can
increase to 80% among cases with drug-resistant HT [10–12]. It has also been reported that
masked HT is 2.7 times more common in OSA patients [13,14].

There is a bidirectional and causal relationship between HT and OSA. Several studies
have revealed a clear dose–response relationship with OSA severity and HT. The meta-
analyses on the relationship between OSA and HT are summarized in Table 1 [15–18].

Table 1. Recent meta-analyses regarding the association of OSA with the risk of HT.

Author
(Reference)

Year Number of Studies Total Sample Size
OSA (OR

(95% CI)) for HT

Meng [15] 2016 6 20,367 1.41 (1.29–1.89)

Hou [16] 2018 26 51,623 1.80 (1.54–2.06)

Han [17] 2020 10 13,274 1.80 (1.36–2.38)

Yuan [18] 2021 8 3484 6.44 (5.38–7.71)
Abbreviations: CI, confidence interval; HT, hypertension; OR, odds ratio; OSA, obstructive sleep apnea.

The Sleep Heart Health Study (SHHS), a large-scale, community-based, multicenter,
cross-sectional study conducted with 6152 participants, reported an increased OR of 1.37
(95% CI: 1.03–1.83) of HT in those with severe OSA after adjusting for confounding fac-
tors [12]. Different results have been reported on the relationship between OSA and HT in
prospective studies. One of these studies was the Wisconsin Sleep Cohort Study, which
was conducted with 709 participants. The results indicated a dose–response relationship
independent of known confounding factors between sleep-disordered breathing and new-
onset HT 4 years later [19]. Similarly, in the Zaragoza Sleep Cohort Study, a prospective,
observational study conducted with 1889 participants for a mean follow-up duration of
12.2 years, an increased risk of new-onset HT was detected in untreated OSA patients
after adjusting for confounding factors, including apnea hypopnea index (AHI), age, sex,
baseline SBP, DBP, and body mass index (BMI) [20].

In contrast, in the Victoria sleep cohort study conducted with 1557 participants for a
follow-up duration of 7.5 years, no relationship was found between OSA and the incidence
of HT [21]. Along these lines, the 5-year follow-up study of the SHHS, conducted with
2470 participants without HT at admission, found that after adjusting for BMI, AHI was
no longer a significant predictor of HT. The findings that do not support the relationship
between OSA and HT were attributed to the lower rate of participants with moderate-
to-severe OSA. Indeed, the vast majority (around 87%) of the participants included in
the 5-year follow-up of the SHHS had mild OSA, defined as an AHI between 5 and
15 events/h [22].
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A meta-analysis of seven studies by Xia W et al., published in 2018, including 6 prospec-
tive cohort studies and 1 case-control study, conducted with a total of 6098 participants,
reported that high AHI values were related to a significantly increased risk of essential
HT compared with low AHI values (OR 1.77, 95% CI 1.30–2.41, p = 0.001). The results of
the linear dose–response meta-analysis indicated that the risk of essential HT increased by
17% for every 10 events/hour increase in the AHI (OR 1.17, 95% CI 1.07–1.27, p = 0.001).
Moreover, the nonlinear dose–response found in the meta-analysis results revealed that the
risk of essential HT increased with AHI [23]. Similarly, a recent meta-analysis by Yuan F.
et al. published in 2021, including 8 studies conducted with a total of 3484 OSA patients, re-
vealed a significant association between OSA and HT (OR 6.44, 95% CI 5.38–7.71, p < 0.001)
and between OSA severity and HT [17].

3. Pathogenesis of Hypertension in OSA

The mechanisms promoting HT in OSA are multifactorial. Sympathetic activity due to
intermittent hypoxia is one of the mechanisms triggering the elevation in blood pressure
in OSA. Sympathetic activity due to the hypoxemic state causes both vasoconstriction
and the stimulation of chemoreceptors. Consequently, the renin–angiotensin–aldosterone
system (RAAS) is activated, the endothelin-1 level is increased, and the nitric oxide level is
decreased, all of which contribute to the increase in vascular resistance and the development
of HT [24,25]. In addition, RAAS activation increases the amount of angiotensin-2, a strong
vasoconstrictor, in the blood and, thus, blood pressure [26]. Increased aldosterone levels
also contribute to the development of HT by causing fluid and sodium retention [27].
Sympathetic hyperactivity leads to a proinflammatory state, resulting in endothelial injury
and oxidative stress [28,29]. The other factors that play a role in the pathogenesis of HT in
OSA are obesity, gut dysbiosis, rostral fluid shifts, pharyngeal collapse, nocturnal energy
expenditure, and metabolic derangements [24] (Figure 1).

Figure 1. Conditions associated with OSA and hypertension. Abbreviations: OSA, obstructive sleep
apnea; RAAS, renin–angiotensin–aldosterone system.

4. Clinical Characteristics of Hypertension in OSA

In patients with OSA, HT is predominantly nocturnal and characterized by a high
DBP, masked HT, and a nondipping pattern [4]. Blood pressure is normally the highest
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during the mid-morning, gradually decreasing as the day progresses, down to 10% of
the wakefulness value during sleep, and reaches its lowest value at 3 a.m. This dipping
pattern is correlated with the duration of deep sleep. It has been reported that the expected
decrease in blood pressure may not occur in the case of several diseases such as OSA.
Important cardiovascular consequences may occur in patients who have such diseases who
are referred to as “nondippers” [30,31].

Nocturnal blood pressure elevation is correlated with the severity of OSA [32]. The
nondipping blood pressure pattern was reported at a rate of 84% in OSA patients who did
not receive treatment [33]. Nocturnal and nondipping HT is closely associated with target
organ damage and the development of cardiovascular diseases [34]. Additionally, it has
been reported that night-time blood pressure variability, which is related to increased target
organ damage, was higher in a OSA group than in a non-OSA group [35,36]. The pathogen-
esis of the nondipping pattern and blood pressure variability is multifactorial. Intermittent
hypoxia and recurring microarousals are major events leading to sleep fragmentation,
reduced slow-wave sleep, and increased sympathetic activity, resulting in elevated blood
pressure and increased blood pressure variability [37].

5. Treatment Modalities

Among the treatment modalities that come to the fore in the treatment of OSA in
patients with HT are CPAP, diuretics, renal denervation, use of maxillomandibular ad-
vancement devices, and hypoglossal nerve stimulation surgery for restricted airways or
tonsillar enlargement. Weight loss, physical exercise, reducing alcohol consumption, and
smoking cessation are among the primary lifestyle changes recommended for hypertensive
patients with OSA [38].

6. Pharmacological Therapies of HT in Patients with OSA

6.1. Antihypertensive Medications

Current guidelines for HT do not make specific recommendations on the pharmacolog-
ical treatment modalities for patients with concomitant OSA and HT. Given the increased
sympathetic activity and renin–angiotensin–aldosterone (RAAS) activity in OSA patients,
medications that block these pathways are highlights. Among the antihypertensive medi-
cations that were initially preferred were angiotensin-converting enzyme (ACE) inhibitors
and angiotensin receptor blockers (ARBs) [39]. It was also demonstrated that beta-blockers
mitigate night-time blood pressure rise and apnea-related tachycardias [40]. An earlier
study conducted by Hedner et al. compared the effects of atenolol, hydrochlorothiazide,
amlodipine, enalapril, and losartan on office and ambulatory blood pressures in 40 indi-
viduals with HT and OSA [41]. Each participant received two of the aforementioned five
agents (balanced incomplete block design) for 6 weeks, with a 3-week washout period
in-between. Compared with the other four drugs, atenolol lowered the office diastolic
BP as well as mean night-time ambulatory SBP and DBP [41]. These findings support
the hypothesis that overactivity of the sympathetic nervous system is the most important
mechanism involved in the development of HT in adults with OSA [41].

6.2. Diuretics

Two small studies have suggested that the use of spironolactone, an aldosterone an-
tagonist, may efficiently decrease blood pressure in OSA patients with treatment-resistant
HT [42,43]. Similarly, eplerenone, another aldosterone antagonist, was shown to signif-
icantly decrease blood pressure in hypertensive OSA patients [44]. Recent studies have
shown that primary aldosteronism is common in patients with moderate-to-severe OSA, a
finding that indicates aldosterone antagonists may be beneficial in this patient group [45–47].
There are also studies suggesting that aldosterone antagonists may reduce the frequency
of apnea by mitigating laryngeal edema in OSA patients [42,46]. Taken together, these
findings suggest that aldosterone antagonist diuretics, especially spironolactone, may be
effective in the treatment of HT in OSA patients. However, large-scale cohort studies
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are needed to elucidate the efficacy of aldosterone antagonist diuretics in treating HT in
OSA patients.

6.3. Sodium-Glucose Cotransporter 2 (SGLT2) Inhibitors

Canagliflozin, one of the SGLT2 inhibitors that has recently been the focus in the
treatment of cardiac failure, was shown to provide significant nocturnal blood pressure
reductions in adults with diabetes, treatment-resistant HT, and OSA [48].

7. CPAP Therapy for OSA in Patients with HT

A number of studies have shown that CPAP therapy results in a modest reduction
of 2–3 mmHg in SBP and of 1.5–2 mmHg in DBP in OSA patients (Table 2) [49–56]. On
the other hand, this reduction is higher in adults with treatment-resistant HT. Although
a 1–2 mmHg decrease in blood pressure may not be considered much, even such a slight
decrease in blood pressure was shown to be associated with significant decrease sin cardio-
vascular mortality and stroke risk [57].

Table 2. Recent meta-analyses regarding the effect of OSA treatment on blood pressure values.

Author
(Reference)

Year Number of Studies Total Sample Size OSA Therapy Main Findings

Liu [49] 2016 5 446 CPAP

MBP reduction: 4.78 mmHg,
95% C:I 1.61–7.95 mmHg

SBP reduction: 2.95 mmHg,
95% CI: 0.53–5.37 mmHg

DBP reduction: 1.53 mmHg,
95% CI: 0.00–3.07 mmHg

Pengo [50] 2020 68 CPAP or MADs

MBP reduction: 2.09 mmHg,
95% CI: 2.78–1.40 mmHg

SBP reduction: 1.92 mmHg,
95% CI: 2.40–1.43 mmHg

DBP reduction: 1.27 mmHg,
95% CI, 2.34–0.20 mmHg

Bratton [51] 2015 51 4888 CPAP or MADs

DBP reduction: 2.5 mmHg,
95% CI: 1.5–3.5 mmHg

DBP reduction: 2.0 mm Hg,
95% CI: 1.3–2.7 mmHg

Iftikhar [52] 2013 7 399 MADs

MBP reduction: 2.4 mmHg,
95% CI: 0.8–4.0 mmHg

SBP reduction: 2.7 mmHg,
95% CI: 0.8–4.6 mmHg

DBP reduction: 2.7 mmHg,
95% CI: 0.9–4.6 mmHg

Schein [53] 2014 16 1166 CPAP

Office SBP reduction: 3.20 mmHg,
95% CI: 1.72–4.67 mmHg

Office DBP reduction:
2.87 mmHg,

95% CI: 0.55–5.18 mmHg
Night-time SBP reduction:

4.92 mmHg,
95% CI: 1.14–8.70

Mean 24 h BP reduction:
3.56 mmHg,

95% CI: 0.33–6.79 mmHg
Mean night-time BP reduction:

2.56 mmHg
95% CI: 0.68–4.43 mmHg
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Table 2. Cont.

Author
(Reference)

Year Number of Studies Total Sample Size OSA Therapy Main Findings

Fava [54] 2014 29 1820 CPAP

24- h SBP reduction:
2.6 ± 0.6 mmHg

24 h DBP reduction:
2.0 ± 0.4 mmHg

Labarca [55] 2021 10 606 CPAP

24 h SBP reduction: 5.06 mmHg,
95% CI: 2.13–7.98 mmHg

24 h DBP reduction: 4.21 mmHg,
95% CI: 1.93–6.50 mmHg
Daytime SBP reduction:

2.34 mmHg,
95% CI: 2.27–6.94 mmHg
Daytime DBP reduction:

2.14 mmHg,
95% CI: 0.67–4.96 mmHg
Night-time SBP reduction:

4.15 mmHg,
95% CI: 1.29–7.01 mmHg
Nighttime DBP reduction:

1.95 mmHg,
95% CI: 0.57–3.32 mmHg

Shang [56] 2022 19 1904 CPAP SBP reduction: 5.01 mmHg
95% CI: 3.08–6.94 mmHg

Abbreviations: CI, confidence interval; CPAP, continuous positive airway pressure; DBP, diastolic blood pressure;
HT, hypertension; MAD, mandibular advancement device; MBP, mean blood pressure; OR, odds ratio; OSA,
obstructive sleep apnea; SBP, systolic blood pressure.

The efficacy of CPAP therapy in the treatment of HT in patients with OSA has been
extensively investigated in the literature. Earlier meta-analyses demonstrated a good
effect of CPAP therapy in lowering blood pressure in OSA patients. Studies have shown
significant reductions in day- and night-time blood pressure values, especially in OSA
patients with treatment-resistant HT [58–61].

Kartali N. et al. reported that SBP decreased from 141.5± 12.1 mmHg to 133.5 ± 9.7 mmHg
(p = 0.007) and that DBP decreased from 87.8 ± 6.8 to 83 ± 5.4 mmHg (p = 0.004) after
three months of CPAP treatment [62]. Interestingly, the decrease in SBP was observed only
during the night (p = 0.031), whereas the decrease in DBP was both during the day and
night (p = 0.024 and p = 0.007, respectively). Of note, all the hypertensive participants
included in the study were initially nondippers, and the dipping status was significantly
improved after CPAP therapy (from 7.9 to 10.4% for SBP, p = 0.014; and from 8.4 to 10.5%
for DBP, p = 0.029) [62].

In a randomized controlled trial (RCT) by Hoyos C. et al., a significant decrease was de-
tected in blood pressure after CPAP therapy. The magnitude of the decrease was 4.1 mmHg
regarding the mean central SBP (p = 0.003), 3.9 mmHg in mean central DBP (p = 0.0009),
4.1 mmHg in mean peripheral SBP (p = 0.004), and 3.8 mmHg in mean peripheral DBP
(p = 0.001) [63].

In a four-year retrospective study by Yang M.C. et al., the mean blood pressure
decreased from 100.8 ± 13.6 mmHg to 96.6 ± 10.8 mmHg (p = 0.004) in OSA patients who
were adherent with CPAP [64].

A 24-week follow-up study by Campos-Rodriguez F. et al. demonstrated that dose-
related beneficial effects were achieved in the long term, even in hypertensive OSA patients
who were initially undertreated [65].

In an RCT comparing three months of CPAP therapy with sham-CPAP in adults
with moderate-to-severe OSA and nocturnal HT, a slight decrease in 24 h SBP/DBP by
2.8/2.5 mmHg was observed, but this was not statistically significant [66]. The blood-
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pressure-lowering effect of CPAP was shown to depend on the baseline daytime pulse rate;
and, accordingly, the reduction was significantly greater (10.1 mmHg or more) in patients
with a greater daytime pulse rate [66].

A multicenter RCT comparing CPAP with sham-CPAP in 272 patients with new-onset
systemic HT and moderate-to-severe OSA revealed a significant effect of CPAP on the
dipping pattern [65]. CPAP therapy was associated with reductions in 24 h ambulatory
blood pressure variables and night-time ambulatory blood pressure measurements only
in the nondipper group, whereas no significant difference was detected in the dipper
group [67].

In a recent 8-week-long parallel-group RCT conducted with 92 patients with treatment-
resistant HT and OSA, the participants were randomized to CPAP and no-CPAP groups [68].
Significant decreases were observed in 24 h SBP by 4.4 mmHg, in 24 h DBP by 2.9 mmHg,
in daytime SBP by 5.4 mmHg, and in daytime DBP by 3.4 mmHg, yet only in nondippers,
not in dippers [68].

Other studies have evaluated the effect of antihypertensive medications vs. CPAP on
blood pressure in patients with OSA, suggesting that antihypertensive drugs reduce the
blood pressure better than CPAP therapy alone and that the combined use of CPAP therapy
and antihypertensive medications provide better results than the stand-alone use of either
treatment method [69,70].

The application of CPAP therapy for one more hour per night reportedly reduced SBP
and DBP 1.5 mmHg and 0.9 mmHg more, respectively [71]. CPAP therapy reduced blood
pressure more in adults with severe OSA and in those with more complaints of insomnia
during the day [72].

It has been proposed that the blood-pressure-lowering effect of CPAP therapy is more
prominent in patients under 60 years of age, in those with higher pretreatment blood
pressure, in untreated HT, treatment-resistant HT, nocturnal or nondipping HT, severe
OSA, and in those who are adherent to CPAP therapy [13,50,52,71,73]. Nonetheless, given
that CPAP therapy does not correct all factors that increase blood pressure (e.g., volume
overload, high salt production, etc.), CPAP alone cannot produce a significant improvement
in blood pressure. According to the 2017 American Heart Association (AHA)/American
College of Cardiology (ACC) blood pressure guidelines, CPAP therapy is yet not a well-
established antihypertensive treatment in adults with HT and OSA (class IIb) [74].

8. Non-CPAP Treatments of OSA in Patients with HT

A number of studies, though small-scale and observational, have demonstrated that
non-CPAP treatments, e.g., soft-palate lifters, tongue-retaining devices, mandibular ad-
vancement appliances, expansion sphincter pharyngoplasty, etc., provided blood pressure
reduction comparable to CPAP therapy in patients with HT in patients with OSA [52].

In one of these RCTs, including 65 hypertensive patients with OSA, uvulopalatopharyn-
goplasty (UPPP) provided a blood pressure reduction of 4–9 mmHg compared with the
control group [75]. Previous studies reported that CPAP therapy was not superior to
UPPP in preventing the development of hypertension in OSA patients [76]. In contrast, a
recent study conducted with 413 OSA patients demonstrated that both CPAP therapy and
UPPP had a preventative effect on the development of HT in OSA patients and that CPAP
treatment prevented the development of HT more than UPPP [77]. Another recent study
revealed that expansion sphincter pharyngoplasty resulted in significant blood pressure
reduction in OSA patients [78].

9. Renal Denervation for Treatment-Resistant HT in OSA

It has been suggested that renal sympathetic denervation, which has recently emerged
as a new approach in the treatment of treatment-resistant HT, might also be used in the
treatment of HT in patients with OSA. Daniels et al. conducted a prospective study in
patients with OSA and treatment-resistant HT and demonstrated that renal denervation
(RDN) provided a significant decrease in office and ambulatory blood pressure values
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after a six month follow-up period [79]. Similarly, an RCT conducted with moderate-to-
severe OSA patients with treatment-resistant HT demonstrated that RDN safely provided
significant blood pressure reduction compared with the control group [80]. Further large-
scale studies on the efficacy of RDN in OSA patients are needed.

10. Summary, Generalization, and Inferences

Based on the current evidence about the association between OSA and HT, it ap-
pears appropriate that patients with drug-resistant or poorly controlled or nondipping
hypertension should be screened for OSA [8]. Weight loss, regular physical exercise, a
healthy diet, and salt restriction are important for blood pressure regulation in patients
with OSA and HT. Regarding the medications, calcium channel blockers, ACEIs or ARBs,
and thiazide-type diuretics are recommended as first-line therapy in patients with OSA
and HT, and spironolactone should be added to the first line treatment in the presence of
resistant hypertension in OSA patients. Moreover, beta-blocker therapy should be preferred
in hypertensive OSA patients in the presence of CAD, arrhythmia, or heart failure, whereas
SGLT-2 inhibitors and renal denervation therapy may be considered as an option in patients
refractory to standard therapy. Last but not least, CPAP therapy should be considered at all
stages in OSA patients with HT, and it should definitely be used, especially in cases with
drug-resistant HT [8].

11. Conclusions

OSA and HT often coexist, which means OSA is one of the important factors to be
considered in managing treatment-resistant HT. The current guidelines for the treatment of
HT in patients with OSA adopt the general principles of HT treatment. Hence, even though
it provides a modest blood pressure reduction, CPAP therapy is considered in the treatment
modalities recommended for the treatment of HT, especially as an add-on treatment. In
this context, high CPAP compliance is crucial for the effective treatment of HT in OSA. The
number of studies on the efficacy of pharmacological treatments and surgical treatments is
limited. Further large-scale studies featuring conventional and novel treatment approaches
are needed to serve as a guide for future studies related to OSA and HT.
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Abstract: There is controversy about the effect of pharyngeal surgery for obstructive sleep apnea
(OSA) on positive airway pressure (PAP) adherence, and the related results of meta-analysis have not
yet been available. Therefore, the purpose of this meta-analysis was to assess the effect of pharyngeal
OSA surgery on PAP therapy parameters such as optimal pressure levels and usage time. We selected
studies investigating optimal PAP levels or usage time before and after pharyngeal OSA surgery,
regardless of the study design. Pharyngeal OSA surgery included uvulopalatopharyngoplasty and
its variants, tonsillectomy, Pillar implants, radiofrequency ablation, tongue base surgery and its
variants, and genioglossus advancement. Studies in which isolated nasal surgery was performed
were excluded. The random-effects model was used due to significant heterogeneity among the
studies. Nine studies were included in the meta-analysis of optimal PAP levels, and five studies in the
meta-analysis of PAP usage time. After pharyngeal OSA surgery, the summed optimal PAP level was
significantly decreased (standardized mean difference (SMD), −1.113; 95% confidence interval (CI),
−1.667 to −0.559)), and the summed usage time of PAP was significantly increased (SMD, 0.794; 95%
CI, 0.259 to 1.329). This study illustrated that pharyngeal OSA surgery lowered optimal PAP levels
and enhanced PAP usage time. The results of the meta-analysis contribute to our understanding of
the role of pharyngeal OSA surgery in patients with PAP intolerance.

Keywords: continuous positive airway pressure; pharynx; sleep apnea; obstructive

1. Introduction

Obstructive sleep apnea (OSA) is a widely prevalent disease characterized by repeti-
tive obstruction of the upper airway, particularly the pharynx, during sleep [1]. Repeated
upper airway collapse induces various pathophysiologic conditions, including a hyper-
active sympathetic nervous system, intrathoracic pressure swings, sleep fragmentation,
intermittent hypoxia, and hypercapnia [2]. These detrimental phenomena may lead to
diverse symptoms and critical complications such as excessive daytime sleepiness, im-
paired concentration, memory loss, impotence, systemic hypertension, diabetes, stroke,
decreased quality of life, and an elevated risk of traffic accidents [3]. Therefore, when OSA is
suspected, prompt diagnosis and proper therapy are necessary to prevent or manage OSA-
related consequences. The treatment options for OSA consist of several methods, including
positive airway pressure (PAP), surgical modifications of the upper airway, oral appliances,
weight control, and positional therapy [4]. Ultimately, among these therapeutic options, the
most appropriate treatment is carried out by considering the patient’s information, such as
anatomical structures, polysomnographic results, and treatment preferences [5].
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PAP therapy to prevent upper airway obstruction during sleep by providing a pneumatic
splint in patients with OSA was first reported by Sullivan et al. [6] in 1981. According to the
American Academy of Sleep Medicine (AASM) guidelines, PAP is commonly recommended
for the management of patients with OSA, especially moderate-to-severe types and mild-
type with comorbidities or significant symptoms [2,7]. The effectiveness of PAP for OSA
treatment has been proven through many clinical studies. Compared to no treatment, PAP
showed substantial favorable effects in varied aspects, such as excessive daytime sleepiness,
diminished sleep-related quality of life, and comorbid systemic hypertension [8–10]. To fully
achieve the effect of PAP therapy in patients with OSA, an optimal pressure level suitable for
the patient’s condition and sufficient usage time play important roles [11].

Surgical modification or reconstruction of the upper airway is usually performed to
improve OSA by increasing muscle tension and/or widening the airway space [12]. Accord-
ing to the upper airway anatomy, various surgical techniques for OSA can be classified into
nasal surgery (e.g., turbinate surgery, septoplasty, and endoscopic sinus surgery), nasopha-
ryngeal surgery (e.g., nasopharyngeal mass removal and adenoidectomy), oropharyngeal
surgery (e.g., uvulopalatopharyngoplasty [UPPP] and its variants, Pillar implants, and
tonsillectomy), and hypopharyngeal surgery (e.g., genioglossus advancement and tongue
base reduction) [13]. Of these, one or more appropriate surgical techniques are selected and
implemented based on the surgical indication and the patient’s anatomical structure.

Some clinical studies have reported that surgical management influenced PAP therapy
such as optimal levels and the duration of use [14,15]. Two recent meta-analyses demon-
strated that surgical modifications of the upper airway were associated with decreases
in optimal PAP levels and improvement in PAP adherence [16,17]. However, one study
evaluated the effect of nasal surgery alone on PAP treatment, and the other study investi-
gated the effect of upper airway surgery, including isolated nasal surgery and pharyngeal
surgery, on PAP management [16,17]. Furthermore, there is controversy about the effect of
pharyngeal OSA surgery on PAP adherence [18]. Therefore, the goal of this study was to
ascertain the effect of pharyngeal OSA surgery on PAP therapy, such as optimal pressure
levels and the duration of use.

2. Materials and Methods

2.1. Search Strategy

We performed a comprehensive literature search on the effect of pharyngeal surgery
on PAP therapy, including optimal pressure levels and usage time in OSA, using PubMed,
SCOPUS, EMBASE, and the Cochrane Library. The keywords included “obstructive sleep
apnea,” “sleep-disordered breathing,” “surgery (surgical treatment),” and “continuous
positive airway pressure.” The search was conducted on 19 June 2021.

2.2. Eligibility Criteria and Study Selection

The studies selected in this review were original articles investigating PAP therapy
(optimal pressure levels and/or compliance) before and after pharyngeal OSA surgery,
regardless of the study design, which included randomized controlled trials, prospective
(non-randomized), and retrospective studies. Studies in which pharyngeal OSA surgery
with or without nasal surgery was performed were included. However, studies in which
nasal surgery alone was performed were excluded. In addition, studies were excluded if
PAP therapy data, such as optimal pressure and/or compliance, were not clearly provided
before and after surgery or if they lacked the data necessary for meta-analysis. Pharyngeal
OSA surgery included tonsillectomy, UPPP and its variants, Pillar implants, tongue base
surgery and its variants, genioglossus advancement, and radiofrequency ablation.

After two reviewers independently screened all titles and abstracts for candidate
papers, we excluded clinical studies that were ineligible or irrelevant. There were no
language restrictions in any articles reviewed in this study. We thoroughly reviewed the
finally selected studies.
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2.3. Data Extraction

We extracted data from the finally selected articles based on standardized forms. The
data collected included the study design, the total number of subjects, age (years), sex
(male:female), body mass index (kg/m2), the apnea-hypopnea index (AHI; events/h), surgi-
cal procedures, PAP therapy-related outcome measures, optimal pressure level
(cm H2O), and usage time (h/night).

2.4. Quality Assessment

The risk of bias was assessed by using the STROBE tool (https://www.strobe-statement.
org/, accessed on 26 September 2022). Five domains of bias, including selection, measuring
exposure and outcome, controlling confound, sources of bias, and statistical method, were
categorized as low, high, or unclear risk. The total quality of each study was defined as good,
fair, or low. Two reviewers assessed the risk of bias in each included study independently, and
disagreements were resolved by discussion with the other authors.

2.5. Statistical Analysis

The optimal levels and PAP usage time before and after pharyngeal OSA surgery
were compared. For this, we collected the mean and standard deviation (SD) values of
optimal levels and the usage time of PAP before and after pharyngeal surgery from the
relevant studies. Heterogeneity was calculated with Cochran’s Q and I2 tests. The I2 test
describes the rate of variation across studies because of heterogeneity rather than chance
and ranges from 0 (no heterogeneity) to 100 (maximum heterogeneity). All results are
reported with 95% confidence intervals (CIs), and all p-values were two-tailed. When
significant heterogeneity among the outcomes was found (I2 > 50), the random-effects
model according to DerSimonian and Laird was used. This model assumes that the true
treatment effects in the individual studies may be different from one another and that
they are normally distributed. If the heterogeneity was not large (I2 < 50), we planned to
analyze it with a fixed-effect model. However, the effect model was not used due to the
large heterogeneity of all results. We used a funnel plot and Egger’s test simultaneously to
detect publication bias. Analyses were performed using Comprehensive Meta-Analysis V2
software (Biostat, Englewood, NJ, USA).

3. Results

Figure 1 shows a flow diagram of the literature selection. After screening for relevance,
19 studies that investigated PAP therapy data, such as optimal pressure levels and/or usage
time before and after surgery, were retrieved for further review [14,15,18–37]. We excluded
eight studies evaluating the effect of nasal surgery alone on PAP therapy [14,19–25]. Two
other studies were excluded due to the lack of data required for meta-analysis [15,18].
Finally, nine eligible studies were included in the meta-analysis (nine studies for optimal
pressure levels and five studies for usage time) [26–34]. Table 1 presents the characteristics
of the studies that met the inclusion criteria. Table 2 summarizes the comparison of PAP
therapy, including optimal pressure and usage time before and after pharyngeal OSA
surgery. All studies were judged to be fair for the risk of bias by combining judgments in
the five domains.

Table 1. Characteristics of the included studies.

References Year
Level of
Evidence

(Study Design)

Total No.
of Subjects

Age
(Years)

Sex
(M:F)

BMI
(kg/m2)

AHI
(Events/Hour)

Surgical Procedures
PAP Therapy

Related Outcomes
Measures

Zonato et al.
[26] 2006 Level IV

(retrospective) 17 49.0 ± 9.0 16:1 30.0 ± 4.0 38.0 ± 19.0 Tonsillectomy ± nasal
surgery Optimal PAP level

Nakata et al.
[27] 2006 Level II-2

(prospective) 30 33.2 ± 6.8 28:2 30.7 ± 6.0 69.0 ± 28.4 Tonsillectomy Optimal PAP level
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Table 1. Cont.

References Year
Level of
Evidence

(Study Design)

Total No.
of Subjects

Age
(Years)

Sex
(M:F)

BMI
(kg/m2)

AHI
(Events/Hour)

Surgical Procedures
PAP Therapy

Related Outcomes
Measures

Lin et al. [28] 2008 Level IV
(retrospective) 16 34.1 ± 4.7 65.2 ± 49.2

Site-specific upper
airway surgery (UPPP,

pillar palatoplasty,
GA, HMA, and repose

tongue suspension)

Optimal PAP level
PAP usage time

Khan et al.
[29] 2009 Level IV

(retrospective) 63 42.1 ± 13.9 51:12 34.9 ± 7.2 62.0 ± 35.4
UPPP ± tongue base

surgery ± nasal
surgery

Optimal PAP level

Friedman
et al. [30] 2009 Level IV

(retrospective) 52 43.1 ± 9.1 42:10 31.2 ± 5.0 63.2 ± 22.0
Multi-level surgery
(UPPP, RFBOT, and

nasal surgery)

Optimal PAP level
PAP usage time

Bertoletti
et al. [31] 2009 Level II-2

(prospective) 21 49.6 ± 11.2 16:5 31.4 ± 3.2 41.1 ± 5.8 Pillar palatal implants Optimal PAP level
PAP usage time

Gillespie
et al. [32] 2011 Level I

(RCT) 26 52.3 ± 10.3 22:4 34.7 ± 5.0 42.0 ± 21.0 Pillar palatal implants Optimal PAP level
PAP usage time

Turhan et al.
[33] 2015 Level II-2

(prospective) 31 48 (31–66) 27:4 31.0 ± 2.4 44.7 ± 17.1 Modified tongue base
suspension

Optimal PAP level
PAP usage time

Azbay et al.
[34] 2016 Level IV

(retrospective) 67 47.0 ± 9.8 59:8 31.6 ± 4.2 45.0 ± 19.8

Modified UPPP +
septoplasty ±

modified tongue base
suspension

Optimal PAP level

RCT, randomized controlled trial; M, male; F, female; BMI, body mass index; AHI, apnea-hypopnea index; UPPP,
uvulopalatopharyngoplasty; GA, genioglossus advancement; HMA, hyoid myotomy and advancement; RFBOT,
radiofrequency base of tongue reduction; PAP, positive airway pressure.

Table 2. Effects of pharyngeal obstructive sleep apnea surgery on positive airway pressure therapy,
including optimal pressure and usage time.

References Year
Final No.
of Patients

Preoperative Optimal
Pressure (cmH2O)

Postoperative
Optimal Pressure

(cmH2O)
p Value

Final No.
of Patients

Preoperative
Usage Time

(Hours/Night)

Postoperative
Usage Time

(Hours/Night)
p Value

Zonato et al.
[26] 2006 4 13.8 ± 1.5 10.4 ± 2.0 <0.05

Nakata et al.
[27] 2006 5 13.6 ± 2.5 10.6 ± 1.3 <0.05

Lin et al. [28] 2008 12 11.5 ± 3.7 9.4 ± 2.6 <0.05 16 4.1 ± 2.4 5.5 ± 2.5 <0.05
Khan et al.

[29] 2009 27 9.7 ± 3.0 8.3 ± 2.4 <0.05

Friedman
et al. [30] 2009 52 10.6 ± 2.1 9.8 ± 2.1 <0.05 49 0.02 ± 0.14 3.2 ± 2.6 <0.001

Bertoletti
et al. [31] 2009 21 11.2 ± 1.6 9.3 ± 2.5 <0.05 21 5.7 ± 0.9 6.3 ± 0.6 <0.05

Gillespie
et al. [32] 2011 26 10.9 ± 2.7 10.3 ± 2.4 NS 26 6.0 ± 2.5 6.0 ± 2.4 NS

Turhan et al.
[33] 2015 31 12.6 ± 1.6 8.0 ± 1.8 <0.001 31 5.3 ± 0.8 6.5 ± 0.9 <0.001

Azbay et al.
[34] 2016 67 11.8 ± 1.4 9.0 ± 1.2 <0.001

NS, not significant.

Figure 1. Flow diagram of the literature selection.
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3.1. Optimal PAP Level before and after Pharyngeal OSA Surgery

As heterogeneity was present among the studies (Q-value, 28.7; p < 0.001; I2, 86.1), a
random-effects model was used. Figure 2 shows the forest plot for the effects of pharyngeal
OSA surgery on optimal PAP levels. The summed optimal PAP level was significantly
lower after pharyngeal OSA surgery than before surgery (standardized mean difference
(SMD), −1.113; 95% CI, −1.667 to −0.559) [26–34]. Although the funnel plot looks slightly
asymmetrical, we thought there was no publication bias because the Egger test p-value was
0.182 (Figure 3).

Figure 2. Forest plot for the effects of pharyngeal obstructive sleep apnea surgery on the optimal pos-
itive airway pressure level. The summed optimal PAP level was significantly lower after pharyngeal
OSA surgery than before surgery. Std diff, standardized difference; CI, confidence interval [26–34].

Figure 3. Funnel plot for the effects of pharyngeal obstructive sleep apnea surgery on the optimal
positive airway pressure level. There was no publication bias (the Egger test p-value = 0.182). Std diff,
standardized difference.

3.2. Usage Time of PAP before and after Pharyngeal OSA Surgery

As heterogeneity was present among the studies (Q-value, 28.7; p < 0.001; I2, 86.1), a
random-effects model was used. Figure 4 shows the forest plot for the effects of pharyngeal
OSA surgery on usage time. The summed usage time of PAP increased significantly
after pharyngeal OSA surgery compared to before surgery (SMD, 0.794; 95% CI, 0.259 to
1.329) [28,31–33]. The funnel plot looks symmetrical, and the Egger test p-value was 0.792,
indicating no publication bias (Figure 5).
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Figure 4. Forest plot for the effects of pharyngeal obstructive sleep apnea surgery on positive airway
pressure usage time. The summed usage time of PAP increased significantly after pharyngeal OSA
surgery compared to before surgery. Std diff, standardized difference; CI, confidence interval [28,30–33].

Figure 5. Funnel plot for the effects of pharyngeal obstructive sleep apnea surgery on positive
airway pressure usage time. There was no publication bias (the Egger test p-value = 0.792). Std diff,
standardized difference.

4. Discussion

There are several surgical indications for managing OSA [2,5]. Surgical modifications
of the upper airway are usually performed for the purpose of directly improving respiratory
disturbances during sleep. In addition, surgical therapy can be carried out as adjunctive
management to alleviate the intolerance of other OSA treatments, such as PAP therapy. This
study was designed to determine the effect of pharyngeal OSA surgery on PAP therapy,
including optimal pressure levels, and compliance based on a meta-analysis. The results of
the study demonstrated that optimal PAP levels decreased, and PAP usage time increased
in patients with OSA after pharyngeal surgery.

Surgical outcomes may vary in patients with OSA depending upon the type of surgical
procedure [35]. The results of numerous clinical studies have shown that isolated nasal
surgery improved excessive daytime sleepiness and sleep-disordered breathing, such as
snoring [36]. In contrast, whether nasal surgery alone statistically decreases the AHI is
controversial [36,37]. A recent meta-analysis showed that isolated nasal surgery signifi-
cantly improved the AHI in patients with OSA, but the alleviation of AHI was only slightly
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significant [37]. The outcomes of pharyngeal surgery for OSA are somewhat different from
those of nasal surgery alone. For example, UPPP, one of the most representative pharyngeal
surgeries, has been reported to have a surgical success rate of 35% to 70% when conducted
randomly in patients with OSA [38,39]. According to our recent study assessing the AHI
reduction ratio after oropharyngeal OSA surgery, such as UPPP, the postoperative AHI
decreased by 30.4% to 74.1% based on an anatomy-based staging system [40]. The results
of the study indicated that two different types of surgery, nasal surgery and pharyngeal
surgery, had a similar effect on PAP treatment in patients with OSA despite different
surgical sites and effects.

This meta-analysis comparing changes in optimal PAP levels before and after pharyngeal
OSA surgery confirmed that the optimal pressure levels decreased from a mean ± standard
error (SE) of 11.6 ± 0.4 to 9.3 ± 0.3 cm H2O. These outcomes are quite similar to earlier
meta-analyses reports that isolated nasal surgery or upper airway surgery influenced optimal
PAP levels in patients with OSA [16,17]. Camacho et al. [16] investigated the effect of nasal
surgery alone on optimal PAP levels using meta-analysis. In their study, isolated nasal surgery
included septoplasty, turbinoplasty, septoturbinoplasty, septorhinoplasty, and endoscopic
sinus surgery [16]. The results of the meta-analysis of seven eligible studies established that
the optimal pressure levels (mean ± SD) diminished from 11.6 ± 2.2 to 9.5 ± 2.0 cm H2O
after nasal surgery alone [16]. Ayers et al. [17] evaluated the effect of upper airway surgery
for OSA on optimal PAP levels based on a meta-analysis. In their meta-analysis of 11 eligible
studies, upper airway surgery included isolated nasal surgery and various other types of
pharyngeal surgery [17]. They found that the optimal pressure level reduced from a mean of
10.8 to 9.4 cm H2O in patients with OSA after upper airway surgery [17]. Although these two
previous meta-analyses demonstrated that diverse surgical treatments play an important role
in decreasing optimal PAP levels, the effect of pharyngeal OSA surgery on optimal pressure
levels was not verified.

There are various PAP-related adverse effects, including mouth dryness, unintentional
mask removal, skin irritation, air or mouth leak, pressure intolerance, mask claustrophobia,
aerophagia (bloating), and nasal symptoms [11]. If these side effects are not addressed, PAP
adherence could inevitably decrease. In particular, nasal obstruction or congestion leads to
discomfort for patients with OSA because the nose is where the air generated from the PAP
device comes into direct contact for the first time. A patient’s discomfort during PAP ther-
apy can cause mouth leaks or unintentional mask removal, which diminishes PAP usage
time [11]. There are two main methods to alleviate nasal obstructions, medical and surgical
therapy. In general, surgical treatment is considered when medical management, including
nasal irrigation, topical spray, and medication, is not effective. It is well-recognized that
PAP adherence is improved in patients with OSA after nasal surgery alone [16]. Poirier
et al. [25] examined the hypothesis that isolated nasal surgery enhanced PAP adherence
in PAP-intolerant OSA patients with nasal obstructions and found that PAP usage time
improved significantly from a mean ± SD of 0.5 ± 0.7 to 5.0 ± 2.4 h per night (n = 16)
after nasal surgery (e.g., septoplasty and turbinoplasty) alone. In addition, the outcomes of
the meta-analysis from four eligible papers demonstrated that PAP usage time increased
by 0.62 h per night with a 95% CI of 0.22 to 1.01 after upper airway surgery, including
isolated nasal surgery [17]. However, the effect of pharyngeal surgery on PAP adherence in
patients with OSA has not yet been demonstrated based on a meta-analysis. Moreover, it
has been argued that pharyngeal surgery such as UPPP may be associated with decreased
PAP adherence [18]. This study found that PAP usage time increased from a mean ± SE of
4.2 ± 1.7 to 5.5 ± 0.5 h per night, comparing changes between preoperative and post-
operative PAP usage. As a result, pharyngeal OSA surgery can indirectly enhance PAP
adherence, as well as directly alleviate objective respiratory parameters, such as AHI, and
subjective symptoms, such as excessive daytime sleepiness.

This meta-analysis had several limitations. There were few clinical studies with high-
quality evidence in the analysis. Only one randomized controlled trial, three prospective
studies, and five retrospective studies were included in the final analysis. Clinical investi-
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gations related to surgery have difficulties planning high-level evidence-based designs due
to the nature of surgery. Nevertheless, further high-quality evidence studies are required.
The study had heterogeneity in many aspects including the study design, sample size,
differences in the surgical procedures, and characteristics of the populations. The results
should be interpreted cautiously because the studies included in this meta-analysis were
relatively small.

5. Conclusions

This meta-analysis demonstrated that pharyngeal surgery in patients with OSA de-
creased optimal PAP levels and increased PAP usage time. OSA should be regarded as a
chronic disorder requiring long-term and comprehensive treatment. Although PAP is the
main therapy for OSA, some patients with OSA are intolerant of PAP or fail PAP treatment.
In these cases, pharyngeal OSA surgery can be considered an adjunct therapy to increase
PAP adherence, even in patients who are not expected to be cured by surgery. The results
of the study contribute to our understanding of the role of pharyngeal OSA surgery in
PAP-intolerant patients.
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Abstract: This systematic review aimed to comparatively evaluate the efficacy and safety of maxillo-
mandibular advancement (MMA) and upper airway stimulation (UAS) in obstructive sleep apnea
(OSA) treatment. A MEDLINE and Embase database search of articles on MMA and/or UAS for
OSA was conducted. Twenty-one MMA studies and nine UAS studies were included. All the MMA
studies demonstrated a reduction in apnea hypopnea index (AHI) postoperatively, and success rates
ranged from 41.1% to 100%. Ten MMA studies reported pre- and postoperative Epworth sleepiness
scale (ESS), and all but one study demonstrated a reduction in ESS. In the UAS studies, all but
one demonstrated a reduction in AHI, and success rates ranged from 26.7% to 77.8%. In the eight
UAS studies reporting pre- and postoperative ESS, an ESS reduction was demonstrated. No studies
reported any deaths related to MMA or UAS. The most common postoperative complications after
MMA and UAS were facial paresthesia in the mandibular area and discomfort due to electrical
stimulation, respectively. This systematic review suggests that both MMA and UAS are effective and
generally safe therapies for OSA. However, due to the limitations of the included studies, there is no
evidence yet to directly compare these two procedures in OSA treatment.

Keywords: obstructive sleep apnea; therapy; maxillomandibular surgery; hypoglossal nerve;
systematic review

1. Introduction

Obstructive sleep apnea (OSA) is a prevalent sleep-related breathing disorder charac-
terized by recurrent upper airway obstruction during sleep [1], and its overall prevalence
ranges from 9% to 38% in the general adult population [2]. OSA is associated with consid-
erable health risks, such as cardiovascular and cerebrovascular disease [3,4]. Continuous
positive airway pressure (CPAP) is accepted as the first-line therapy for moderate to se-
vere OSA, but poor compliance and suboptimal use of CPAP drive OSA patients to seek
alternative therapies, including other non-invasive therapies and surgical treatment [5,6].
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Moderate-to-severe OSA is usually caused by multilevel obstructions of the upper
airway, which highlights the need for surgical therapies able to resolve multilevel upper air-
way collapse [7]. One such therapy that has existed for many decades is maxillomandibular
advancement (MMA) [8,9]. MMA is a multilevel skeletal surgery in which the maxilla and
mandible are advanced by a combination of a Le Fort I osteotomy of the maxilla and a
bilateral sagittal split osteotomy of the mandible [8,9]. By expanding the skeletal framework
attached with the pharyngeal soft tissues, MMA enlarges the velo-orohypopharyngeal
airway [10] and increases the tension of the pharyngeal soft tissues, decreasing the collapsi-
bility of the upper airway [11]. MMA is currently considered as the most effective surgical
treatment modality for moderate-to-severe OSA in adults aside from tracheostomy.

A more contemporary therapy is hypoglossal nerve stimulation (HNS), which works
by electrically stimulating the branches of the hypoglossal nerves that innervate muscles
responsible for protruding the tongue and thus maintaining upper airway patency dur-
ing sleep [12]. Currently, there are three different systems for HNS therapy, including
the Aura6000 Targeted Hypoglossal Neurostimulation system (LivaNova PLC, London,
England, UK), the GenioTM system (Nyxoah SA, Mont-Saint-Guibert, Belgium), and the
Inspire II upper airway stimulation (UAS) system (Inspire Medical Systems, Maple Grove,
MN, USA) [13]. Given that the Inspire UAS system is the most widely used system having
Food and Drug Administration (FDA) approval for clinical use [14], this review only fo-
cused on UAS therapy (Inspire® system). Over the past decade, UAS has emerged as an
effective therapy and therefore has become an increasingly popular treatment option for
moderate-to-severe OSA [15,16].

Currently, the main indications for MMA are moderate-to-severe OSA, and mild OSA
in patients presenting with a dentofacial deformity [17]. UAS therapy is generally indicated
for patients with the following characteristics: moderate-to-severe OSA (apnea hypopnea
index (AHI) 15–65 events/h with <25% central or mixed apneas), positive airway pressure
(PAP) therapy failure, and absence of complete concentric velum collapse (CCCp) on drug-
induced sleep endoscopy (DISE) [18]. When no generally accepted indicative results are
found during clinical, laboratory, or endoscopic examinations (e.g., significant skeletal-
dental deformity, AHI > 65 events/h, CCCp on DISE), patients with moderate-to-severe
OSA may be expected to benefit from MMA as well as UAS therapy. Although MMA and
UAS have both demonstrated efficacy and safety for patients, there is a paucity of evidence
on comparison of these two treatment options [17].

Therefore, the purpose of this systematic review is to comprehensively evaluate
and compare the efficacy of MMA and UAS for moderate-to-severe OSA through the
assessment of AHI and Epworth sleepiness score (ESS) as primary outcomes. Secondly, the
postoperative complications of these two therapies were investigated.

2. Materials and Methods

This systematic review was performed in accordance with the preferred reporting
items for systematic review and meta-analysis (PRISMA) statement [19]. The protocol for
this systematic review was registered at PROSPERO (PROSPERO ID: CRD42021261394;
https://www.crd.york.ac.uk/prospero/display_record.php?RecordID=261394 (accessed
on 14 November 2022)).

2.1. Selection Criteria

The inclusion criteria were: (1) adult patients (> 18 years old) with moderate-to-
severe OSA diagnosed by polysomnography (PSG; AHI ≥ 15 events/h); (2) patients who
underwent MMA or UAS for OSA; (3) studies that reported pre- and postoperative PSG
data; (4) studies with a follow-up ≥ 6 months; (5) study designs: randomized controlled
trials (RCTs), quasi-experimental studies, and cohort studies; and (6) English language.

The exclusion criteria were: (1) sample size < 10 patients; (2) patients who underwent
other adjunctive surgical procedures (e.g., uvulopalatopharyngoplasty) at the time of MMA
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or UAS; and (3) preliminary studies in which the findings had been nested in other studies
with larger sample size and/or longer follow-up.

2.2. Literature Search

A literature search was performed with the help of an information specialist (RS) using
MEDLINE and Embase databases on 14 December 2021. Search terms and search strategies
used for each database are available in Supplementary Materials (Table S1 (a)).

2.3. Study Selection

After removal of duplicate articles, the remaining results were screened based on
title and abstract by two independent reviewers (NZ and JH). The full texts of potentially
relevant articles were retrieved and further evaluated by NZ and JH independently for
compliance of studies with the eligibility criteria. Discrepancies were resolved by discussion.
Reference lists of eligible studies were checked for additional studies.

2.4. Data Extraction

The extracted data included article title, year of publication, first author, study design,
specific surgical technique, length of follow-up, sample size, age, gender, body mass
index (BMI), preoperative and postoperative PSG data (AHI, respiratory disturbance index
(RDI), and oxygen desaturation index (ODI)), preoperative and postoperative ESS score,
preoperative and postoperative data on quality of life (QoL), surgical success rate and cure
rate, and postoperative complications. According to the accordion severity grading system
of surgical complications [20], the postoperative complications were classified as major or
minor depending on the needs for endoscopic or interventional radiologic procedures or
reoperation as well as failure of one or more organ systems.

Data were extracted by NZ and JH independently. Discrepancies were resolved
through discussion. If RDI was reported by a study, it would be extracted as AHI, since
these two respiratory parameters have been consolidated based on the 2013 American
Academy of Sleep Medicine’s manual for the scoring of sleep and associated events [21]. If
there were multiple follow-up data in a study, the data with longest follow-up time were
included. Surgical success was defined as “a postoperative AHI < 20 and at least 50%
reduction in AHI after surgery” [22], and surgical cure was defined as “a postoperative
AHI < 5” [23].

2.5. Quality Assessment

Methodologic quality assessment of each study was performed by NZ and JH inde-
pendently, and any discrepancies were resolved by discussion.

The Methodological Index for Non-Randomized Studies (MINORS) quality assess-
ment tool, a validated tool for the methodological assessment of non-randomized surgical
studies [24], was used to assess the methodological quality of the included studies. The
MINORS tool is composed of eight items applicable to all non-randomized studies and
four additional items specifically for comparative studies. Each item was scored as 0 (not
reported), 1 (reported but inadequate), or 2 (reported and adequate), giving a global ideal
score of 24 for comparative studies and 16 for non-comparative studies. For compara-
tive studies, the categorizations are as follows: 0–6, very low quality; 7–10, low quality;
11–15 fair quality; and ≥16, high quality. For non-comparative studies, the categorizations
are as follows: 0–4, very low quality; 5–7, low quality; 8–12, fair quality; and ≥13, high
quality [25].

2.6. Statistical Analysis

The collected parameters (age, BMI, AHI, ODI, and ESS) were pooled by weighted
average and weighted standard deviation [26]. When there were RCTs or comparative
studies between MMA and UAS, meta-analyses were performed to compare the overall
effect of MMA and UAS in treating OSA. Heterogeneity of the studies was assessed
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using the I2 statistic with a cutoff of 25% (low), 50% (moderate) and 75% (high) [27].
When moderate-to-high heterogeneity was present, a random effects model was adopted;
otherwise, a fixed effects model was used. Because some patients may report multiple
complications, the complication rate of each study was calculated by dividing the number
of events by the number of patients.

3. Results

3.1. Search Results

The flow diagram of study selection progress is summarized in Figure 1. A total of
2952 studies were screened after deduplication, and 212 were retrieved for full-text review.

Figure 1. PRISMA flow diagram of the study selection process.

MMA group. Twenty-one studies [11,28–47] were identified, producing a pooled data
set of 581 patients (male 78.5%) with a weighted age of 42.2 ± 11.5 years and a weighted
BMI of 28.1 ± 6.4 kg/m2. The mean follow-up period from surgery to final postoperative
PSG was 25.9 months (range, 6 months–12.5 years). One study [39] was excluded from
the analyses for clinical efficacy because the data of a subset of the patients with a longer
follow-up period were nested in another included study [38]. The characteristics of these
studies are shown in Table 1.

UAS group. In total, nine studies [15,48–55] were identified, yielding 1029 patients (male
96.2%) with a weighted age of 55.1 ± 10.1 years and a weighted BMI of 29.1 ± 4.2 kg/m2. The
mean follow-up period was 18.8 months (range, 6 months–5 years). The characteristics are
summarized in Table 2.

Because there was no RCT or comparative study of MMA and UAS in treating OSA, a
meta-analysis could not be performed to compare their overall effect sizes on OSA.
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3.2. Quality Assessment

MMA group. One of the included studies was an RCT of MMA and autotitrating
positive airway pressure (APAP), one was a retrospective quasi-experimental study, ten
were prospective cohort studies, and nine were retrospective cohort studies. As only the
MMA cohort of the RCT was included in the analyses, after omitting the unrequired APAP
cohort, this study was regarded as a single-arm trial. The quality of the RCT was therefore
assessed using the MINORS tool as per the other included studies. Of these studies, three
studies were classified as “high quality”, and the others were classified as “fair quality”
(Supplementary Table S2 (a)).

UAS group. Six prospective studies and three retrospective studies were included.
Of these, one study was classified as “high quality” and eight studies as “fair quality”
(Supplementary Table S2 (b)).

3.3. Respiratory Parameters

MMA group. Fifteen MMA studies [11,28–31,33–37,41,42,44,45,47] reported a signif-
icant reduction in AHI postoperatively (p < 0.05). The others [32,38,40,43,46] reported
an AHI reduction but did not report a p value. All the studies [11,28–38,40–47], totaling
446 patients, demonstrated a weighted baseline AHI of 54.6 ± 27.4/h and a weighted
postoperative AHI of 10.1 ± 10.8/h.

Of four studies [11,32,36,43] (n = 78) reporting pre- and postoperative ODI, two
demonstrated a significant reduction in ODI after MMA (p < 0.05), and the other two also
reported an ODI reduction but without a p value. The weighted pre- and postoperative
ODIs were 35.1 ± 22.8/h and 6.3 ± 6.4/h, respectively.

UAS group. Of the selected studies, the study by Bachour et al. [55] did not show
a significant reduction in AHI postoperatively. Five studies [48–51,54] demonstrated a
significant reduction in AHI postoperatively (p < 0.05), and three studies [15,52,53] showed
an AHI reduction but did not report a p value. The weighted pre- and postoperative AHIs
in 1003 patients were 35.2 ± 14.7/h and 15.0 ± 16.1/h, respectively.

Of six studies [15,49–52,55] reporting pre- and postoperative ODI, the study by Ba-
chour et al. [55] did not find a significant improvement in ODI postoperatively, while
the others [15,49–52] reported a reduction in ODI after surgery, of which two studies did
not report a p value. The weighted pre- and postoperative ODIs were 26.5 ± 16.0/h and
14.6 ± 18.5/h (n = 180), respectively.

3.4. Subjective Parameters

MMA group. Of nine studies [11,34,36,41–45,47] (n = 217) reporting pre- and postop-
erative ESS, the study from Lin et al. did not show an improvement in ESS after MMA, one
study demonstrated a reduction in ESS but without a p value, and the others reported a
significant reduction in ESS (p < 0.05). The weighted pre- and postoperative ESS values
were 13.1 ± 5.5 and 6.7 ± 4.8, respectively.

Three studies [30,42,44] assessed pre- and postoperative QoL. Boyd et al. found that
after MMA, there was a significant improvement in the Functional Outcomes of Sleep
Questionnaire (FOSQ) (p < 0.05) [30]. Veys et al. assessed the subjective outcome of MMA
using the OSA QoL questionnaire. They found that there was an improvement in all
of the following six symptoms after MMA—daytime sleepiness, snoring, concentration,
waking up at night, headache, and high blood pressure—while the influence of MMA on
nocturia and sexual activity was variable [44]. Lin et al. found that there was no significant
improvement in Short Form-36 quality of life (SF-36) after MMA [42].

UAS group. Of eight studies [15,49–55] reporting pre- and postoperative ESS, seven
demonstrated a significant reduction in ESS postoperatively (p < 0.05), and one reported
a ESS reduction but did not report a p value. The weighted pre- and postoperative ESS
values were 11.4 ± 5.4 (n = 1006) and 7.0 ± 4.6 (n = 1001), respectively.

Two studies reported pre- and post-UAS FOSQ scores. The STAR trial cohort demon-
strated an increase in FOSQ score five years after surgery (14.3 ± 3.3 to 18.0 ± 2.2). Van
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de Heyning et al. also found a significant improvement in FOSQ score postoperatively
(89.1 ± 23.5 to 100.8 ± 16.9, p < 0.05).

3.5. Surgical Success and Cure

MMA group. Surgical success rate of MMA was available in
15 studies [11,28,32–35,37,38,40,41,43–47] and ranged from 41.1% to 100%. Surgical cure
rate of MMA was reported in seven studies [11,34,42–45,47] and ranged from 36% to 67.9%.

UAS group. Surgical success rate of UAS was available in six studies [15,50–52,54,55],
ranging from 26.5% to 77.8%. Surgical cure rate was reported in four studies [15,50,51,55]
and ranged from 6.7% to 44%.

3.6. Long-Term Follow-Up Outcomes

MMA group. Five studies [30,31,38,42,46] reported long-term follow-up (≥2 years)
data in 151 patients with weighted baseline AHI of 51.7 ± 28.2/h. At a mean follow-up
of 5.0 years, the weighted postoperative AHI was 11.1 ± 13.0/h. Only one study [42],
with 53 patients, reported long-term follow-up ESS (10.8 ± 5.0 to 10.2 ± 5.1, p > 0.05).
Boyd et al. [30] reported a long-term improvement in FOSQ score after MMA. Surgical
success rate was reported in two studies [38,46] (90% and 41.4%, respectively), and surgical
cure rate was only available in one study [42] (67.9%).

UAS group. Three studies [15,50,51] reported long-term follow-up (≥2 years) data in
127 patients with weighted baseline AHI of 29.7 ± 11.0/h. At a mean follow-up of 4.2 years,
the weighted postoperative AHI was 12.3 ± 14.8/h. These three studies [15,50,51] also
reported a long-term improvement in ODI and ESS after UAS therapy. One study [15]
reported a long-term (five years follow-up) improvement in FOSQ score. Surgical success
and cure rates were reported in all three studies [15,50,51] (success rate: 77.8%, 71.1%, and
74.6%, respectively; cure rate: 33.3%, 35%, and 44%, respectively).

3.7. Safety

There were no studies reporting any deaths related to MMA or UAS surgery.
MMA group. Of the included studies, 10 reported participants’ complications after

MMA (n = 428) [28,30,33,39,42–47]. The rate of major complication ranged from 0 to 18%.
Five studies reported the major compilations after MMA, which included reoperations for
removal of osteosynthesis screws and plates (n = 8) [30,33,46], reoperations for maxillary
non-union (n = 2) [28,46], and acute dyspnea (n = 1) [45].

The most common minor complication reported was facial paresthesia caused by the
impairment of inferior alveolar nerve [30,33,39,43,45–47]. Four studies [39,45–47] reported
both the rates of transient and persistent paresthesia in mandibular area, which were 100%
and 13% (n = 175), 100% and 28% (n = 25), 90% and 60% (n = 34), and 32% and 0% (n = 28),
respectively. Additionally, one study [43] (n = 34) reported only the rate of transient
paresthesia in mandibular area—75%; one study [33] (n = 11) reported only the rate of
the persistent symptom—27%. In the long-term follow-up study from Boyd et al. [30]
(n = 30), although no patients exhibited such facial anesthesia as measured objectively,
40% of patients subjectively perceived a decrease in sensation. Facial paresthesia in the
infraorbital area was reported by two studies [45,46]. In the study by Vicini et al. [45]
(n = 25), the rates of transient and persistent paresthesia in infraorbital area were 100%
and 4%, respectively; in the study by Vigneron et al. [46] (n = 34), they were 37% and
30%, respectively.

Excluding facial paresthesia, the other reported minor complications consisted of
developed malocclusion [30,45–47] (n = 13), temporomandibular disorders [46,47] (n = 11),
local infection [28,30,47] (n = 6), minor postoperative wound pain [33] (n = 2), and others
(n = 5) [28,44,47]. Of ten studies [28,30,32,41–47] that investigated patients’ perception of
their facial appearance after MMA, two studies [30,46] reported that there were 13% (4/30)
and 15% (5/34) patients who perceived worsening of their facial appearance after MMA,
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respectively; the others [28,32,41–45,47] reported that the perception of facial appearance
was positive or neutral in all the patients after MMA.

UAS group. Of the five studies reporting patients’ complications (n = 2051) [15,49,51,52,54],
the rate of serious device-related adverse events range from 0 to 7%. Four studies [15,51,52,54]
reported a total of 50 serious device-related adverse events requiring surgical repositioning
or replacement of the neurostimulator or implanted leads. In addition, in the study from
Suurna et al. [54] (n = 1849), 0.4% of the patients reported serious intraoperative adverse
events, including but not limited to hematoma (n = 8), infection (n = 2), extra implant
procedure (n = 1), intraoperative arrest (n = 1), and pneumothorax (n = 1).

Since one study [54] did not report the count of minor complications, the safety
outcomes of a subset of the study population (ADHERE cohort) reported in a previous
study [56] were used to analyze the minor complication rate. In that study [56], the rates of
minor surgery-related and device-related complications 137 ± 77 days after UAS implant
were 6% (18/313) and 22% (69/313), respectively; 386 ± 136 days after UAS implant were
4% (8/217) and 24% (53/217), respectively. In the STAR trial cohort [15] consisting of
126 participants, the rates of minor surgery-related and device-related complication were
both 136% (171/126) at the first year; at the fifth year, they were decreased to 1% (1/126) and
16% (20/126), respectively. Van de Heyning et al. [52] reported only minor surgery-related
adverse events in their population, which yielded a minor complication rate of 57% (16/28).
Philip et al. [49] and Steffen et al. [51] did not report any minor complications in their study
populations. The most common minor surgery-related and device-related complications
were incision discomfort [15,51,56] and discomfort due to electrical stimulation [15,56],
respectively.

4. Discussion

This is the first systematic review aiming to comparatively evaluate MMA and UAS
therapy in treating OSA. We reviewed 21 studies on MMA and 9 studies on UAS in treating
OSA. Due to the fact that there is no RCT or comparative study of MMA and UAS, a
meta-analysis cannot be performed to directly compare these two interventions. Separate
analyses of studies on MMA and UAS were utilized for this review. In this review, the
trials for MMA tended to be published earlier than those for UAS. Therefore, for some
patients in the UAS group, MMA could have been considered at first as an alternative
therapy to CPAP and not been chosen. It should be noted that UAS therapy has stricter and
clearer inclusion criteria (e.g., 15/h ≤ AHI ≤ 65 /h, absence of CCCp during DISE) [14,17]
for patients, especially in comparison to MMA. There is therefore discrepancy of patients’
baseline characteristics between the MMA cohort and UAS cohort. In this review, the MMA
cohort has younger age and higher baseline AHI compared to the UAS cohort. Moreover, it
is impossible for us to compare other patients’ characteristics associated with OSA, such
as the size of tongue, retrolingual space, and jaw position. To obtain definitive results on
the comparison of MMA and UAS, future studies should include comparative studies of
these two therapies where participants would have comparable baseline characteristics and
be qualified for both therapies. Another point to be noted is that the variations in MMA
surgeries are probably greater than in UAS as the training and the lineage of potential
variations are much higher in MMA than in UAS.

4.1. Objective Outcomes

Based on the separate analysis of studies on MMA and UAS, we reported that these
two procedures are both effective treatment modalities for OSA. However, compared to
UAS, MMA seems to be more effective in treating OSA with a more significant decrease
in AHI and higher success rate. Through different mechanisms, MMA and UAS have
been proven to be able to address multiple sites of collapse simultaneously [11,36]. MMA
enlarges the entire pharynx and reduces the collapsibility of the upper airway by advancing
the maxillomandibular complex and anterior pharyngeal tissues attached to the maxilla,
mandible, and hyoid bone [39]. The mechanism by which UAS resolves multilevel col-
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lapse, is enlargement of the retropalatal airway associated with tongue protrusion, which
is so called “palatoglossus coupling” phenomenon [48]. Safiruddin et al. found that the
retropalatal enlargement in response to UAS was statistically significant only in the re-
sponders, while the responders and non-responders had similar degrees of retrolingual
opening to stimulation [57]. Therefore, we are of the opinion that the superiority of MMA
over UAS in OSA treatment may be associated with the ability of MMA to enlarge the
retropalatal airway more significantly. To improve patient selection for MMA and UAS, the
mechanism of action of these two surgical procedures and the role of pathogenesis of OSA
on the outcome of both surgeries require clarification in future studies.

4.2. Subjective Outcomes

It is interesting to note that several studies [42,55] reported a discordance between
objective outcome measures (e.g., AHI) and patient-reported outcome measures, which
highlights the importance of subjective outcome evaluation for OSA patients. In contrast to
published ESS data, there is a scarcity of evidence related to other subjective outcomes of
surgical treatment for OSA. Boyd et al. [30] evaluated the impact of MMA on quality of
life (QoL) using the Functional Outcomes of Sleep Questionnaire (FOSQ). Two years after
MMA, a significant improvement in mean FOSQ scores of 4.7 was observed. In a study by
Woodson et al. [15], the improvements in mean FOSQ scores following UAS were 3.0 at
1 year and 3.7 at 5 years, respectively. In addition to daytime sleepiness and QoL, patient
satisfaction—an important measure of therapy quality—should be noted when evaluating
treatment options for OSA. Currently, only a few studies have evaluated patient satisfaction
with MMA or UAS for the management of OSA [56,58–62]. In a study by Butterfield
et al. [59], 95.5% of patients were satisfied with MMA surgery for OSA, 90.9% would repeat
the procedure, and 86.4% would recommend MMA to others for OSA treatment. In the
ADHERE registry, 94% of patients reported that they were satisfied with UAS therapy
and would undergo UAS again, and 93% reported that they would recommend UAS to
others [56]. According to the available evidence, both MMA and UAS could significantly
improve the perception for OSA patients with high levels of patient satisfaction. However,
the comparison of improvement in patient-perceived measures between the two therapies
must be addressed in future studies.

4.3. Long-Term Outcomes

The long-term follow-up period of the included MMA studies ranges from 2 years to
12.5 years. Because of the small sample size, one study by Pottel et al. [63] reporting the
longest follow-up result of MMA was excluded. In that study, the short term (within 2 years)
success rate was 66.67% (8/12), and the long-term (median 19 years; range 14–20 years)
success rate of MMA was 44.44% (4/9). Of the nine patients who attended long-term
re-evaluation, the median ages at the time of MMA surgery and re-evaluation were 43 years
(range 34–63 years) and 62 years (range 49–82 years), respectively. At the long-term follow
up, two of the six patients who were initially successfully treated by MMA had relapse of
OSA with AHI comparable to preoperative values. Both patients had significant weight
gain (+4.1 and +7.9 kg/m2). In a study of 29 OSA patients treated by MMA, Vigneron
et al. [46] concluded that the success rate was 85.7% in the immediate postoperative period
and 41.1% at 12.5 years. Additionally, they concluded that the good candidates for long-
term success of MMA were the young patients (<45 years old) with BMI < 25 kg/m2, AHI
< 45/h, SNB angle < 75◦, narrow retrolingual space (<8 mm), preoperative orthodontics,
and without co-morbidity. It has been suggested that long-term failure of MMA might be
attributed to weight gain [38,63,64], skeletal relapse [64], and ageing [63]. Given that UAS
is an innovative therapy for OSA from the last decade, the longest follow-up period of the
UAS studies was 5 years, from the STAR trial [15]. The success rates of UAS in the STAR trial
cohort were 66% (83/126), 74% (73/98), and 75% (53/71) at 1, 3, and 5 years, respectively.
In UAS therapy for OSA treatment, patients’ adherence is necessary to guarantee clinical
efficacy [65]. The STAR trial revealed a high adherence to UAS therapy in the long-term,
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with a patient-self-reported nightly device use of 80% at 5 years, which might partially
explain the stability of treatment effect. In addition, lower baseline ODI was found to be
predictive of 5-year response to UAS therapy. It is therefore concluded that both MMA and
UAS were relatively stable treatments for patients with moderate-to-severe OSA. In order
to maintain clinical efficacy, more effort is needed to provide continuous follow-up for OSA
patients and to ascertain the factors associated with long-term stability of outcomes.

4.4. Safety

In terms of treatment safety, this systematic review revealed that both MMA and
UAS were generally safe surgical procedures for OSA, with relatively low rates of major
complication. In the included MMA studies, all but one of the major complications were
reoperation for removal of hardware. Age has been shown to be a risk factor for increased
need for hardware removal [66]. In addition, Passeri et al. found that patients who were
active smokers or had a history of smoking had higher risk of complications, which included
removal of hardware [67]. The most common minor complication of MMA detailed in the
literature was paresthesia of the lower lip and chin. It has been suggested that age at the
time of surgery and addition of a genioplasty increase the risk of facial paresthesia, and a
large degree of advancement further increases the risk in older patients [68,69]. In the STAR
cohort (n = 126), the rates of major complication requiring device explanation, reposition,
or replacement were 4% at 4 years and 9.5% at 5 years, indicating that the reoperations after
UAS may occur more often during the late time frame. The STAR cohort also suggested that
the majority of minor complications after UAS were gradually resolved. Notably, Withrow
et al. evaluated the impact of age on safety of UAS and found no significant difference
between younger and older cohorts in complication rates [70]. Current evidence suggests
that both MMA and UAS appear to be safe approaches in OSA treatment, and compared to
MMA, treating OSA with UAS may lead to fewer complications for older patients.

4.5. Clinical Relevance

In patients with moderate to severe OSA and failure of CPAP treatment, a portion
of them could qualify for both MMA and UAS therapy. Current evidence shows that
MMA may have superior efficacy in OSA treatment. However, MMA is a more invasive
intervention, exposing patients to longer recovery time and higher risk of postoperative
complications. Overnight admission to the intensive care unit is required for OSA patients
following MMA surgery, and the length of hospitalization after MMA reported previously
ranged from <2 days to 5–8 days [69]. Additionally, MMA surgery often involves time-
consuming preoperative and/or postoperative orthodontic work. One notable potential
problem with MMA has been the accompanying alteration in facial appearance; however,
most patients undergoing MMA for OSA view the change in facial appearance as neutral
or even positive [30,32,46]. In comparison to MMA, UAS surgery is less invasive and
more patient-friendly and does not require extended recovery. The majority of patients are
discharged the same day or one day after UAS surgery [71]. In addition to the information
regarding treatment efficacy and safety, the cost of treatment options is important in
assisting decision-making in OSA treatment. It has been indicated that UAS is cost-effective,
with a lifetime incremental cost effectiveness ratio (ICER) of USD 39,471 per quality-
adjusted life year (QALY) in the United States healthcare system [72] and EUR 44,446 per
QALY in a European setting [73]. However, to our knowledge, no study has assessed the
cost-effectiveness of MMA, which precludes the comparison of cost-effectiveness between
these two therapies. Hence, to further assist decision-making in OSA treatment, there is a
need to assess and compare the costs and cost-effectiveness of each intervention.

Since the primary target patient population differs between MMA and UAS, these
two procedures are usually not put on par in the current practice guidelines. In the current
Stanford protocol, UAS and MMA are considered phase I and phase II surgical procedures,
respectively [74]. It has been proposed that these two procedures might be considered
as complementary therapies [17]. For example, UAS may be considered when a patient
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fails to respond to MMA or for a patient with relapse of OSA after previously successful
MMA [75]. It is interesting to note that in a recent study [76], Sarber et al. evaluated the
efficacy of UAS therapy in 18 OSA patients who did not meet all FDA criteria for UAS and
found promising treatment outcomes. They suggested that future studies must consider the
expansion of current FDA criteria for UAS, particularly in BMI and AHI criteria. Thus, to
optimize surgical outcomes, reduce rates of mortality and morbidity, and improve quality
of life and other subjective outcomes, further investigation is essential to clarify indications
of each therapy for OSA.

In addition to MMA and UAS, there are other evidence-based therapeutic options for
OSA, which include behavioral strategies (e.g., weight loss), medical therapy (e.g., CPAP),
other surgical options, and adjuvant therapy (e.g., pharyngeal muscle training) [77,78].
Of the non-CPAP therapies for OSA, more invasive procedures, such as MMA, are not
well accepted. Oral appliances offer a non-invasive option for managing OSA, the most
common of which are mandibular advancement devices (MADs). MADs modify the
position of the jaw, the tongue, and other supporting structures of the upper airway,
thereby increasing upper airway volume and preventing collapse of the upper airway [79].
MADs are recommended as a first-line therapy for mild-to-moderate OSA and for severe
OSA after CPAP failure, intolerance, or refusal [80]. Growing evidence suggests that MADs
could achieve favorable outcomes regardless of the severity of OSA [81,82].

In the era of precision medicine, the interconnected risk factors for OSA must be con-
sidered in order to achieve precision medicine in OSA [78]. The combined modern therapies
for OSA must be adjusted continuously in respect to recent scientific research in order to
deliver the best results for patients, emphasizing their quality of life in addition to medical
care. Therefore, any of the therapies may either have an important role as monotherapy in
the treatment of OSA or could be used in combination with the other therapies. The greater
the complexity of a clinical case, the greater the need for multidisciplinary collaboration.

4.6. Limitations

There are several limitations of the present review. Firstly, because of the inherent
difficulty of randomizing patients to different surgical interventions or sham surgery [83],
except for one RCT and one quasi-experimental trial, all the included studies were cohort
studies, the majority of which demonstrated fair quality according to the MINORS tool.
Due to the lack of RCT and comparative studies of MMA and UAS for OSA, a meta-analysis
cannot be performed to directly compare these two procedures. Additionally, meta-analyses
were not conducted to separately assess overall effect sizes of MMA and UAS therapy on
OSA, as mean and SD of the difference between pre- and postoperative measures were
absent in majority of the selected studies. In this review, we performed separate analyses
for MMA and UAS studies, combined with noticeable differences between the two cohorts
in age and OSA severity, which prevented us from generating a solid conclusion on the
comparison of these two procedures. Due to the fact that some patients may fall between
two stools, comparison of the two procedures is important. Future studies should include
quasiexperimental trials and comparative cohort studies comparing MMA and UAS to
better clarify which modality is superior in OSA treatment. These studies can be part of a
future large international consortium, which is more likely to generate solid conclusions.
Secondly, due to the implemented inclusion criteria, which included the presence of both
preoperative and postoperative PSG data, some well-conducted studies reporting on
only subjective outcomes and/or safety were excluded for this study. Therefore, the
present analysis of subjective outcomes and safety may not be entirely representative of
the population undergoing MMA or UAS in the current literature. Lastly, our review is
exclusively based on studies published in English, which can introduce a language bias [84].

5. Conclusions

The results presented in this review suggest that both MMA and UAS are effective
and generally safe surgical treatment modalities for patients with moderate-to-severe OSA.
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However, within the limitation of the selected studies, there is currently no evidence on the
comparison of MMA and UAS in the treatment of OSA.
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Abstract: Obstructive sleep apnea (OSA) is characterized by recurrent complete or partial obstruction
of the upper airway. The prevalence is 1–4% in children aged between 2 and 8 years and rising due
to the increase in obesity rates in children. Although persistent OSA following adenotonsillectomy
is usually associated with obesity and underlying complex disorders, it can also affect otherwise
healthy children. Medical treatment strategies are frequently required when adenotonsillectomy is
not indicated in children with OSA or if OSA is persistent following adenotonsillectomy. Positive
airway pressure treatment is a very effective modality for persistent OSA in childhood; however,
adherence rates are low. The aim of this review article is to summarize medical treatment options for
OSA in children.

Keywords: obstructive sleep apnea; persistent obstructive sleep apnea; children; medical treatment;
PAP therapy; anti-inflammatory treatment; high flow nasal cannula

1. Introduction

Obstructive sleep apnea (OSA) is a syndrome involving upper airway dysfunction
during sleep that is characterized by snoring and/or increased respiratory effort resulting
from increased upper airway resistance and pharyngeal collapsibility [1–3]. It is estimated
that 1–4% of children aged between 2 and 8 years have OSA. However, the prevalence may
be as high as 80% in children with coexisting medical conditions, such as Trisomy 21 [4,5].
The prevalence of OSA is rising due to the increase in obesity rates in children [6].

Obstructive sleep apnea in children is caused by anatomic upper airway narrowing
and/or increased upper airway collapsibility. Previous research showed that children
with OSA had narrower pharyngeal airways when compared to control children during
wakefulness, sedation, and paralysis. A smaller cranial base angle, longer lower facial
height, mandibular retrognathia, a narrower dental arch, and various additional dental arch
deformations, such as an anterior open bite, are cephalometric features that contribute to
OSA. Children with OSA have dynamic inspiratory airway narrowing during tidal breath-
ing in addition to the effect of increased soft tissue volumes on the static dimensions of the
pharyngeal airway. The airway collapse can happen at different levels of the pharynx [7].
Drug-induced sleep endoscopy (DISE) refers to a flexible UA endoscopy performed during
a sedative state that allows for a dynamic and three-dimensional evaluation of the entire
upper airway. DISE helps to decide if there is a need for further surgical intervention other
than adenotonsillectomy for treatment of OSA, specifically for post-adenontonsillectomy
children, and what kind of intervention should be indicated for an individual patient,
which may help to personalize treatment [8].

Depending on a child’s craniofacial morphology, tonsillar and adenoidal growth, and
body habitus, as well as whether rhinitis symptoms are present, childhood OSA may consist
of various overlapping phenotypes. Additionally, children with the same severity of OSA
have variable end-organ morbidity. Compared to nonobese children, who typically present
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with impaired growth and adenotonsillar hypertrophy between the ages of 2 and 8 years,
obese children may present later with symptoms that are more similar to those of adult
OSA, such as excessive daytime sleepiness [9,10]. The OSA phenotype in children with
complex diseases is determined by anatomical and functional abnormalities that are specific
to each underlying disorder, such as Down syndrome and Prader Willi syndrome. It is
essential that clinicians consider the symptoms, physical examinations, the presence of risk
factors, and signs of end-organ morbidity to diagnose patients and develop a personalized
management strategy [11–13].

Snoring, observed apneas, and gasping sounds while sleeping are signs of OSA [1].
Overnight polysomnography (PSG) is used to confirm the OSA diagnosis and the obstruc-
tive apnea hypopnea index (oAHI) is the main parameter used to diagnose and define the
severity of OSA. However, PSG is associated with a significant financial and healthcare
burden and it would be ideal to have a simple, reliable method for identifying children at
high risk for OSA. For the purpose of pediatric OSA screening, several questionnaires have
been developed. Determining a highly sensitive and focused questionnaire that is simple
for patients/parents to complete and for clinicians to assess, however, is still a difficulty,
and the sensitivity and specificity of these questionnaires are low [14]. However, pediatric
sleep questionnaires are widely used not only to identify children at risk for OSA but also
to evaluate response to treatment [15].

Polygraphies are simpler to perform and produce respiratory data comparable to
a PSG. Overnight home or hospital use of respiratory polygraphies in children is more
common now, much like adult sleep services. According to recent research, respiratory
polygraphy can be successfully used with 81–87% of pediatric patients when it has been set
up at a medical facility [16]. A recent European Respiratory Society technical standards
paper summarized current data on the use of polygraphy in children for diagnosis of
sleep-disordered breathing [17].

Although it has limitations, overnight oximetry can be a valuable tool for identifying
children with OSA and determining the most urgent treatment needs if polygraphy or PSG
are not available. These studies can be performed at home or in the hospital. The use of
an appropriate oximeter is essential for correctly interpreting data. Averaging time is a
key setting for evaluation of the oximeter’s diagnostic effectiveness. According to McGill’s
system of evaluation, indicators of moderate to severe OSA include at least three clusters
of desaturation events and at least three SpO2 drops below 90% in a nighttime oximetry
recording [18]. Although this is not a very sensitive method of diagnosing OSA, it identifies
children with moderate to severe disease successfully.

OSA is associated with cardiovascular morbidity and neurobehavioral impairments;
therefore, it is important to diagnose and treat OSA in a timely manner [19–21]. Guide-
lines recommend treatment for children with an oAHI > 5 events/h and with an oAHI of
1–5 events/h in the presence of OSA morbidity or concomitant disease [22,23]. The objec-
tives of OSA treatment in children are to reduce daytime symptoms, improve quality of life
and sleep, and avoid short- and long-term consequences [24].

Even though the pathophysiology of pediatric OSA is heterogeneous, the overgrowth
of the tonsils and adenoids, which restricts the upper airway during sleep, is the most
frequent cause in children, even when associated obesity or complex disorders are present.
Therefore, adenotonsillectomy (AT) is commonly the primary treatment option for children
with OSA [1,25]. After surgery, OSA may relapse or persist in 21% to 73% of children [26,27].
Additional assessment and medical treatment strategies are frequently required when AT
is not indicated or if there is persistent OSA after surgery, as well as when complex medical
issues are present. The aim of this review is to summarize the current evidence for medical
treatment of children with OSA (Table 1).
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Table 1. Medical treatment modalities for obstructive sleep apnea in children.

Indications and Benefits Challenges

Anti-inflammatory treatment
Nasal steroids/oral

montelukast/oral steroids

Children with symptoms of allergic or
non-allergic rhinitis may benefit.

Anti-inflammatory medications may
decrease the size of adenotonsillar tissue,

leading to improvement in OSA.

Follow up is necessary
Efficacy has to be evaluated due to

variety in responses
Nasal irritation and bleeding may

occur with nasal steroids
Montelukast can have adverse effects on

behavior and mood

Antibiotics Currently not recommended Larger studies are needed to determine the role
of antibiotics in the treatment of OSA

Positive airway pressure therapy

Children with moderate to severe OSA
who are not candidates for surgery and

children with persistent OSA after
surgical intervention may benefit

Requires all-night and long-term use
Low adherence rates

It may be associated with midface hypoplasia

High-flow nasal cannula therapy Children who cannot tolerate CPAP may
benefit from HFNC treatment

Rarely covered by health insurance
in many countries

No home units recording adherence
and no proper alarms

Positional therapy

Can be considered in children with
persistent OSA

Can be a simple, cheap, and low-risk
treatment option

Requires all-night and chronic use
Larger studies are needed to
demonstrate its effectiveness

No adherence data

Myofunctional therapy Currently not routinely recommended Requires training and daily exercises

Dental procedures

Recommended in children with narrow
transversal maxillary arch, who

collaborate in the expansion by turning
screws to widen the

airway and improve OSA

Effects not clear
Long treatment duration

Mostly not covered by insurance companies

Weight loss

Efficacious in treating OSA associated
with obesity in children

If medical treatment of obesity is not
achieved, surgical options

can be considered

Other treatment modalities should be initiated
until enough weight loss has been achieved

2. Anti-Inflammatory Treatment (Nasal Steroids/Montelukast/Oral Steroids)
and Antibiotics

Many studies have investigated the effectiveness of anti-inflammatory medications,
such as nasal steroids (NSs) or leukotriene receptor antagonists (montelukast), in children
with mild to severe OSA since the pathophysiology of the condition has a significant
inflammatory component [28]. Research has shown that pediatric adenotonsillar tissues
contain glucocorticoid receptors, and children with OSA have increased levels of these
receptors [29]. Additionally, leukotriene receptors were found to be expressed in adenoton-
sillar tissue surgically removed from children with OSA [30]. Therefore, it is plausible that
anti-inflammatory medications may decrease the size of adenotonsillar tissue, leading to
improvements in OSA.

The aim of NS use is to decrease the volume of adenoids via suppression of inflamma-
tion when adenotonsillectomy is contraindicated or in children with mild OSA [1]. A partial
reduction in adenoidal hypertrophy has been observed with the administration of NSs for
4 to 6 weeks [31,32]. Sixty-two children underwent a double blind, randomized, controlled
study comparing nasal budesonide with a placebo. Following a 6-week treatment with
nasal budesonide, the oAHI decreased from 3.7 ± 0.3 to 1.3 ± 0.2 events/h in children with
mild OSA. On the other hand, in the placebo group, the oAHI increased from 2.9 ± 0.4 to
4.0 ± 0.4 events/h (p <0.0001). Significant changes were seen in sleep macroarchitecture,
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such as sleep latency and the percentages of total sleep time spent in slow-wave sleep and
rapid-eye-movement sleep (p < 0.05). Additionally, there was a long-lasting effect 8 weeks
after the end of the treatment [32].

A recent double blind, randomized, controlled trial of NSs for the treatment of OSA
in children included 134 children aged 5 to 12 years. Patients were randomized 2:1 to
receive 3 months of NSs or a placebo. NS or placebo treatments for 9 months were then
randomly reassigned to the children in the NS group. Changes in the oAHI at 3 months
(median: −1.72 (interquartile range (IQR): −3.91 to 1.92) events/h) and 12 months (median:
−1.2 (IQR: −4.22 to 1.71) events/h) were not different between the two groups (p = 0.7).
OSA symptoms and neurobehavioral outcomes at 3 and 12 months were also similar
between groups. Although there was a statistically significant decrease in the oAHI
(7.2 (3.62 to 9.88) events/h to 3.7 (1.56 to 6.4) events/h, p = 0.39) in 38 children who received
NSs for 12 months, this was not clinically significant [33]. Nasal irritation and bleeding
are the two most common adverse effects of NSs. If NSs are administered for a prolonged
period, there may be an increased risk of adrenal gland and growth suppression [34].

Gozal et al. included 64 children in a randomized, controlled study evaluating the
effect of montelukast therapy. Of the 64 participants, 57 (89.0%) completed the 16-week
trial with montelukast or a placebo, and among these, 42 were adherent to the assigned
treatment (21 in the montelukast group and 21 in the placebo group). The study revealed
that a 16-week treatment with montelukast significantly decreased the severity of OSA
in children compared to the placebo. The AHI decreased from 9.2 ± 4.1 events/h to
4.2 ± 2.8 events/h (p < 0.0001) in the treatment group, whereas in the placebo group, the
AHI increased from 8.2 ± 5.0 events/h to 8.7 ± 4.9 events/h. While 20 pediatric patients
who received treatment (71.4%) experienced positive benefits, just 2 (6.9%) of the patients
receiving the placebo showed decreases in the AHI (p <0.001). Similarly, the 3% Oxygen
Desaturation Index (number of 3% reductions in SpO2 per hour of sleep) and arousal
indices significantly improved in the treatment group, whereas no significant changes
occurred in the placebo group [35].

According to a meta-analysis, five studies with 166 children that evaluated mon-
telukast alone for pediatric OSA revealed a 55% improvement in the AHI (mean of
6.2 events/h pre-treatment vs. 2.8 events/h post-treatment), with improvement in the
lowest oxygen saturation (LSAT) from 89.5% to 92.1%. Two studies with 502 children
evaluating the effects of montelukast with NSs on pediatric OSA found a 70% improvement
in the AHI (4.7 events/h pre-treatment vs. 1.4 events/h post-treatment), with an improve-
ment in LSAT from 87.8% to 92.6% [36]. However, it should be noted that montelukast
has significant adverse effects on mood and behavior, and the FDA has published a boxed
warning for this medication [37]. Before initiation of treatment, clinicians should assess the
risks and benefits and inform the families of these risks.

Since enlarged adenoids and tonsils are composed of hypertrophic lymphoid tissue,
anti-inflammatory medications, such as systemic corticosteroids, have been evaluated
for treatment of children with OSA. Evangelisti et al. evaluated the effect of systemic
steroids in 28 children (mean age: 4.5 ± 1.8 years) with OSA. Fifteen children received oral
betamethasone (0.1 mg/kg per day) in addition to NS therapy for 7 days in group one,
while 13 children received NSs for 21 days in group two. The sleep clinical record score
(12.6 ± 1.2 vs. 8.3 ± 1.1, p = 0.0001), oxygen desaturation index (11.7 vs. 3.0, p < 0.0001),
oxygen desaturation time < 90% (1.75 vs. 0.0, p < 0.0001), oxygen desaturation events < 90%
(25.5 vs. 1.0 p < 0.0001), and mean (95.3 ± 1.1 vs. 97.0 ± 0.8%, p = 0.0001) and minimum
SpO2 (78.8 ± 6.3 vs. 89.2 ± 4.2, p = 0.001) improved in children treated with NSs and
oral betamethasone. The authors recommended the use of systemic steroids as a bridging
therapy prior to AT therapy in children with severe OSA [38].

Various microorganisms have been isolated from patients with chronic tonsillar hyper-
trophy. There has been limited research supporting the use of broad-spectrum antibiotics
to treat pediatric OSA. In a study involving 22 children with OSA and adenotonsillar hy-
pertrophy, researchers divided the patients into two groups. The first group, consisting of
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11 children, received 30 days of azithromycin therapy, and the second group of 11 children
received 30 days of placebo treatment. The AHI decreased by −0.97 ± 2.09 events/h
in the azithromycin group but increased by 3.41 ± 3.01 events/h in the placebo group
(p = 0.23). The baseline and maximum end-tidal carbon dioxide pressure, the baseline
and LSAT, and the number of pathological central apneas did not change significantly.
The authors concluded that broad-spectrum antibiotic therapy may not be an appropriate
alternative to surgery and that larger studies are needed to determine the role of antibiotics
in the treatment of OSA [39].

A paranasal sinus infection that lasts for more than three months is referred to as
chronic sinusitis. Children with chronic sinusitis may have biofilms in their nasopharynx
that serve as long-term reservoirs for bacteria that are resistant to common antibiotics. A
previous study revealed that extensive biofilm formations on the adenoids of children
with chronic sinusitis and those with obstructive sleep apnea raise the possibility that
the generation of biofilms may be a virulence factor for the organisms that cause the
disease [40]. Despite the fact that broad-spectrum oral antibiotics are frequently used
to treat infections, chronic rhinosinusitis may not respond to antibiotic therapy with a
permanent or sustained improvement. There is currently no agreement on the optimal
treatment duration, organism coverage, or antibiotics due to the large range of aerobic and
anaerobic organisms cultivated from the paranasal sinuses. However, high-dose antibiotics
are typically used for a minimum of three weeks, whereas adenoidectomy can mechanically
eliminate infection [40].

3. Positive Airway Pressure

It is important to consider that residual OSA may remain even after surgical in-
tervention, especially in children with complex disorders, such as Trisomy 21, Prader–
Willi syndrome, or obesity [27,41]. Children who are not candidates for surgery, most
children with cranio-facial anomalies, and children with persistent OSA after adenoton-
sillectomy are usually started on positive airway pressure (PAP) therapy. A study by
Kearney et al. found that the majority of adolescents with obesity (74%) had severe OSA
(AHI ≥ 10 events/h) with a mean baseline AHI of 33.9 events/h. After AT, the AHI levels
in the obese and control groups both showed clinically significant improvements with
median changes of 18.3 events/h (p < 0.001) and 14.6 events/h (p < 0.001), respectively. A
total of 48% of the obese adolescent patients had an AHI < 5 events/h on postoperative
PSGs. However, compared to patients who were not obese, adolescents with obesity were
seven times more likely to have moderate or severe persistent OSA (AHI > 5 events/h)
after AT (p = 0.001). Adolescents with obesity had a considerably higher requirement for
post-AT PAP therapy (37.1% of patients required PAP, p< 0.001) [42].

A device that can produce various levels of PAP, expressed in centimeters of water
pressure, is used for PAP therapy. By using a pneumatic splint for the soft tissues of the
upper airway, PAP treatment sustains airway stability throughout the breathing cycle [1]. It
aims to regulate sleep architecture, increase sleep quality, and alleviate daytime symptoms
caused by inadequate sleep.

A mask known as an interface connects the patient to the PAP treatment device.
Finding an interface with a good fit that ensures comfort and optimal air leakage for the
patient is crucial. However, there are no standards for choosing the right interface. Age
and facial morphology are the most important factors when choosing an interface. This
can be difficult, particularly for infants and children with asymmetry or facial deformity.
Each interface has an intentional leak built in to avoid carbon dioxide rebreathing. An
interface should have a good seal, minimal resistance to airflow, low dead space volume,
and the optimal unintended leakage. Children can use nasal pillows and nasal and oronasal
masks as interfaces for PAP therapy. Nasal masks are commonly preferred, as oronasal
masks carry the risk of aspiration. Since nasal pillows fit right into the nares, they may be a
good option for teens and are well tolerated. Children with OSA should be evaluated for
nasal obstruction before initiating PAP therapy. If soft tissue obstruction is noted, medical
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treatment, such as NSs or montelukast, should be considered [35,36,43]. Improving nasal
breathing can enhance the efficiency and tolerability of PAP therapy [44,45]. The nose and
mouth are both covered by an oronasal interface. There are challenges when using an
oronasal mask. The pressure from the mask on the jaw may produce posterior displacement
and exacerbate the obstruction of the upper airway. Furthermore, if the child has muscle
weakness or is young and unable to remove the mask in cases of vomiting, there is a
danger of aspiration. Patients tend to tolerate the mask less well and are more likely to
feel claustrophobic [46]. Furthermore, oronasal masks with the same pressure were not
as effective as nasal masks in a study that evaluated adults with OSA using DISE [47].
However, there are limited data regarding the performance of interfaces in children [48].
In a study by Ramirez et al., no differences were detected in PAP adherence, correction of
nocturnal gas exchange abnormalities, or leak values with the usage of nasal and oronasal
masks in a retrospective analysis of 62 children (>2 years of age) [49].

The eyes, nose, and mouth are covered with a full-face mask. The pressure points for
this contact are farther away than with normal interfaces, which is a benefit. Skin erythema
and midface hypoplasia are mostly avoided. Given the significant dead space, patients
should be clinically evaluated while using this mask to confirm that CO2 is not being
re-breathed, especially in younger children. Additionally, if there is a risk of aspiration
or if the child has increased oral secretions, full face masks should be avoided to prevent
aspiration. These masks are mostly used in acute care of children with respiratory failure.

PAP therapy can be administered as continuous positive airway pressure (CPAP) or
bi-level positive airway pressure (BPAP). CPAP prevents the collapse of the upper airway
by continuously applying pressure at one level throughout the breathing cycle. It does not
assist with the inspiration of the patient but improves gas exchange and oxygenation by
increasing functional residual capacity [50]. BPAP provides assistance during inspiration by
delivering cycling pressure. The ventilator’s high airflow rate augments the patient’s efforts
to inhale. Therefore, it should be administered in accordance with the patient’s breathing
efforts. The three main objectives of inspiratory positive airway pressure (IPAP) are to
decrease the work of breathing, the respiratory rate, and PaCO2. The main objectives of the
expiratory positive airway pressure (EPAP) are to increase oxygenation, decrease intrinsic
PEEP, and remove upper airway obstruction. If the child needs a high expiratory pressure
and cannot tolerate CPAP or has substantial hypoventilation that does not improve with
CPAP use, BPAP can be used to treat OSA [51].

In BPAP devices, four different modes can be provided [46]. The mode of therapy
is chosen depending on the patient’s breathing pattern and the underlying disorder. The
spontaneous BPAP mode (BPAP-S) is used for children who are intolerant of CPAP at
high pressures due to discomfort at exhalation. In this mode, each breath is started by the
patient, higher inspiratory pressure and lower expiratory pressure are used, and there is
no back-up rate. The spontaneous-timed BPAP mode (BPAP-ST) is used for children who
present with mixed apnea, CPAP emergent central apnea, or persistent hypoventilation
following resolution of OSA with CPAP. In this mode, a back-up rate, which is usually
2–4 breaths lower than the patient’s own respiratory rate, is employed [52]. The patient
initiates the breaths and the device only delivers a breath when the patient’s spontaneous
respiratory rate drops below the pre-set back-up rate. In the pressure control mode, there
is a set inspiratory time for both ventilator and spontaneous breaths. In the timed mode,
which is rarely used in children, the device controls the patient’s breathing rate and inspi-
ratory times regardless of the patient effort. PAP treatment has been linked to significant
clinical advantages, such as decreased risk of cardiovascular disease and reduction in
insulin resistance [53–55].

A novel mode of ventilation known as the volume-assured pressure support (VAPS)
BPAP mode provides automatically titrating pressure support that is designed to achieve a
tidal volume goal. It has been shown to be useful for children with obesity hypoventilation
syndrome and congenital central hypoventilation syndrome [52].
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A titration sleep study with PAP titration usually precedes the beginning of PAP
therapy. In order to prevent respiratory events and improve gas exchange, pressure/mode
modifications are implemented during the sleep study. The goals for PAP titration include
<2 obstructive apneas per hour, ETCO2 < 55 mmHg and not greater than 50 mmHg for
>10 min, SpO2 ≥ 94%, and minimal paradoxical breathing and flow limitation [51]. Ad-
ditionally, there are auto-adjusting CPAP/BPAP devices that utilize a unique algorithm.
These devices might be useful when the severity of OSA is dependent on body posture
and/or sleep stage [56]. CPAP titration with an auto-CPAP device in the home environment
can be considered for children when access to a sleep laboratory is limited [57].

After initiation of PAP therapy, regular follow-up is necessary to ensure adequate
therapy as the efficacy of PAP therapy is limited by low adherence. In children, physical
discomfort and/or fear of the device may cause low adherence. Usage in the first week
of treatment may predict longer-term use, and monitoring adherence in the first week
of treatment and intervening in cases of low adherence may improve long-term CPAP
use [58]. The largest PAP adherence analysis of pediatric patients with OSA was published
in 2020 [59]. A total of 20,553 patients with a mean age of 13 years met the eligibility criteria
and had accessible data. Based on 90 days of monitoring data, 12,699 patients (61%) used
PAP continuously. However, only 46.3% of the cohort met the Centers for Medicare and
Medicaid Services’ adherence requirements after 90 days. This adherence was poorer than
that shown in the results from studies using similar methodologies to measure adherence
in adults. Additionally, this study suggested that children between the ages of 4 and 6 years
and adolescents between the ages of 15 and 18 years might require more assistance than
other age groups, necessitating age-specific behavioral interventions. As children spend
more hours in sleep, using adult criteria for adherence may not be sufficient to prevent
adverse consequences in children with OSA.

Developmental delay, female gender, and younger age are associated with better PAP
compliance [60,61]. A recent study compared the efficacy and challenges of PAP therapy
adherence in infants and school-aged children with OSA [62]. A total of 41 infants and
109 school-aged children were included in the study. After PAP titration, infants’ oAHI
levels decreased on average by 92.1%, while school-aged children’s oAHI levels decreased
on average by 93.4% (0 = 0.67). The same types of challenges for adherence were reported
in infants and school-aged children, with behavioral issues being the most prevalent in
both populations. Another study included 137 typically developing (TD) children and
103 children with developmental disabilities (DDs). At 3 and 6 months, the percentage of
nights when devices were used was significantly higher for children with DDs (p = 0.01,
p = 0.003, respectively). Hours of usage on nights when the devices were used at three and
six months were similar between groups (DD group = 5.0, TD group = 4.6, p = 0.71; DD
group = 6.4, TD group = 5.7, p = 0.34, respectively). Higher PAP was strongly predictive for
hours of usage in both groups at 6 months, while higher median neighborhood income and
titration at or before 6 months were significantly predictive of percentage of nights when
devices were used [63].

In addition to the assistance provided by medical staff, the patient’s environment
and family at home are crucial for adherence. Marcus et al. found a high drop-out rate
(35%), consistently low overnight use duration (5.3 h/night), and significant over-reporting
of compliance by families in research on PAP adherence in children [64]. Another study
on PAP compliance among pediatric patients revealed that <60% of patients adhered to
recommended schedules ranging from 4.0 to 5.2 h per night [60]. Facemask discomfort
contributed to low compliance. Teenagers’ adherence to PAP therapy can be encouraged
by support groups, phone applications, behavioral therapy, and motivational interviewing
methods [65]. A systematic review showed that children with caregiver support had
significantly longer CPAP use per night (by 86.60 min) and significantly higher percentages
of CPAP usage for more than 4 h/night (by 18.10%) than those without caregiver support.
Although data showing better compliance with BPAP mostly come from studies on adults,
there is some evidence that supports this in children as well. When compared to those who
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received CPAP therapy, children who received BPAP therapy had an 18.17 times higher
likelihood of having good PAP adherence [66]. Adherence to CPAP or BPAP therapy should
be monitored by using the device software [67].

Although adverse effects of PAP therapy are mostly minor, it is important to address
these issues to improve adherence. Air leaks frequently cause discomfort. Abdominal
distension, oronasal dryness, eye irritation, and pressure sores on the nasal bridge caused
by the masks may be seen in children. It is often recommended to use a humidifier to
reduce discomfort caused by cold, dry air. Additionally, the midface may flatten as a result
of the mask’s continuous pressure on the growing facial tissues [68]. It is very important to
make sure that the mask fits gently on the face rather than being firmly fixed to reduce the
impact on the midface.

4. High-Flow Nasal Cannula Therapy

High-flow nasal cannula (HFNC) treatment has been used to treat neonates with
respiratory distress linked to prematurity in neonatal intensive care units with varying
but generally positive effects, including decreased effort in breathing and lower rates of
respiratory failure [69,70]. HFNC therapy delivers humidified and heated air at a high
flow rate via nasal prongs. Continuous positive pressure is produced in the airways by the
HFNC, and oxygen is continuously pushed into the upper airways at a rate that is higher
than the typical inspiratory flow rate (approximately 4–7 cm H2O at maximal flow rates),
preventing upper airway collapse [71–73].

Children with OSA who cannot tolerate the CPAP masks may benefit from HFNC
treatment [74]. Pediatric OSA has been successfully treated with high-flow heated, humidi-
fied nasal air [28,75–77]. Ten children (1–18 years) with obstructive sleep apnea determined
to be CPAP-intolerant by their caregivers were included in a study by Hawkins et al. High-
flow humidified room air was initially delivered at rates of 5 to 15 L/min with pediatric or
adult-sized cannulas and then gradually increased. If hypoxemia or desaturations persisted
at the maximum rate of room air, oxygen was added. This study showed that HFNCs can
successfully treat moderate to severe obstructive sleep apnea in CPAP-intolerant children
(the oAHI improved from 11.1 to 2.1 events/h, p = 0.002; the obstructive hypopnea index
improved from 9.9 to 0.5 events/h, p = 0.002) [78].

A total of 22 patients (mean age: 12.8 months) who had persistent OSA after adeno-
tonsillectomy with CPAP intolerance, whose caregivers refused to use CPAP, or who were
not good surgical candidates were included in a retrospective study. The HFNC titration
study was performed an average of 128 days after the diagnostic sleep study. The oAHI
decreased from 28.9 to 2.6 events/h, the oAI decreased from 14.4 to 0.4 events/h, and
the OHI decreased from 14.5 to 2.2 events/h. In this study, HFNCs not only improved
sleep parameters but were also well tolerated. The majority of patients adhered to their
HFNC therapy throughout a 12-month period of home use. Cannula dislodgement was the
most common complication of home HFNC therapy, as observed in 12 patients (63%). The
authors suggested that HFNCs could be used as a temporary bridge therapy to treat OSA
before surgery or an alternative long-term treatment [79]. Although HFNC use at home is
currently limited and costly, use of HFNCs for OSA at home may become an option in the
near future.

5. Positional Therapy

In positional OSA (POSA), the OSA occurs mostly while sleeping in the supine position,
and this is known to affect 19–58% of children with OSA [80,81]. Obese children may have
more profound upper airway obstruction during supine sleep, as greater fat deposition in
the pharyngeal region results in a smaller upper airway [82]. POSA occurs when the supine
AHI is at least two times higher than the non-supine AHI [80]. Decreased craniofacial
volume, decreased lung volume, and the inability of the airway dilator muscles to prevent
airway collapse during an occlusion may occur in the supine position [83–85]. A study
by Selvadurai et al. evaluated 112 obese children with PSG, and 43 (38%) children had
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OSA. Among those with OSA, 25 (58%) had POSA (mean age: 14.6 ± 2.3 years; mean
body mass index: 37.7 ± 7.6 kg/m2; 68% male) and 18 (42%) had non-POSA (mean age:
13.9 ± 2.8 years; mean body mass index: 37.9 ± 7.2 kg/m2; 78% male). Among those with
POSA, 13 (52%) had mild OSA, 7 (28%) had moderate OSA, and 5 (20%) had severe OSA.
There were no significant differences in age, sex, or anthropometric measures between the
POSA and non-POSA groups. However, older children were more likely to have POSA;
88% of the children with POSA were 12 years or older (p = 0.41) [81].

The capacity to sustain comfortable non-supine sleep is a requirement for positional
therapy (PT) in children. A belt worn around the chest with pillows on the back to stop
children from adopting the supine posture may be an effective treatment option for POSA.
For children with persistent OSA, PT can be a simple, cheap, and low-risk treatment option.
Children between the ages of 4 and 18 years with POSA who had a baseline PSG and a
second PSG to assess the effectiveness of a positional device were included in a study by
Xiao et al. [83]. The median body mass index z-score was 1.6. Compared to the baseline
data, PSG results obtained while using a positional device showed reductions in the median
oAHI (15.2 vs. 6.7 events/h, respectively; p = 0.004) and in the percentage of total sleep
time in supine position (54.4 vs. 4.2 h, respectively; p = 0.04) [86]. More studies are needed
but, considering the cost effectiveness and non-invasive nature of this treatment, positional
therapy may be a viable option for children with POSA.

6. Myofunctional Therapy

Persistent oral breathing during sleep may affect the strength of the tongue and oro-
facial muscles, leading to abnormal airway development and OSA [39]. Myofunctional
therapy (MT) is based on isotonic and isometric exercises that enhance the orofacial tissues’
coordination and strength [87]. MT involves multiple tongue, soft palate, and facial muscle
exercises. Daily practice of these exercises strengthens the orofacial muscles. A study by
Villa et al. revealed that MT improved tongue tone and decreased respiratory symptoms
and oral breathing during sleep in all 36 children with sleep-disorder breathing [88]. An-
other investigation on children with mild persistent OSA revealed that MT decreased OSA
severity in 14 children after 2 months compared to 13 controls (decrease in oAHI of 58% in
the MT group vs. 6.9% in the control group; p = 0.004). However, more studies are needed
with children before MT can be widely used.

7. Dental Procedures

Although it has been suggested that a subset of craniofacial characteristics, includ-
ing increased facial height, retrognathia, and a higher mandibular angle, may be more
frequently present in children with OSA, a recent meta-analysis of nine studies revealed
that, although a certain subgroup of pediatric OSA patients showed higher rates of specific
craniofacial characteristics, this was not consistent across studies [89]. The authors con-
cluded that there is insufficient evidence to report a link between pediatric cases of OSA
and craniofacial morphology [90].

Rapid maxillary expansion (RME) is a type of orthodontic treatment that widens the
hard palate by expanding the airway using a dental device, beginning around age four
and continuing until the midpalatal suture fuses in adolescence [8]. According to the
results of a meta-analysis, improvements in AHI and lowest oxygen saturation levels were
observed in children who underwent RME treatment, particularly at short-term (3-year)
follow-up [91]. Thirty children with OSA were included in a study by Hoxha et al.; fifteen
were enrolled as the control group, while fifteen received semi-rapid maxillary expansion
(SRME) orthodontic treatment for 5 months. In addition to respiratory parameters, the
pharyngeal area, dental arch, postero-anterior widths, and OSA biomarker levels (ORM2,
FABP4, perlecan, gelsolin, KLK1, and uric acid) in serum and urine were measured. The
AHI decreased from 2.5 to 1.79 events/h (28% decrease, p < 0.05) after a 5-month treatment
period, while it decreased from 2.67 to 1.8 events/h (33% decrease, p < 0.05) in the control
group [92]. A recent systematic review compared the effect of RME to watchful waiting
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or alternative therapies for pediatric OSA and included five trials. Only one randomized
clinical trial compared RME with watchful waiting. The other four studies (three of them
were non-randomized) compared RME with the gold-standard therapy AT. There was
no evidence that RME treatment significantly outperformed watchful waiting in patients
with pediatric OSA in this systematic review. It was concluded that the non-homogeneous
distribution of confounders and inadequate designs made comparisons between treatment
alternatives difficult. Further studies are needed to compare the effect of RME to that of
watchful waiting [93].

8. Weight Loss

Obesity is a risk factor for developing OSA [94]. OSA has been diagnosed in
13–59% of obese children [95]. A total of 139 children with a median age of 4.5 years
were included in a study where 25 of the children were overweight and 21 were obese. The
study revealed that, regardless of age or prior upper airway surgery, a one-unit increase in
BMI z-score was associated with 67% increased odds of circumferential collapse during
drug-induced sleep endoscopy (DISE). The authors reported that this circumferential pat-
tern may be less sensitive to AT and that nonsurgical treatments, such as CPAP and weight
loss, may be necessary in these patients. Other treatment approaches should be started until
enough weight loss has been achieved since this treatment modality requires a motivated
patient and family and the process might be slow [1]. The success rates and cure rates of
DISE-directed treatment were similar in children who were normal weight, overweight,
and obese [96].

In a study of 339 obese children with a median age of 15.4 years, after an average
32% decrease in BMI z-score, 80% of the children showed improved sleep-disordered
breathing [97]. Ten studies conducted on participants with an age range of 10–19 years
were included in a meta-analysis that evaluated the prevalence and severity of OSA in
obese children, as well as the impact of weight loss strategies. There was an improvement
in OSA prevalence post-intervention, and OSA was cured in 46.2–79.7% of the participants.
The meta-analysis showed significant reductions in the AHI (effect size: −0.51, 95%CI
−0.94 to −0.08, p = 0.019) and oxygen desaturation index (effect size: −0.28, 95%CI = −0.50
to −0.05, p = 0.016). Seventy-five percent of the studies reported improved sleep duration
in participants with OSA [98].

As management of childhood obesity with diet and exercise alone is challenging,
several drugs (metformin, glucagon-like peptide-1 receptor agonists, and phentermine-
topiramate) have been studied to treat pediatric obesity. Liraglutide and exenatide are the
most commonly investigated medications in terms of weight loss in adults. A randomized,
double-blind, placebo-controlled trial evaluated the efficacy and safety of subcutaneous
liraglutide 3.0 mg as an addition to lifestyle therapy for weight management in adolescents
with obesity. Individuals (age 12 to 18 years) with obesity and a poor response to lifestyle
changes alone were included to the study. There were 126 participants in the placebo group
and 125 in the liraglutide group. With an estimated difference of 0.22, liraglutide exceeded
the placebo in terms of the BMI standard deviation score change from baseline at week 56.
A decrease in BMI of at least 5% was seen in 43.3% of the liraglutide group and 18.5% of
placebo group participants; a decrease in BMI of at least 10% was seen in 33% and 9% of
participants, respectively [99].

The phentermine/topiramate extended-release capsule is a fixed-dose combination
of phentermine and topiramate developed for the treatment of obesity, sleep apnea syn-
drome, and type 2 diabetes mellitus. The once-daily formulation of phentermine and
topiramate is designed to combat obesity by decreasing appetite and increasing satiety.
Phentermine/topiramate has received its first US approval for chronic weight management
in pediatric patients aged ≥12 years with a BMI in the 95th percentile or greater for age
and sex in combination with a low-calorie diet and increased physical activity. Clinical
development of phentermine/topiramate for sleep apnea syndrome and type 2 diabetes in
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obese patients is ongoing in the US, and it may be a treatment option in children with OSA
related to obesity in the future [100].

Bariatric surgery has been found to be beneficial in decreasing excess weight and
alleviating comorbidities in adolescents with severe obesity. A retrospective study was
conducted in adolescents with morbid obesity who underwent laparoscopic adjustable
gastric band (LAGB) surgery between 1995 and 2018. Fifty-nine adolescents (mean age:
17.7 ± 1.5 years, mean BMI: 40.9 ± 6.4) were included in the study. Sixty-nine percent of the
adolescents with morbid obesity who had OSA at baseline showed resolution of the OSA
at one-year follow up after bariatric surgery (the mean BMI was lower at 34.4 ± 6.3 kg/m2).
In seven adolescents with OSA (mean age: 17.8 years), bariatric surgery reduced the oAHI
from 13 ± 6.9 events/h to 4.5 ± 2.5 events/h (p < 0.05) at 3 weeks post-operatively [101].
However, it should be noted that there are limited data on the long-term efficacy and safety
of bariatric surgery in adolescents.

Considering the significant effects of obesity on OSA and the poor response to adeno-
tonsillectomy in children with obesity, weight loss should be part of the treatment plan for
all children with obesity and OSA.

9. Hypoglossal Nerve Stimulation

The recurrent collapse of the upper airway during sleep is a hallmark of obstructive
sleep apnea. The contraction of the upper airway dilator muscles maintains the patency
of the upper airways. Although there are numerous muscles that dilate the upper air-
ways, the most significant upper airway dilator muscle is the genioglossus muscle. The
hypoglossal nerve innervates the genioglossus muscle, and hypoglossal nerve stimulation
has been successfully used with adults with moderate to severe OSA who cannot tolerate
CPAP therapy [102].

OSA is common in people with Down syndrome, with a prevalence of 55–97% and
a high risk of persistent OSA following adenotonsillectomy, and this population usually
have low adherence rates to CPAP therapy [103]. Therefore, hypoglossal nerve stimulation
use may be helpful in children with Down syndrome and persistent OSA who have low
adherence to CPAP therapy. In a meta-analysis of nine articles involving 106 adolescents
with Down syndrome and OSA, there was an improvement in the AHI by at least 50% when
patients were treated with hypoglossal nerve stimulation. Participants also showed im-
provements in the OSA-18 (a validated, disease-specific quality of life instrument for OSA)
and in daytime sleepiness measured with Epworth Sleepiness Scale questionnaires [104].

A recent study investigated four participants who underwent hypoglossal nerve
implantation by age 13 and completed at least 44 months of follow-up. Over the follow-up
period, all four participants’ AHI levels remained at least 50% lower than they were at
baseline. Two participants had persistent, moderate OSA despite stimulation therapy. The
other two participants achieved 100% reductions in AHI levels with stimulation therapy;
when they underwent split-night sleep studies, the severe OSA persisted with the device
turned off [105,106].

10. Novel Pharmacotherapeutics

A selective norepinephrine reuptake inhibitor, atomoxetine, has been used to treat
both adults and children with attention deficit hyperactivity disorder. Raising the nore-
pinephrine content in the brainstem during sleep could activate the upper airway mo-
torneurons to levels equivalent to those reported during wakefulness. An in vitro exper-
iment revealed that atomoxetine also blocks G-coupled inwardly rectifying potassium
channels, which are important in pharyngeal hypotonia during sleep. Oxybutynin, an
antimuscarinic with strong affinity for all muscarinic receptors, is used to treat overactive
bladder. Acetylcholine affects the hypoglossal motor nucleus in a variety of ways, with
muscarinic-mediated genioglossus suppression typically outweighing nicotinic stimulation.
Muscarinic blockade may increase the concentration of acetylcholine for nicotinic receptors
and decrease the inhibitory effect of acetylcholine on upper airway muscle tone during

117



J. Clin. Med. 2023, 12, 5022

REM sleep, collaborating with norepinephrine in the stimulation of upper airway dilator
muscles. The hypoglossal motor nucleus expresses the inhibitory muscarinic receptor
that oxybutynin antagonizes. This receptor is crucial for controlling the activity of the
hypoglossal nerve [107,108]. Twenty adults (median age of 53 (46–58) years and BMI of
34.8 (30.0–40.2) kg/m2) participated in a randomized, placebo-controlled, double-blind
crossover trial that compared 80 mg of atomoxetine and 5 mg of oxybutynin (ato-oxy) given
before sleep versus a placebo for one night. This combination therapy lowered the AHI
by 63% (34–86%) from 28.5 (10.9–51.6) events/h to 7.5 (2.4–18.6) events/h (p = 0.001) and
increased genioglossus muscle responsiveness [107]. A trial is currently being conducted
to investigate the effectiveness and safety of treating persistent OSA in children with Down
syndrome with atomoxetine and oxybutynin (NCT04115878).

In conclusion, although adenotonsillectomy remains the primary treatment for chil-
dren with OSA, there are medical treatment options that can be considered. As we acquire
increased understanding of the phenotypes and endotypes of OSA in children, it will be
possible to use the existing and emerging therapies in an individualized fashion.
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Abbreviations

OSA obstructive sleep apnea
AHI apnea–hypopnea index
oAHI obstructive apnea hypopnea index
AT adenotonsillectomy
NCS nasal corticosteroid
LSAT lowest oxygen saturation
PAP positive airway pressure
CPAP continuous positive airway pressure
BPAP bi-level positive airway pressure
BPAP-ST spontaneous-timed BPAP mode
BPAP-S spontaneous BPAP mode
IPAP inspiratory positive airway pressure
EPAP expiratory positive airway pressure
VAPS volume-assured pressure support
HFNC high-flow nasal cannula
POSA positional OSA
PT positional therapy
MT myofunctional therapy
RME rapid maxillary expansion
SRME semi-rapid maxillary expansion
BMI body mass index
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Abstract: Rationale: We recently demonstrated that patients with coronary artery disease (CAD)
and obstructive sleep apnea (OSA) carrying the tumor necrosis factor-alpha (TNF-α) A allele had
increased circulating TNF-α levels compared with the ones carrying the TNF-α G allele. In the cur-
rent study, we addressed the effect of TNF-α (-308G/A) gene polymorphism on circulating TNF-α
levels following continuous positive airway pressure (CPAP) therapy. Methods: This study was
a secondary analysis of the RICCADSA trial (NCT00519597) conducted in Sweden. CAD patients
with OSA (apnea–hypopnea index) of ≥15 events/h and an Epworth Sleepiness Scale (ESS) score of
<10 were randomized to CPAP or no-CPAP groups, and OSA patients with an ESS score of ≥10 were
offered CPAP treatment. Blood samples were obtained at baseline and 12-month follow-up visits.
TNF-α was measured by immunoassay (Luminex, R&D Systems). Genotyping of TNF-α-308G/A
(single nucleotide polymorphism Rs1800629) was performed by polymerase chain reaction–restriction
fragment length polymorphism. Results: In all, 239 participants (206 men and 33 women; mean
age 64.9 (SD 7.7) years) with polymorphism data and circulating levels of TNF-α at baseline and
1-year follow-up visits were included. The median circulating TNF-α values fell in both groups
between baseline and 12 months with no significant within- or between-group differences. In a
multivariate linear regression model, a significant change in circulating TNF-α levels from baseline
across the genotypes from GA to GA and GA to AA (standardized β-coefficient −0.129, 95% con-
fidence interval (CI) −1.82; −0.12; p = 0.025) was observed in the entire cohort. The association
was more pronounced among the individuals who were using the device for at least 4 h/night
(n = 86; standardized β-coefficient −2.979 (95% CI −6.11; −1.21); p = 0.004)), whereas no significant
association was found among the patients who were non-adherent or randomized to no-CPAP. The
participants carrying the TNF-α A allele were less responsive to CPAP treatment regarding the decline
in circulating TNF-α despite CPAP adherence (standardized β-coefficient −0.212, (95% CI −5.66;
−1.01); p = 0.005). Conclusions: Our results suggest that TNF-α (-308G/A) gene polymorphism is
associated with changes in circulating TNF-α levels in response to CPAP treatment in adults with
CAD and OSA.
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1. Introduction

Coronary artery disease (CAD) is associated with high mortality [1]. The traditionally
recognized risk factors for CAD are age, male sex, hypertension, diabetes, and hyperlipi-
demia. It has also been proposed that the interaction between genetic and environmental
factors influences the development of CAD [1–3].

Obstructive sleep apnea (OSA) is characterized by intermittent upper airway collapse
during sleep, causing sleep fragmentation and intermittent hypoxia [4]. Almost 50% of
CAD patients have OSA, and many of them do not report excessive daytime sleepiness
(ESS), which is one of the cardinal symptoms of OSA [5]. Individuals with OSA have been
reported to have an increased risk of incident CAD compared with adults without OSA [6].

Vascular inflammation plays a key role in the development of atherosclerotic plaques
and CAD [7]. It has also been suggested that circulating levels of inflammatory markers
can predict future cardiovascular events [8,9]. Elevated levels of high-sensitivity C-reactive
protein (hs-CRP), interleukin (IL)-6, and tumor necrosis factor (TNF)-α have been reported
in adults with OSA [10,11]. Treatment of OSA with continuous positive airway pressure
(CPAP) has been suggested to normalize the levels of circulating inflammatory markers,
supporting the link between systemic inflammation and OSA [12]. It has also been proposed
that inflammation can be a predisposing factor for OSA [13–15], not just a consequence
of OSA.

TNF-α is a pro-inflammatory cytokine that is important for the immune system and
plays a notable role in the development of autoimmune and infectious diseases as well as
atherosclerosis and CAD [16]. TNF-α also plays a crucial role in sleep regulation [17]. Many
OSA patients have elevated levels of circulating TNF-α [18]. Existing data also suggest that
genetic and environmental factors are involved in the development of OSA [19], and TNF-α
has received special attention in this context [17,20]. There is an SNP (Rs1800629) in the
promoter region of the TNF-α (position 308G/A); allele A at this position (TNF-α-308A)
is suggested to be associated with a higher occurrence of OSA [21] as well as with the
severity of this disorder [18,22–25]. There are also reports concerning the association of
TNF-α-308G/A (rs1800629) polymorphism with the risk of many diseases, such as allograft
rejection [26], asthma [27], chronic obstructive pulmonary disease [28], ischemic stroke [29],
rheumatoid arthritis [30], and systemic lupus erythematosus [31]. An association between
the TNF-α-308A allele and obesity has also been reported [17,21], whereas conflicting
results have been reported regarding the relationship between TNF-α-308G/A polymor-
phism and CAD. One study suggested that TNF-α-308G/A polymorphism is associated
with ST-elevation myocardial infarction and high plasma levels of biochemical ischemia
markers [32], and a meta-analysis demonstrated a significant association between TNF-
α-308G/A and the risk of acute myocardial infarction [33]. On the other hand, a recent
meta-analysis showed no significant association [34].

We recently demonstrated that patients with CAD and OSA carrying the TNF-α A
allele had increased circulating TNF-α levels compared with the ones carrying the TNF-α G
allele [35] in the “Randomized Intervention with CPAP in CAD and OSA” (RICCADSA)
cohort [36]. In the current study, we addressed the role of TNF-α (-308G/A) gene polymor-
phism on circulating TNF-α levels in response to 12 months of CPAP therapy.

2. Materials and Methods

2.1. Study Participants

The methodology of the main RICCADSA trial was described elsewhere [36]. In total,
511 CAD patients who underwent percutaneous coronary intervention (PCI) or coronary
artery bypass grafting (CABG) in Skaraborg County of West Götaland, Sweden, were
included in the RICCADSA trial between 2005 and 2010 (Figure 1). The participants with
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OSA, defined as an apnea–hypopnea index (AHI) of ≥15/h, on the home sleep apnea test
(HSAT) at screening and an Epworth Sleepiness Scale (ESS) score of <10 were randomized
to CPAP or no-CPAP groups. Patients with ESS scores of ≥10 were categorized as having
excessive daytime sleepiness (EDS) and were offered CPAP treatment. The CAD patients
with AHI < 5/h were categorized as no-OSA in the main protocol. For the genetic analysis,
blood samples were collected at the final visit in 2012/2013 from 384 eligible participants,
and 239 patients with OSA were included as the final study population for the current
TNF-α-308G/A polymorphism study to evaluate the changes in circulating TNF-α levels
from baseline to 12 months after CPAP treatment (Figure 1).

Figure 1. Analytic sample of the study population. Abbreviations: AHI, apneahypopnea index;
CPAP, continuous positive airway pressure; ESS, Epworth Sleepiness Scale; OSA, obstructive sleep
apnea; RICCADSA, Randomized Intervention with CPAP in Coronary Artery Disease and Sleep
Apnea; TNF, tumor necrosis factor.

2.2. Study Oversight

The study protocol was approved by the Ethics Committee of the Medical Faculty
of the University of Gothenburg (approval nr 207-05, 09.13.2005; amendment T744-10,
11.26.2010; amendment T512-11, 06.16.2011; additional approval for the molecular analysis,
approval nr 814-17, 11.21.2017). Written informed consent was obtained from all partici-
pants. The main RICCADSA trial was registered with ClinicalTrials.gov (NCT 00519597).

2.3. Sleep Studies

The Embletta® Portable Digital System device (Embla, Broomfield, CO, USA) was
used for the HSATs [36]. Apnea was defined as at least a 90% cessation of airflow, and
hypopnea was defined as at least a 50% reduction in nasal pressure amplitude and/or
thoracoabdominal movement for at least 10 s, following the Chicago criteria [37]. The
total number of significant drops in SpO2 exceeding 4% from the immediately preceding
baseline was also recorded, and the oxygen desaturation index (ODI) was determined as
the number of significant desaturations per hour.

2.4. Epworth Sleepiness Scale

The ESS [38] was assessed to measure subjective daytime sleepiness. The ESS has
eight items asking about the risk of dozing off under 8 different situations, and a score of
at least 10 out of 24 was defined as EDS.
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2.5. Comorbidities

Demographics, smoking habits, and medical history of the study cohort were obtained
from the medical records. Individuals with a body mass index (BMI) of ≥30 kg/m2 were
defined as obese, and abdominal obesity was defined as a waist-to-hip ratio (WHR) of
≥0.9 for men and a WHR of ≥0.8 for women [39].

2.6. TNF-α Circulating Concentration

All blood samples were collected in the morning (07:00–08.00 am) after overnight
fasting using EDTA (ethylenediaminetetraacetic acid) tubes, as previously described [40].
The tubes underwent centrifugation, and the resulting plasma/serum samples were di-
vided into aliquots and subsequently stored at −70 ◦C until analysis. Circulating TNF-α
levels were measured in the plasma samples (undiluted) using commercially available
MILLIPLEX MAP (based on Luminex technology) human adipokine assay kits according
to the manufacturer’s instructions (Merck Millipore, Burlington, MA, USA). The assay
sensitivities (minimum detectable levels) for TNF-α were 0.14 pg/mL, and all samples
exhibited levels within the standard curve, covering a spectrum of 0 to 10,000 pg/mL.
The intra-assay variability ranged from 1.4% to 7.9%, while the inter-assay variability was
below 21% for the assessment of TNF-α concentrations. These values were calculated from
the mean of the percentage coefficient of variability from multiple reportable results across
two different concentrations of the samples in one experiment or from two results each for
two different concentrations of samples across several different experiments.

2.7. TNF-α Promotor -308G/A (Rs1800629) SNA Genotyping

As previously described in detail [35], genomic DNA was isolated from whole blood
samples collected in EDTA-coated tubes using the PAXgene Blood DNA Kit (PreAnalytiX;
Qiagen). The quality and concentration of DNA samples were determined using a nanodrop
photometer (NanoDrop 2000; Thermo Scientific, Waltham, MA, USA), and DNA samples
were stored at −80 degrees. TNF-α promoter −308A/G (Rs1800629) genotyping analysis
was performed by polymerase chain reaction–restriction fragment length polymorphism
(PCR–RFLP), as previously described [35].

2.8. Statistical Analysis

For descriptive statistics, variables were reported as medians with interquartile ranges
(IQR) for continuous variables and as percentages for categorical variables. The Shapiro–
Wilk test was used to test the normality assumption of the current data for all variables.
Between-group differences stratified by CPAP allocation and CPAP usage in baseline
characteristics, as well as changes from baseline in circulating TNF-α levels, were tested by
the Mann–Whitney test for continuous variables and the Chi-square test for categorical data.
Within-group differences in changes from baseline in circulating TNF-α levels were tested
by the Wilcoxon signed-rank test. A univariate linear regression analysis was performed
to test the association between the change from baseline to the 12-month follow-up in
circulating TNF-α levels and age, sex, ESS, BMI, WHR, AHI, ODI, OSA, and comorbidities,
as well as TNF-α genotypes (coded as GG = 0, GA = 1, and AA = 2) and TNF-α alleles
(coded as G = 0, and A = 1), respectively. Multivariate models included the same significant
covariates as the univariate analysis as well as the variables of age, BMI, and sex in order to
align with the recent guidelines [41]. All statistical tests were two-sided, odds ratios (ORs)
with 95% confidence interval (CI) were reported, and a p-value of <0.05 was considered
significant. Statistical analyses were performed using SPSS® 28.0 for Windows® (SPSS Inc.,
Chicago, IL, USA).

3. Results

The study population consisted of 239 participants (mean age 64.9 ± 7.7 years; male,
86%). As presented in Table 1, patients allocated to the no-CPAP group were slightly older
and less sleepy, and the proportion of individuals with diabetes at baseline was lower than

127



J. Clin. Med. 2023, 12, 5325

that among the patients allocated to CPAP treatment. The circulating levels of TNF-α at
baseline did not differ significantly between the groups.

Table 1. Baseline demographic and clinical characteristics of the OSA patients allocated to CPAP vs.
no-CPAP groups.

OSA on CPAP
n = 169

OSA no-CPAP
n = 70

p-Value

Age, yrs 64.1 (59.8–69.3) 67.4 (62.7–72.4) 0.019
Male sex, % 86.4 85.7 0.890
BMI, kg/m2 28.3 (25.9–31.1) (28.7 (26.2–30.0) 0.548
Obesity, % 32.0 24.3 0.238

WHR 0.96 (0.93–1.00) 0.96 (0.91–0.99) 0.153
Abdominal obesity, % 93.2 95.7 0.470
Current smoking, % 16.0 15.7 0.960

ESS score 10.0 (6.0–12.0) 6.0 (4.0–7.0) <0.001
EDS (ESS score ≥ 10), % 56.8 0.0 <0.001

AHI, events/h 27.7 (18.7–39.2) 22.9 (17.8–35.7) 0.128
ODI, events/h 15.7 (9.4–24.8) 12.6 (7.2–22.9) 0.101
Hypertension 60.9 54.3 0.341

AMI at baseline 54.4 44.3 0.153
Lung disease, % 5.3 4.3 0.738

Diabetes, % 26.0 12.9 0.026
Stroke, % 4.8 10.1 0.121

Plasma TNF-α (pg/mL) 4.87 (3.43–6.99) 5.15 (3.92–6.54) 0.856
Continuous data are presented as median and 25–75% quartiles. Categorical data are presented as percentages.
Abbreviations: AHI = Apnea–Hypopnea Index; BMI = Body Mass Index; EDS = Excessive Daytime Sleepiness (ESS
score ≥ 10); ESS = Epworth Sleepiness Scale; TNF-α = tumor necrosis factor-alpha; ODI = Oxygen Desaturation
Index; OSA = Obstructive Sleep Apnea; WHR = Waist–Hip Ratio.

As illustrated in Figure 2A, TNF-α-GG was the most prevalent genotype in both
groups, whereas TNF-α-AA in the CPAP group and TNF-α-GA in the no-CPAP group were
the least frequent ones, respectively.

The median circulating levels of TNF-α decreased from 4.87 (3.43–6.99) pg/mL to
4.62 (3.59–6.59) pg/mL in patients allocated to the CPAP group (p = 0.549) and from
5.15 (3.92–6.54) pg/mL to 4.50 (3.64–7.11) pg/mL in patients allocated to the no-CPAP
group (p = 0.665), with no significant between-group differences in the magnitude of
change from baseline.

When analyzing the study population after stratifying by CPAP usage, the baseline
characteristics did not differ significantly, except for ESS scores and the proportion of
individuals with baseline EDS, which were higher among patients who used the device for
at least 4 h/night during the first 12 months (Table 2).

As illustrated in Figure 3A, TNF-α-GG was the most prevalent genotype and TNF-α-
AA the least frequent one in both CPAP usage groups.

As illustrated in Figure 4, the median circulating levels of TNF-α decreased from
4.84 (3.48–7.53) pg/mL to 4.72 (3.63–7.20) pg/mL in patients who used the device for at
least 4 h/night (p = 0.577) and from 5.24 (3.59–6.85) pg/mL to 4.51 (3.50–6.75) pg/mL in
patients allocated to the no-CPAP group or who used the device for less than 4 h/night
(p = 0.199), with no significant between-group differences in the magnitude of change
from baseline.

In a multivariate linear regression model, a significant decline in the change from
baseline in circulating TNF-α levels across the genotypes from GG to GA and GA to
AA was observed in the entire cohort (Table 3). The association was more pronounced
among individuals who were using the device for at least 4 h/night, whereas no significant
association was found among the patients who were non-adherent or randomized to the
no-CPAP group. ESS scores at baseline tended to be inversely correlated with the change in
circulating TNF-α levels from baseline to 12 months in the entire cohort (Table 3).
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Figure 2. (A) Genotype frequency of TNF-α-308G/A promoter polymorphism and (B) allele frequency
of TNF-α-308G/A promoter polymorphism in OSA patients allocated to CPAP vs. no-CPAP groups.

Table 2. Baseline demographic and clinical characteristics of the OSA patients stratified by CPAP usage.

CPAP ≥ 4 h/Night
(Adherent)

n = 86

CPAP < 4 h/Night or
no CPAP
n = 153

p-Value

Age, yrs 64.4 (60.1–70.6) 65.2 (59.9–70.6) 0.602
Male sex, % 84.9 86.9 0.660
BMI, kg/m2 28.2 (25.7–31.1) 28.7 (26.2–30.2) 0.875
Obesity, % 32.6 28.1 0.470

WHR 0.96 (0.92–1.02) 0.97 (0.93–1.01) 0.609
Abdominal obesity, % 92.8 94.6 0.586
Current smoking, % 12.8 17.6 0.324

ESS score 10.0 (6.0–11.0) 7.0 (4.0–10.0) 0.007
EDS (ESS score ≥ 10), % 53.5 32.7 0.002

AHI, events/h 28.2 (18.3–40.1) 25.3 (18.6–36.2) 0.293
ODI, events/h 17.2 (10.1–25.7) 14.2 (7.9–23.1) 0.052
Hypertension 60.5 58.2 0.729

AMI at baseline 54.7 49.7 0.460
Lung disease, % 5.3 4.3 0.738

Diabetes, % 27.9 19.0 0.110
Stroke, % 5.8 4.6 0.674

Plasma TNF-α (pg/mL) 4.87 (3.48–7.53) 5.24 (3.59–6.85) 0.631
Continuous data are presented as median and 25–75% quartiles. Categorical data are presented as percentages.
Abbreviations: AHI = Apnea–Hypopnea Index; BMI = Body Mass Index; EDS= Excessive Daytime Sleepiness (ESS
score ≥ 10); ESS = Epworth Sleepiness Scale; TNF-α = tumor necrosis factor-alpha; ODI = Oxygen Desaturation
Index; OSA = Obstructive Sleep Apnea; WHR = Waist–Hip Ratio.
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Figure 3. (A) Genotype frequency of TNF-α-308G/A promoter polymorphism and (B) allele frequency
of TNF-α-308G/A promoter polymorphism in OSA patients stratified by CPAP usage.

Figure 4. Circulating TNF-α levels at baseline and after 12 months of CPAP therapy in OSA patients
stratified by CPAP usage categories.

As shown in Table 4, the participants carrying the TNF-α A allele were less responsive
to CPAP treatment regarding the decline in circulating TNF-α levels despite CPAP adher-
ence. Baseline AHI was also inversely correlated with a decline in the change from baseline
in circulating TNF-α levels among patients who were adherent to CPAP. No significant
changes were observed among patients who were randomized to the no-CPAP group or
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those who were using the device for less than 4 h/night, except for baseline AHI, which
was associated with the change in circulating TNF-α levels (Table 4).

Table 3. Regression analyses of the association of the TNF-α genotypes with change in circulating
TNF-α levels from baseline, adjusted for the confounding variables in CAD patients with OSA (entire
cohort and subgroups based on the CPAP use).

Standardized 95% Confidence Interval for p-Values
Coefficients β Lower Bound Upper Bound

Entire Cohort

Genotypes * −0.129 −1.82 −0.12 0.025
Age 0.018 −0.05 0.07 0.762

Male sex −0.035 −1.91 1.00 0.540
BMI −0.005 −0.15 0.14 0.942
AHI −0.035 −0.04 0.02 0.573
ESS −0.115 −0.28 0.00 0.056

Diabetes 0.017 −1.13 1.53 0.768

CPAP use
≥4 h/night

Genotypes * −2.979 −6.11 −1.21 0.004
Age −0.057 −0.25 0.15 0.607

Male sex 0.128 −1.61 6.21 0.246
BMI 0.029 −0.29 0.38 0.803
AHI −0.183 −0.16 0.01 0.096
ESS −0.078 −0.46 0.22 0.481

Diabetes 0.006 −3.03 3.21 0.955

CPAP use
<4 h/night or

no-CPAP

Genotypes * −0.019 −0.93 0.73 0.816
Age 0.026 −0.58 0.79 0.765

Male sex −0.079 −2.36 0.84 0.349
BMI −0.078 −0.23 0.09 0.368
AHI 0.124 −0.01 0.07 0.149
ESS −0.055 −0.19 0.10 0.507

Diabetes −0.055 −1.82 0.91 0.509
Abbreviations: AHI = Apnea–Hypopnea Index; BMI = Body Mass Index; CAD = Coronary Artery Disease;
CPAP = Continuous Positive Airway Pressure; ESS = Epworth Sleepiness Scale; OSA = Obstructive Sleep Apnea.
* GG = 0, GA = 1, AA = 2.

Table 4. Regression analyses of the association of the TNF-α A allele with change in circulating TNF-α
levels from baseline, adjusted for the confounding variables in CAD patients with concomitant OSA.

Standardized 95% Confidence Interval for p-Values
Coefficients β Lower Bound Upper Bound

Entire Cohort

TNF-α A Allele −0.098 −2.08 −0.08 0.034
Age 0.020 −0.04 0.07 0.676

Male sex 0.027 −0.88 1.60 0.568
BMI −0.009 −0.13 0.11 0.858
AHI −0.060 −0.05 0.10 0.202

CPAP h/night 0.011 −0.14 0.18 0.827
ESS −0.061 −0.19 0.41 0.208

Diabetes −0.017 −1.24 0.85 0.714

CPAP use
≥4 h/night

TNF-α A Allele −0.212 −5.66 −1.01 0.005
Age −0.038 −0.18 0.11 0.627

Male sex 0.102 −0.90 4.58 0.187
BMI 0.018 −0.21 0.26 0.823
AHI −0.189 −0.14 −0.02 0.015
ESS −0.061 −0.34 0.15 0.434

Diabetes 0.012 −2.03 2.38 0.876

CPAP use
<4 h/night or

no-CPAP

TNF-α A Allele −0.014 −0.96 0.75 0.805
Age 0.025 −0.04 0.06 0.670

Male sex −0.079 −1.87 0.35 0.180
BMI −0.078 −0.18 0.04 0.197
AHI 0.123 −0.01 0.06 0.039
ESS −0.055 −0.15 0.05 0.347

Diabetes −0.055 −1.40 0.49 0.346
Abbreviations: AHI = Apnea–Hypopnea Index; BMI = Body Mass Index; CAD = Coronary Artery Disease;
CPAP = Continuous Positive Airway Pressure; ESS = Epworth Sleepiness Scale; OSA = Obstructive Sleep Apnea.
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4. Discussion

In the current revascularized CAD cohort with OSA, TNF-α-308G/A gene polymor-
phism was significantly correlated with the change in circulating TNF-α levels from baseline
in response to 12 months of CPAP treatment, independent of age, sex, BMI, baseline AHI,
ESS, and diabetes. The participants carrying the TNF-α A allele were less responsive to
CPAP treatment in terms of the decline in circulating TNF-α levels despite adequate CPAP
adherence levels.

To the best of our knowledge, this is the first study to address the association of
TNF-α-308G/A polymorphism with change in circulating TNF-α levels in response to the
alleviation of OSA with CPAP treatment in a Swedish cardiac population. Previous studies
have suggested an association between the TNF-α -308A allele and OSA susceptibility in a
British population [24] as well as in an obese Asian Indian population [22], whereas neutral
results were reported in a Polish cohort [21] and a Turkish cohort [42]. Notwithstanding,
two meta-analyses have supported the significant association between TNF-α -308G/A
polymorphism and OSA [43,44].

In our entire cohort including adults without OSA as a control group, we found no
significant difference between CAD patients with vs. without OSA in the frequency of
TNF-α-308G/A polymorphism or TNF-α -308 alleles [35]. We found a similar -308A allele
frequency in the no-OSA group, and, as interpreted in the previous report, this might be
due to the confounding effect of other comorbidities, such as obesity, hypertension, and
diabetes mellitus, given that individuals without OSA were not healthy controls [27]. More-
over, CAD per se is an inflammatory condition mediated by the activity of pro-inflammatory
cytokines, including TNF-α [45]. The effect of TNF-α gene polymorphism on CAD patho-
genesis has also been investigated previously, and TNF-α-308G/A polymorphism has
been suggested to be involved in CAD development [45,46], whereas others reported no
evidence for such an association [47]. Additionally, a recent meta-analysis suggested no
significant relationship between TNF-α-308G/A polymorphism and the development of
CAD [34].

Circulating levels of inflammatory markers predict future cardiovascular events in the
general population [8] as well as in cardiac populations [9], and TNF-α levels are elevated
in individuals with OSA compared with controls [25,48]. It has also been argued that
inflammation can be a predisposing factor for OSA [13–15]; thus, this association could be
bidirectional. In our first study on the effect of CPAP on inflammatory markers, including
hs-CRP, IL-6, IL-8, and TNF-α, in the RICCADSA cohort, only IL-6 levels decreased after
one year, both in the CPAP and no-CPAP arms [49]. This was probably indicative of a
natural improvement in cardiac disease rather than the effect of CPAP treatment per se.
We also demonstrated that patients with CAD and OSA carrying the TNF-α A allele had
increased circulating TNF-α levels compared with the ones carrying the TNF-α G allele [35].
The TNF-α-308A allele is known to promote a two-fold increase in TNF transcription ac-
tivity [50]. TNF-α is a mediator of the sleep regulatory system, and the fragmented sleep
pattern associated with OSA is believed to increase circulatory levels of TNF-α [17]. Our
current results clearly support a recent review of OSA heterogeneity regarding cardiovas-
cular morbidities [1], suggesting that the response to CPAP treatment is modulated by
genetic mechanisms, namely, in the current report, by TNF-α (-308G/A) gene polymor-
phism regarding the change in circulating levels of TNF-α from baseline. In other words,
individuals with CAD and OSA carrying the TNF-α A allele seem to have an increased risk
of elevated levels of circulating TNF-α, and the increased inflammatory activity is less likely
to normalize despite CPAP use for at least 4 h/night. Whether or not those individuals
should use the device even longer in order to reduce the levels of circulating TNF-α levels
warrants further research. The clinical implications of our findings may also include that
TNF-α-308G/A genotyping together with the analysis of TNF-α levels can be used for the
prognostic evaluation of patients with CAD and concomitant OSA. For instance, patients
carrying the A allele and higher levels of TNF-α could be included in a tighter follow-up
scheme compared with those carrying the G allele.
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We should acknowledge certain limitations. As also stated in the previous report [35],
the power estimate for the entire RICCADSA cohort was conducted for the primary out-
come and not for the secondary outcomes assessed in this study. Moreover, our results are
limited to a Swedish CAD cohort and thus are not generalizable to adults with OSA in
the general population or sleep clinic cohorts in other regions. Additionally, the follow-up
period was relatively short in the context of the association of changes in circulating TNF-α
levels at 12 months with long-term adverse outcomes. Finally, our results are limited to
TNF-α (-308G/A) (rs1800629) polymorphism and not the TNF-α (-308G/A) (rs3611525)
polymorphism. However, TNF-α-308G/A (rs1800629) and TNF-α-238G/A (rs361525) are
located very close to each other and are hence tightly linked. In fact, in our sequencing
results, we noticed that polymorphism in one 100% mirrored the other, and for the sake
of simplicity, we chose to focus on and present only one of these SNPs. Accordingly,
we propose that the TNF-α-308G/A (rs1800629) polymorphism analysis results can be
extrapolated to TNF-α-238G/A (rs361525) SNP due to their tight linkage.

5. Conclusions

We conclude that TNF-α-308G/A gene polymorphism was significantly correlated
with the change in the circulating TNF-α levels from baseline in response to 12 months
of CPAP treatment in this revascularized Swedish CAD cohort, independent of age, sex,
BMI, baseline AHI, ESS, and diabetes. The participants carrying the TNF-α A allele were
less responsive to CPAP treatment in terms of the decline in circulating TNF-α levels
despite adequate CPAP adherence levels. Further prospective studies in larger cohorts
and different geographical locations are warranted in order to better clarify whether the
combined gentrifying and protein level analysis can be used as a prognostic biomarker for
improved clinical follow-up of patients with CAD and concomitant OSA.
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Abstract: Background: Repetitive episodes of apnea and hypopnea during sleep in patients with
obstructive sleep apnea (OSA) are known to increase the risk of atherosclerosis. Underlying obe-
sity and related disorders, such as insulin resistance, are indirectly related to the development of
atherosclerosis. In addition, OSA is independently associated with insulin resistance; however, data
regarding this relationship are scarce in Japanese populations. Methods: This study aimed to examine
the relationship between the severity of OSA and insulin resistance in a Japanese population. We
analyzed the data of consecutive patients who were referred for polysomnography under clinical
suspicion of developing OSA and who did not have diabetes mellitus or any cardiovascular disease.
Multiple regression analyses were performed to determine the relationship between the severity of
OSA and insulin resistance. Results: The data from a total of 483 consecutive patients were analyzed.
The median apnea-hypopnea index (AHI) was 40.9/h (interquartile range: 26.5, 59.1) and the median
homeostasis model assessment for insulin resistance (HOMA-IR) was 2.00 (interquartile range: 1.25,
3.50). Multiple regression analyses revealed that the AHI, the lowest oxyhemoglobin saturation
(SO2), and the percentage of time spent on SO2 < 90% were independently correlated with HOMA-IR
(an adjusted R-squared value of 0.01278821, p = 0.014; an adjusted R-squared value of −0.01481952,
p = 0.009; and an adjusted R-squared value of 0.018456581, p = 0.003, respectively). Conclusions: The
severity of OSA is associated with insulin resistance assessed by HOMA-IR in a Japanese population.

Keywords: obstructive sleep apnea; insulin resistance; HOMA-IR

1. Introduction

Cardiovascular disease (CVD) is a leading cause of death worldwide. Knowing how
to prevent CVD has been key for promoting health of the population and individuals
around the world. The American Heart Association created a definition for the construct of
cardiovascular health (CVH) in 2010 based on the idea that health is not regarded as merely
the absence of disease [1]. It leveraged relevant existing evidence and emerging prevention
concepts to formulate a definition that was intended to be accessible for all stakeholders,
such as individuals, health practitioners, researchers for health, and policymakers, in order
to focus efforts on improving CVH for all individuals. The initial definition of CVH was
based on seven health behaviors, including indicators of dietary quality; participation in
physical activity; exposure to cigarette smoking; and measures of body mass index, fasting
blood glucose, total cholesterol, and blood pressure levels. Recently, the CVH has been
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updated with the inclusion of sleep as a novel CVH component [1]. Sleep is fundamental
for human biology and essential for life. Epidemiological studies have identified inap-
propriate sleep hygiene as a risk factor for all-cause mortality, and subsequent research
has explored potential mechanisms, including implications for cardiometabolic health.
Much of the existing research has focused on sleep duration; however, sleep health is a
multidimensional construct with overlapping components, such as duration, regularity, effi-
ciency, self-satisfaction, impact on daytime alertness, as well as sleep-disordered breathing
(SDB) [1].

Obstructive sleep apnea (OSA), which is a main type of SDB, is associated with the
incidence and progression of metabolic and atherosclerotic diseases, including coronary
artery disease, hypertension, and diabetes mellitus (DM) [2–5]. DM is mainly driven by
insulin resistance and impaired secretion. Epidemiological studies have reported that OSA
is associated with insulin resistance independent of confounders, such as obesity [6,7]. In a
study of 150 overweight men, the apnea-hypopnea index (AHI) was associated with insulin
resistance, independent of obesity [6]. Another case–control study of non-obese young
men reported an association between OSA and insulin resistance, suggesting that OSA
may provoke insulin resistance independent of obesity and age [7]. Japanese patients with
OSA have different characteristics, such as comorbid obesity and anatomical abnormalities
of the upper airway, from those in Europe and the United States. However, it remains
unconclusive whether the severity of OSA in patients with OSA in Japan is associated with
insulin resistance, even in the absence of diabetes mellitus and CVDs, which leads to insulin
resistance with increased pro-inflammatory status. Therefore, we aimed to examine the
relationship between the severity of OSA and insulin resistance in a Japanese population
without diabetes mellitus and CVDs through exploratory data analyses.

2. Materials and Methods

2.1. Study Population

This is a retrospective observational study conducted at a single institution. Con-
secutive patients diagnosed with OSA using polysomnography at the sleep center of
Toranomon Hospital, Tokyo, Japan, between 1 January 2006 and 1 October 2006, were
enrolled in the study.

The exclusion criteria were as follows: (1) the presence of DM or undertreatment with
any antidiabetic medication; (2) the presence of any CVD, including coronary artery disease,
heart failure, or stroke; and (3) a history of renal failure undergoing dialysis treatment.

This study was conducted in accordance with the Declaration of Helsinki and was
approved by the Ethics Board of Toranomon Hospital. In this study, sleep studies, anthro-
pometric data collection, and blood sampling, which had already been performed as a
routine clinical checkup, were analyzed. The requirement to obtain informed consent was
waived by the Toranomon Hospital Ethics Board using opt-out methods.

2.2. Sleep Study

For sleep studies, overnight polysomnography was carried out, according to the
standard protocols and criteria [8]. Electrocardiography, electroencephalography, elec-
trooculography, and electromyography were performed, and thoracoabdominal motion
was monitored with respiratory inductance plethysmography. Airflow was measured
with an oronasal thermal airflow sensor and nasal pressure cannula, and oxyhemoglobin
saturation (SO2) was monitored with oximetry. Respiratory events (apneas or hypopneas)
were counted according to the American Academy of Sleep Medicine scoring manual 2020
updates [9]. Apnea with and without rib cage and/or abdominal movement were defined
as obstructive and central apnea, respectively. Hypopnea was defined as obstructive if any
of the following conditions were present: (1) paradoxical chest or abdominal movements,
(2) snoring, or (3) flow limitation during hypopnea events. Otherwise, hypopnea was
classified as central.
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2.3. Index of Insulin Resistance

The homeostasis model assessment for insulin resistance (HOMA-IR) was used as
an index of insulin resistance, which was calculated as the fasting serum insulin level
multiplied by the fasting glucose level multiplied by 405 [10]. Serum insulin and fasting
glucose levels were measured using a commercially available assay at Toranomon Hospital
before the polysomnography was performed.

2.4. Other Variables

The following variables were obtained from the clinical chart at the time of polysomnog-
raphy: age; sex; body mass index (BMI); waist circumference; the presence of hyperten-
sion; and serum levels (total cholesterol, triglycerides, low-density lipoprotein cholesterol,
high-density lipoprotein cholesterol, insulin, uric acid, and C-reactive protein). BMI was
calculated as the body weight in kilograms divided by the square of body height in meters,
and waist circumference was measured around the abdomen at the level between the top
of the hip bone and the bottom of the ribs at the time of polysomnography. Hypertension
is defined as systolic blood pressure ≥ 140 mm Hg, diastolic blood pressure ≥ 90 mm Hg,
or under any antihypertensive medications.

2.5. Outcomes

Relationships between OSA severity, AHI, 3% oxygen desaturation index (ODI), lowest
SO2, the percentage of time spent on SO2 < 90% (%TST SO2 < 90%), arousal index, and
HOMA-IR were examined.

2.6. Statistical Analysis

The clinical data were presented as the mean ± standard deviation or median and
interquartile range. Correlation analyses were performed to evaluate relationships between
each index of OSA severity (AHI, 3% ODI, lowest SO2, %TST SO2 < 90%, and arousal
index) and HOMA-IR as the dependent variable adjusted for covariates (age, sex, and
BMI), and the coefficient, standard error, t-test statistic (T), adjusted R-squared value,
and the p-value were calculated. The indices of OSA severity were AHI, 3% ODI, lowest
SO2, %TST SO2 < 90%, and arousal index. As HOMA-IR was not normally distributed,
log-transformed HOMA-IR (log HOMA-IR) was used in the analyses. Multiple regression
analyses were performed to determine the association between OSA severity and HOMA-
IR, with the other variables obtained at the time of polysomnography. Statistical significance
was set at p < 0.05. All statistical analyses were performed using the SPSS statistical software
(version 11.0; SPSS Inc., Chicago, IL, USA).

3. Results

A total of 483 patients were enrolled in this study. The participants’ characteristics are
presented in Table 1. The median age was 55.0 years (interquartile range (IQR): 44, 64) and
90.9% of the study population were men. The prevalence of hypertension was 54.0% and
the median HOMA-IR was 2.00 (IQR: 1.25, 3.50). The polysomnographic data are presented
in Table 2. The median AHI was 40.9 (IQR: 26.5, 59.1), the 3% ODI was 28.4 (IQR: 13.3, 50.5),
the lowest SO2 was 77 (IQR: 69, 82), the median arousal index was 39.1 (26.6, 56.3), and the
median %TST SO2 < 90% was 14.6 (IQR: 3.8, 44.3).

The relationships between the polysomnographic data and log HOMA-IR are shown in
Table 3. The AHI, 3% ODI, %TST SO2 < 90%, and arousal index were positively correlated
with log HOMA-IR (an adjusted R-squared value of 0.0038321, p = 0.015 for AHI; an
adjusted R-squared value of 0.0030430, p = 0.024 for 3% ODI; an adjusted R-squared
value of 0.003599, p = 0.001 for %TST SO2 < 90%; and an adjusted R-squared value of
0.00343508, p = 0.028 for the arousal index). The lowest SO2 was inversely correlated with
log HOMA-IR (an adjusted R-squared value of −0.0061958, p = 0.004). Multiple regression
analyses revealed that AHI, 3% ODI, lowest SO2, and %TST SO2 < 90% were independently
correlated with log HOMA-IR (an adjusted R-squared value of 0.01278821, p = 0.014 for
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AHI; an adjusted R-squared value of −0.01481952, p = 0.009 for lowest SO2; and an adjusted
R-squared value of 0.018456581, p = 0.003 for %TST SO2 < 90%) (Table 4).

Table 1. Baseline characteristics of the study participants.

n = 483

Age, years 55.0 (44, 64)
Men, n (%) 439 (90.9)
BMI (kg/m2) 26.6 (24.3, 29.4)
Waist circumference (cm) 95.3 ± 12.0
Hypertension, n (%) 261 (54.0)
Total cholesterol (mg/dL) 196 (174, 217)
Triglyceride (mg/dL) 139 (98, 197)
High-density lipoprotein cholesterol (mg/dL) 46 (40, 54)
Low-density lipoprotein cholesterol (mg/dL) 115.4 (97.2, 132.6)
Fasting blood glucose (mg/dL) 97 (91, 106)
Glycated hemoglobin (%) 5.4 (5.1, 5.8)
Insulin (μU/mL) 8 (5, 14)
Uric acid (mg/dL) 6.5 (5.5, 7.3)
C-reactive protein (mg/dL) 0.1 (0, 0.2)
HOMA-IR 2.00 (1.25, 3.50)

Continuous data are shown as mean ± standard deviation or median (interquartile range). Categorical data are
shown as numbers (%). BMI, body mass index; HOMA-IR, homeostasis model assessment for insulin resistance.

Table 2. Polysomnographic findings.

n = 483

AHI (/h) 40.9 (26.5, 59.1)
Awake SO2 (%) 96 (94, 96)
Lowest SO2 (%) 77 (69, 82)
%TST SO2 < 90% (%) 14.6 (3.8, 44.3)
3% ODI (/h) 28.4 (13.3, 50.5)
Arousal index (/h) 39.1 (26.6, 56.3)
PLM arousal index (/h) 0.3 ± 1.3
Stage 1 (%) 31.4 (23.4, 44.5)
Stage 2 (%) 46.7 ± 12.6
Stage SWS (%) 2.8 (0.8, 6.5)
Stage REM (%) 10.3 (6.9, 14.2)

Data are shown as mean ± standard deviation or median (interquartile range). AHI, apnea-hypopnea index; SO2,
oxyhemoglobin saturation; TST, total sleep time; ODI, oxygen desaturation index; PLM, periodic eye movement;
SWS, slow-wave sleep; REM, rapid eye movement.

Table 3. Relationships between the polysomnographic data and HOMA-IR.

Coefficient
Standard
Error

T p
95%
Confidence
Interval

Adjusted
R-Squared
Value

Adjusted
R-Squared
Value for the
Total Model

p-Value
for the Total
Model

AHI 0.0038 0.0016 2.45 0.015 0.0008, 0.0069 0.0675 0.313 <0.0001

3% ODI, 0.0030 0.0013 2.27 0.024 0.0004, 0.0057 0.0742 0.309 <0.0001

lowest SO2, −0.0062 0.0022 −2.88 0.004 −0.010, −0.0020 0.0612 0.312 <0.0001

%TST SO2
< 90%, 0.0036 0.0010 3.46 0.001 0.0016, 0.0056 0.1092 0.318 <0.0001

arousal index 0.0034 0.0016 2.20 0.028 0.0004, 0.0065 0.0473 0.308 <0.0001

Age, sex, and BMI were included in each model. AHI, apnea-hypopnea index; ODI, oxygen desaturation index;
SO2, oxyhemoglobin saturation; TST, total sleep time; BMI, body mass index.
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Table 4. Results of multiple regression analyses for the relationships between each index of OSA
severity and HOMA-IR.

Coefficient
Standard
Error

T p
95%
Confidence
Interval

Adjusted
R-Squared
Value

Adjusted
R-Squared
Value for the
Total Model

p-Value
for the Total
Model

AHI 0.0015 0.000608 2.48 0.014 0.0003, 0.0027 0.0742 0.319 <0.0001

3% ODI, 0.0011 0.000566 1.91 0.057 −0.000037,
0.002189 0.0798 0.315 <0.0001

lowest SO2, −0.0026 0.000994 −2.61 0.009 −0.004550,
−0.000643 0.0660 0.320 <0.0001

%TST SO2 <
90%, 0.0014 0.000465 2.99 0.003 0.000475,

0.002304 0.1148 0.323 <0.0001

arousal index 0.0011 0.000632 1.79 0.074 −0.000110,
0.002375 0.0487 0.313 <0.0001

Age, sex, BMI, waist circumference, and presence of hypertension were included in each model. AHI, apnea-
hypopnea index; ODI, oxygen desaturation index; SO2, oxyhemoglobin saturation; TST, total sleep time; BMI,
body mass index.

4. Discussion

Our study demonstrated that the indices of OSA severity (AHI, lowest SO2, and %TST
SO2 < 90%) were correlated with insulin resistance, as assessed by HOMA-IR after adjusting
for covariates in a Japanese population without diabetes mellitus and CVDs. The finding
seems to be pathophysiologically valid because the high severity of OSA can be related to
chronic sympathetic activity and systemic inflammation that can elicit insulin resistance.
Although sleep disorders are often readily missed in routine medical care, they have been
reported to be strongly associated with the development of CVDs. Therefore, the results
of this study suggest that, at least in Japanese populations, even in the absence of known
CVDs or diabetes mellitus, findings of insulin resistance may form the basis for suspecting
the presence of OSA.

Epidemiological studies have reported an association between SDB and insulin re-
sistance. A study reported that increased AHI was associated with worsening insulin
resistance (odds ratio, 2.15; 95% confidence interval, 1.05 to 4.38), independent of obesity, in
150 obese men (mean BMI 30.5 ± 2.9 kg/m2) without DM or cardiopulmonary disease [6].
Another case–control study of 52 young lean men (with a mean age of 23.4 ± 0.4 years and
mean BMI of 22.6 ± 0.3 kg/m2) without cardiometabolic disease reported that participants
with OSA had 27% lower insulin sensitivity, estimated by the Matsuda index, and 37%
higher insulin secretion after the ingestion of glucose load than those without OSA [7].
A longitudinal study assessing 141 non-diabetic men (with a mean age of 57.5 years and a
mean BMI of 26.9 kg/m2), with a mean follow-up of 11 years and 4 months, reported that
an oxygen desaturation index >5/h was significantly associated with deteriorated insulin
resistance assessed using the change in HOMA-IR from baseline to follow-up and a higher
incidence of diabetes, partially supporting the findings of our study [11]. Nevertheless, the
strong correlation between the severity of OSA observed in this study with insulin resis-
tance reemphasizes that the presence of OSA can be a potent risk factor for atherosclerotic
diseases via increased insulin resistance.

4.1. Mechanisms of the Association between OSA and Insulin Resistance

The presumed mechanisms underlying the association between OSA and insulin resis-
tance include intermittent hypoxemia caused by OSA [12], inappropriate OSA-related sleep
hygiene [13–15], increased sympathetic nerve activity, oxidative stress, and inflammation
(Figure 1). In experimental animal models, intermittent hypoxia was shown to mediate
hypoxia-inducible factor 1α expression in pancreatic beta cells, resulting in insulin resis-
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tance when the production of reactive oxygen species increases [16]. It has been speculated
that initial hypoxia exposure may affect insulin clearance in the liver. From these findings,
it is possible that the effects of hypoxia on insulin resistance may differ depending on the
degree of hypoxia and the duration of exposure. Sleep fragmentation using auditory and
mechanical stimulation in healthy subjects has been reported to reduce insulin sensitivity
by 20–25% [15,17,18]. The mechanisms by which SDB induces insulin resistance is likely
to be complex and cannot be explained by a single pathway, but the pathogenesis listed
above may at least be involved in the sleep disturbances that can develop or exacerbate
CVDs via the presence of insulin resistance.

Figure 1. Mechanisms linking OSA and insulin resistance include sympathetic overactivity, oxidative
stress, inflammation, the stimulation of the HPA axis and low adiponectin secretion induced by
intermittent hypoxia and sleep fragmentation. HPA; hypothalamic–pituitary–adrenal.

4.2. Positive Airway Pressure Therapy for OSA and Insulin Resistance

Treatments for OSA include lifestyle modification mainly for obesity, postural therapy
for patients with OSA whose severity of OSA fluctuate according to the body position,
intraoral appliance, upper airway surgery, and CPAP therapy. Among the various treatment
options for OSA, CPAP therapy has been an established choice to decrease AHI and improve
symptoms due to OSA and quality of life, which has been covered by insurance since 1998
in Japan [2]. Variety of beneficial effects of CPAP for patients with OSA have been reported
such as lowering blood pressure, suppression of sympathetic nerve activity, decrease
in inflammatory markers, improvement of vascular endothelial function, left ventricular
systolic and diastolic function, and nocturnal myocardial ischemia [2]. However, prognostic
benefits of CPAP in patients with OSA concomitant with CVDs have been conflicting.
An observational study examining prognostic effects of CPAP therapy in fifty-four patients
with OSA and coronary artery disease reported that CPAP therapy was associated with
reduction in a composite of cardiovascular events (cardiovascular death, acute coronary
syndrome, hospitalization for heart failure, or coronary revascularization) with hazard ratio
of 0.24 (95% confidence interval of 0.09–0.62) for CPAP as compared to the non-treatment
group during a median follow-up of 86.5 months [19]. In contrast, large-scale randomized
controlled trials investigating the effects of CPAP in patients with OSA and coronary artery
disease did not agree with this finding, although low adherence to CPAP (with a mean
usage time of CPAP < 4 h/night) was found to potentially affect the observed neutral
finding [20–22]. The most recent trial of 1264 patients with acute coronary syndrome and
OSA compared a range of cardiovascular events, including cardiovascular death, non-
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fatal myocardial infarction, non-fatal stroke, hospitalization for unstable angina pectoris,
heart failure, and transient ischemic attack between CPAP and non-CPAP groups [22]. No
significant reduction in the incident cardiovascular events was observed for the CPAP
group (with a hazard ratio of 0.89 and a 95% confidence interval of 0.68–1.17) during a
median follow-up of 3.35 years. Similarly, the prognostic benefits of CPAP therapy on
reducing the number of cardiovascular events in patients with CVDs, including heart
failure, ventricular arrhythmias, stroke, aortic disease, and other vascular diseases, have
not yet been demonstrated in randomized controlled trials.

Although our study demonstrated the relationship between the severity of OSA and
insulin resistance, evidence on whether positive airway pressure therapy for OSA improves
insulin resistance has not yet been established. A small randomized controlled trial that
assessed the effect of CPAP therapy on glycated hemoglobin in 50 patients with OSA and
type 2 DM (with a mean age of 61 ± 9 years and a mean BMI of 32.5 ± 4.5 kg/m2) reported
that CPAP therapy for 6 months decreased glycated hemoglobin compared to the no-CPAP
group (with an intergroup adjusted difference of −0.4 (95% confidence interval of −0.7
to −0.04), p = 0.029) [23]. HOMA-IR was also significantly reduced in the CPAP group
(with an intergroup adjusted difference of −2.58 and a 95% confidence interval of −4.75
to −0.41, p = 0.023). Furthermore, serum biomarker levels of IL-1β, IL-6, and adiponectin
also improved in the CPAP group compared with the control group, suggesting the ef-
fects of CPAP therapy on improving glucose metabolism and reversing proinflammatory
status [23]. Another randomized trial assessed the incremental effect of combined in-
tervention, including a weight loss intervention and CPAP, in which 146 patients with
obesity, moderate-to-severe OSA, and serum levels of C-reactive protein (CRP) greater than
1.0 mg/L were allocated to three groups (CPAP alone, weight loss intervention alone, or
CPAP with a weight loss intervention) [24]. In the 24th week of the interventions, CRP
levels, insulin resistance levels, and serum triglyceride levels were reduced in the patients
assigned to weight loss only and those assigned to the combined interventions, while
none of these changes were observed in the group treated using CPAP alone. Reduc-
tions in insulin resistance and serum triglyceride levels were greater in the combination
treatment group than in the group treated using CPAP therapy alone. In per-protocol
analyses, which included 90 participants who met prespecified criteria for adherence to
CPAP therapy (used for an average of at least 4 h per night on at least 70% of the total
number of nights) [24]. On the other hand, a study in which the effects of CPAP on glycemic
variability were assessed in 203 patients of SDB with or without diabetes mellitus (mean
age 67.5 ± 14.1 years) was also conducted. Glycemic variability assessed by continuous
glucose monitoring showed that CPAP reduced the mean amplitude of glycemic excursion
from 75.3 to 53.0 mg/dl in the non-DM group, but a similar finding was not observed in
the DM group, suggesting the difficulty of improving glucose metabolism using CPAP
therapy in patients with advanced glucose metabolism disorders [25]. A meta-analysis of
nine randomized controlled trials (443 patients) comparing CPAP treatment with sham
CPAP groups, placebo groups, or no-treatment groups, with the goal of improving insulin
resistance and glucose metabolism in non-diabetic adults with OSA, reported that CPAP
therapy significantly improved HOMA-IR (with a mean difference = −0.39 Ui (CI: −0.69 to
−0.08), p < 0.05, and I2 = 57%) as compared to the non-CPAP group, while no significant
differences in fasting glucose was observed [26]. The other meta-analysis, in which 23 stud-
ies (19 prospective studies and 4 randomized controlled trials with a total of 965 patients)
were included, assessed the effect of CPAP therapy on HOMA-IR, fasting blood glucose,
and fasting insulin in non-diabetic and pre-diabetic patients with OSA. CPAP therapy
showed significant reductions in the pooled standard difference regarding the means of
HOMA-IR (−0.442, p = 0.001) from baseline levels compared with the control group, while
no significant differences were observed for fasting blood glucose and fasting insulin from
baseline levels between the CPAP and the control groups [27]. Despite the findings of
these meta-analyses, we cannot conclude the generalizability of these findings due to the
small sample size of each study included in the meta-analyses and the difference in study
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populations and designs. Further large-scale studies are needed to determine the effects of
CPAP on insulin resistance. Given that diets play an important role in the development
of obesity which can cause OSA and cardiovascular disease through metabolic disorders
and inflammation, and given that specific diets such as Washoku (Japanese diet) and the
Mediterranean diet have been regarded as healthy diets [28], research on dietary patterns
in relation to the prevention of cardio-metabolic diseases is warranted in order to reduce
the burden of CVDs. Furthermore, the development of artificial intelligence may enable the
implementation of personalized medicine in various medical fields, such as sleep medicine,
whereby treatment effects, adverse effects, and net benefits are communicated to medi-
cal practitioners in advance, leading them to choose the best possible treatment for each
patient. While the advent of such technology-based prediction models and the potential
benefits of utilizing the models for patients with OSA and concomitant cardiovascular
risks and diseases are acceptable, we must bear in mind that physicians and other medical
practitioners are essential players in preventing cardiovascular events in these patients by
encouraging them to adhere to a healthy diet, including salt restriction and a reduction in
calory intake, physical activity, the maintenance of healthy body weight, smoking cessation,
sobriety, and other self-management, all of which are recommended to improve CVH.

4.3. Limitations

We acknowledge that this study has several limitations. First, this was a retrospective
analysis of a single-center observational study in an urban area with a relatively small
sample size. Since sleep disorders can be influenced by occupational and residential
settings, we cannot rule out the possibility that a multicenter study that includes rural areas
may lead to different results. Second, unknown confounders, such as diet, physical activity,
and other lifestyle factors may have affected the results, even after the multivariate analysis.
Therefore, our data should be interpreted carefully, and further studies with larger sample
sizes are required to confirm our findings. Although the reliability of HOMA-IR depends
on the precision of the insulin radioimmunoassay, we lack detailed information on the
assay used to measure insulin in this study. Since the majority of the study participants are
men, our findings may not be applicable for women. Finally, although this study included
subjects without DM or known CVDs, the possibility of asymptomatic or latent CVDs
being present cannot be completely excluded.

5. Conclusions

Our study demonstrated that the severity of OSA was independently correlated with
insulin resistance, as assessed using HOMA-IR in a Japanese population with OSA who do
not have DM and CVDs.
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Abstract: Obstructive sleep apnea is a common type of sleep-disordered breathing associated with
multiple comorbidities. Nearly a billion people are estimated to have obstructive sleep apnea, which
carries a substantial economic burden, but under-diagnosis is still a problem. Continuous positive
airway pressure (CPAP) is the first-line treatment for OSAS. Telemedicine-based interventions (TM)
have been evaluated to improve access to diagnosis, increase CPAP adherence, and contribute to
easing the follow-up process, allowing healthcare facilities to provide patient-centered care. This
narrative review summarizes the evidence available regarding the potential future of telemedicine in
the management pathway of OSA. The potential of home sleep studies to improve OSA diagnosis and
the importance of remote monitoring for tracking treatment adherence and failure and to contribute
to developing patient engagement tools will be presented. Further studies are needed to explore the
impact of shifting from teleconsultations to collaborative care models where patients are placed at
the center of their care.

Keywords: telemedicine; obstructive sleep apnea; diagnosis; continuous positive airway pressure;
adherence; artificial intelligence; collaborative care; virtual sleep laboratory

1. Introduction

Obstructive sleep apnea (OSA) is one of the most common chronic diseases and affects
nearly one billion people worldwide [1,2]. The prevalence of OSA is expected to continue
to rise due to the epidemic of obesity, physical inactivity, and diabetes, all of which are risk
factors for OSA [3]. Patients with OSA present significant heterogeneity and diversity in
clinical presentation and responses to treatment [4–6]. Moreover, OSA, in its heterogenous
presentation, is related to comorbidities’ occurrence, and co-evolution and aggregation
can emerge over time [7–9]. The first-line treatment for OSA is continuous positive airway
pressure (CPAP), which opens and stabilizes the upper airways during sleep. Currently,
millions of patients are treated by CPAP worldwide and CPAP treatment relies essentially
on ambulatory care. CPAP is highly effective in improving patient-reported outcome
measures (PROMs) and cardiovascular risk only in adherent patients. Several studies show
that all-cause mortality is associated with CPAP adherence or CPAP continuation [10–12].

Traditionally, the diagnosis of OSA relies on overnight polysomnography conducted
in a sleep clinic, a process often characterized by lengthy waiting lists and high demand for
human resources, as well as carrying the potential for misdiagnosis and severity misclassi-
fication (i.e., due to night-to-night variability in the apnea–hypopnea index (AHI) [13–20]).
Thus, among the current requirements for an accurate diagnostic workup of OSA, it is
recommended that at-home multi-night testing becomes mainstream practice [21]. This

J. Clin. Med. 2024, 13, 2700. https://doi.org/10.3390/jcm13092700 https://www.mdpi.com/journal/jcm146



J. Clin. Med. 2024, 13, 2700

situation requires the development and validation of new end-to-end digital medicine
solutions supported by artificial intelligence [22].

Moreover, despite the benefits of CPAP treatment, CPAP adherence remains low.
A study based on half a million patients showed that up to 50% of patients stop CPAP
therapy in the first 3 years after initiation [23]. Thus, a new organization of the follow-up
management pathway will be necessary in the future. Reinventing the diagnostic tools
alone is a first step; however, there is a need to transform the entire patient journey from
the suspicion of OSA to ongoing treatment management follow-up.

Telemedicine is defined as the remote delivery of healthcare services, leveraging
telecommunications technology to facilitate the exchange of medical information between
patients and healthcare providers. Telemedicine has the potential to offer patients conve-
nient access to healthcare [24] and offers remarkable potential to lower healthcare costs and
enhance access to various care services for underserved populations [25]. Telemedicine is al-
ready used in various pathologies and it has been shown that it is an acceptable alternative
to in-person care as evidenced in a recent study examining the feasibility, effectiveness, and
acceptance of virtual visits as compared to in-person visits among clinical electrophysiology
patients during the COVID-19 pandemic [26].

OSA treatment is well designed for telemedicine with remote telemonitoring, which is
already deployed in pediatric (for review: [27]) and adult populations. In France, a new
national CPAP telemonitoring and pay-for-performance scheme for homecare providers
was implemented in 2018 and now involves 98% of CPAP-treated patients in France.
This enables healthcare professionals to track sleep patterns and treatment adherence
without the need for frequent in-person visits. The COVID-19 pandemic has led to the
development of remote medical consultation systems, which have helped to advance
telemedicine approaches in the context of OSA. Conversely, the COVID-19 pandemic
also exacerbated existing challenges in accessing sleep laboratories, leading to significant
variability in the duration of accessing diagnostic exams for OSA [28,29]. This delay in
diagnosis and subsequent treatment poses limitations, particularly given the reliance on
one-night sleep measures that fail to capture the full variability of the condition. However,
amongst these challenges, telemedicine has emerged as a promising solution, offering out-
of-lab exams that demonstrate comparable performance to traditional polysomnography
(PSG) for diagnosing sleep apnea [30–32]. Few studies to date have investigated the cost-
effectiveness of telemedicine in the management of OSA. Nevertheless, a randomized
controlled trial comparing a telemedicine-based CPAP follow-up strategy compared with
standard face-to-face management showed that telemedicine is cost-effective mostly due to
savings on transport and less lost productivity (indirect costs) [33].

In this narrative review, we aim to investigate what could be the future of telemedicine
in the treatment of OSA by exposing how home sleep studies driven by technological inno-
vations and artificial intelligence can improve the diagnosis of OSA by decreasing delays
in diagnosis and increasing access to evaluations. We will also present the importance of
remote monitoring for tracking treatment adherence as well as treatment failure and the po-
tential of remote monitoring to contribute to the development of patient engagement tools
and telerehabilitation programs. Lastly, we will present the shift from teleconsultations to
collaborative care models that place the patient at the center of his/her care. Lastly, we will
present the pitfalls of telemedicine and the challenges remaining in the development of
remote management pathways.

2. Home Sleep Studies Driven by Technology Innovations and Artificial
Intelligence Analysis

Traditionally, the diagnosis of OSA relies on overnight polysomnography conducted
in sleep clinics, often leading to lengthy waiting periods due to high demand and the
intensive need for human resources. Polysomnography is complex to implement and also
requires specific expertise for analysis. Furthermore, it is widely acknowledged that a
single night of polysomnography can result in the misclassification of disease severity
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for approximately one third of patients with mild-to-moderate sleep apnea [17]. This
discrepancy stems from significant night-to-night fluctuations in the apnea–hypopnea
index (AHI) and inconsistencies in sleep quality [13–15]. These factors include wake/sleep
habits, alcohol or drug consumption, social jetlag, rostral fluid shift, natural night-to-night
changes in sleep architecture (i.e., respective proportions of time spent in non-rapid eye
movement [NREM] and rapid eye movement [REM] sleep), and changes in body and head
positions during sleep [34–37].

The American Academy of Sleep Medicine has endorsed clinical practice guidelines
supporting home sleep apnea testing (HSAT) using technically appropriate devices for
diagnosing OSA in “uncomplicated adult patients presenting with signs and symptoms
that indicate an increased risk of moderate to severe OSA” (strong recommendation) [38].
The impact of the “first night effect” is notably significant within sleep laboratories, as
the unfamiliar setting can result in shifts in sleep architecture, alterations in sleeping
positions, and consequent variations in respiratory event measures [15]. Thus, among the
current necessities for a precise diagnosis of OSA, it is imperative that multi-night testing
at home becomes standard practice [21]. Although implementing such a strategy has faced
challenges, including potential increases in healthcare expenses and inconvenience for
patients, the advent of new digital medical solutions promises to streamline the process
of multi-night testing at home, enabling the establishment of efficient and cost-effective
diagnostic pathways [17,39–41].

Home sleep studies (home sleep apnea testing or HSAT) offer a more accessible and
convenient alternative to traditional in-lab sleep studies. Patients can conduct sleep studies
in the comfort of their homes, which may increase overall participation in diagnostic
assessments, especially among those who might find attending a sleep clinic challenging
and expensive [42]. This advancement signifies a new potential avenue for expanding access
to both diagnosis and treatment for OSA, addressing critical gaps in care exacerbated by
the pandemic. A major step forward in the seamless integration of new diagnostics would
be the validation and availability of a select set of innovative sensors and metrics capable of
consolidating comprehensive information necessary to understand the pathophysiology of
sleep disorders and assess disease severity [31,43]. Numerous technologies have emerged
for the diagnosis of sleep apnea in the home environment, with promising techniques such
as mandibular jaw movements (MJMs), photoplethysmography (PPG), and peripheral
arterial tone demonstrating high performance in various research and clinical contexts [44].
Developing access to a telemedicine solution for OSA diagnosis could involve a virtual
sleep laboratory, as proposed previously [22], with a view to improving (and increasing)
access to adequate treatment for OSA, which remains an under-diagnosed chronic sleep
disorder. Such a virtual sleep laboratory would propose preliminary screening with a
recommendation for a home sleep test, if appropriate, (ideally, over several nights), data
collection, and interpretation in a digital pipeline, strictly adhering to data protection
rules [22,45,46].

3. Remote Monitoring, Treatment Adherence, and Treatment Failures

Once OSA is diagnosed, the first-line treatment for OSA is CPAP. Machine or web-
based tracking systems that generate information for both the healthcare provider and the
patient are a new aspect of CPAP devices. Over the last 20 years, telemedicine technology
has been applied in the field of CPAP. This has facilitated the follow-up process and
allowed healthcare providers to provide more consistent care. Despite advancements in
device technology over the past two decades, CPAP termination rates remain persistently
high [23], highlighting a significant adherence challenge. Interestingly, factors such as
OSA severity, measured by the apnea–hypopnea index, and technical features of CPAP
devices appear to have minimal impact on adherence rates. Instead, attention must be
directed towards recognizing and addressing other influential factors such as comorbidities,
psychological factors, relationship dynamics, socioeconomic status, access to care, and
cultural diversity [47–49]. Tailored interventions should be developed to address these
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multifaceted determinants of CPAP adherence, focusing not only on enhancing device
usage but also on promoting overall lifestyle changes, encompassing physical activity and
dietary habits. Access to these personalized strategies can be facilitated through improved
visualization tools on CPAP remote monitoring platforms and the widespread adoption
of telemedicine services, incorporating innovative analytics like artificial intelligence to
enhance efficacy and accessibility.

Remote monitoring platforms also offer a valuable means of detecting potential fail-
ures in positive airway pressure (PAP) treatment and facilitating timely interventions.
Initially, these platforms can help pinpoint instances of elevated or fluctuating residual
apnea–hypopnea index (AHI) levels under PAP therapy, as highlighted in a study by
Midelet et al. [50,51]. Additionally, through telemedicine, healthcare providers can effec-
tively identify cases of high residual AHI attributed to specific issues with PAP equipment.
Treatment failure induced by mask change can be directly monitored from PAP remote
monitoring data using automated algorithms which are able to automatically assess the
change in rAHI level related to a mask change and produce a significant alert which can
be used as a telemedicine tool [51]. Another possibility is to identify the point in time in
the remote monitoring data at which an elevated residual AHI may be indicative of an
exacerbation of cardiovascular comorbidities, leading to a clinical alert for the patient’s
healthcare provider [52–54]. This implies the integration of some machine learning algo-
rithms directly in the remote process, such as some machine learning algorithms to consider
rAHI variability [55].

This integration of remote monitoring and telemedicine not only enhances the early
detection of treatment inefficiencies but also enables targeted interventions to optimize
patient outcomes and improve overall therapy adherence. The French health system has
demonstrated for the first time that a national deployment is feasible and financial per-
formance incentives encourage homecare providers to redirect resources and interactions
towards individuals who have the lowest adherence to CPAP.

4. Patient Education and Engagement and Telerehabilitation Programs

In line with the widespread use of remote monitoring platforms, over the past few
years there has been an increase in the access to online medical information, a proliferation
of health apps on mobile phones and wearable devices, and a rising utilization of patient
portals within electronic medical records [56–58]. Taken together, this clearly demonstrates
that patients increasingly want to be engaged in their own health management. As men-
tioned previously, the ability of CPAP devices to record data on usage, efficacy, leak, and
other parameters has transformed the management of patients on CPAP. Telemedicine pro-
vides a unique opportunity to collect objective data regarding adherence, efficacy, and leak
data, along with patient reported outcome measures (PROMs). A recent study evaluating
the impact of PROMs on CPAP usage in a real-world setting demonstrated a relationship
between PROMs and CPAP use, in particular self-reported sleepiness and its response to
therapy [59]. The authors of this study highlighted the potential of capturing PROMs using
digital solutions during the course of treatment in order to enhance patient outcomes by
providing actionable insights.

Patient engagement can be achieved through web-based access to CPAP therapy data
and other asynchronous telemedicine approaches. A recent Cochrane review examined the
effects of supportive, educational, and behavioral interventions on CPAP adherence. These
different intervention types increase CPAP usage with varying degrees of effectiveness,
which may be related to the heterogeneous nature of the factors affecting CPAP use [60].
Behavioral therapy was shown to increase machine usage by 79 min per night, and on-
going supportive interventions increase machine use by about 42 min per night. This is
significantly greater than the MCID of 30 min [61].

The use of telemonitoring platforms at CPAP initiation provide an opportunity to
combine lifestyle interventions and patient engagement, supported by telemedicine for
integrated care in OSA. An example of holistic telerehabilitation lifestyle intervention at

149



J. Clin. Med. 2024, 13, 2700

CPAP initiation has recently been described using the intervention mapping framework [62]
and the results of this multi-center randomized controlled trial can be used to inform the
design of future interventions [63].

Telemedicine can provide application tools to collect PROMs which can be considered
as a predictor of patient’s outcome. The development of such tools allows us to collect
PROMs over time and to be able to assess, with a dynamic process, the association between
PROMs’ changes and patient outcomes, such as CPAP adherence or sleepiness [59,64].
Causal inference approaches can be used to analyze retrospective databases and pro-
vide real-world based evidence of the impact of advanced management tools based on
telemedicine approaches on PROMs, such as CPAP adherence [65].

5. From Teleconsultations to Collaborative Care Models

To move towards personalized care in OSA [66], management pathways should be
designed to provide a comprehensive solution that takes into account the heterogeneity
of clinical phenotypes and the dynamics of lifespan trajectories of individuals with OSA.
The implementation of remote management that relies on the participation of homecare
providers and sleep physicians [67] offers the unique opportunity to provide holistic
treatment plans that place the patient at the center of his/her care. Remote management
pathways rely on virtual consultation and follow-up visits that are delivered either by
telephone or videoconferencing [68]. Virtual care was shown to be as effective as in-person
consultations for improving sleepiness in CPAP-treated OSA patients [69]. The authors of
this meta-analysis suggest that, on the basis of the patient’s preference, remote management
of patients with OSA using CPAP should be available as an alternative care strategy to
in-person follow-up [69].

The telemonitoring of CPAP treatment is another important component of remote
management pathways. Telemonitoring has been shown to be as effective as in-person
care for improving PAP adherence [65,70] and does not imply increased costs [69]. Tele-
monitoring is transforming patient follow-up by being implanted in dedicated virtual
platforms [50]. Enhancing patients’ participation in care through remote management
pathways could facilitate the advancement of shared decision-making in the realm of OSA
management [71].

Multimodal telemonitoring proves effective among OSA patients with increased
cardiovascular risk, enhancing adherence to CPAP therapy and improving patient-centered
outcomes including daytime sleepiness and quality of life [72]. However, its efficacy was
not evident among patients with lower cardiovascular risk [73].

A recent randomized controlled trial in patients with OSA and obesity (168 patients
recruited at 16 centers in Japan) examined the effects of the implementation of CPAP
telemonitoring enhanced with body weight management tools (scales), BP measures, and a
pedometer that could transmit data from devices wirelessly [74]. The group that benefited
from multimodal telemonitoring exhibited a higher percentage of weight reduction (≥3%)
compared to the standard PAP telemonitoring group.

Recent studies have shed light on the potential of wearable digital health technologies
to transform healthcare by making behavioral and physiological patterns in daily life,
outside the clinic, visible to healthcare professionals. A recent series in the New England
Journal of Medicine has highlighted the value of these technologies in diabetes [75], two
types of cardiovascular disease [57], and in the management of depression [56].

6. Pitfalls of Telemedicine

While showing promising potential for enhancing CPAP adherence and overall man-
agement of OSA, several challenges remain for the development of remote management
pathways. A primary obstacle lies in the disparity experienced by certain populations
[i.e., “The digital divide” [76]], such as the elderly, who could gain significant advantages
from telemedicine services, but encounter challenges stemming from technical, cultural,
and financial barriers [68]. However, in certain countries like France, adherence to CPAP
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therapy monitored remotely serves as a prerequisite for health insurance coverage of CPAP
devices, and reimbursement rates are proportionate to adherence levels. Another area for
improvement involves the absence of standardized calculation methods for CPAP indices
across manufacturers [51], along with the necessity for thorough validation of devices
utilized in multimodal telemonitoring of various health-related parameters [45]. Finally,
numerous regulatory matters concerning data safety and healthcare regulation remain
unresolved, and additional enhancements should concentrate on delineating the pertinent
data for medical diagnosis and follow-up purposes [77].

7. Conclusions

Sleep apnea syndrome affects many people around the world, and is undoubtedly
under-diagnosed. Given the heterogeneity of diagnosis and treatment, it is essential to
develop personalized approaches. Telemedicine is one of the promising solutions for
the years to come which could enable the development of individualized, digitized care
pathways, as summarized in Figure 1. However, it will be important to ensure that digital
development does not work to the detriment of patients, particularly those who are far
removed from these systems. Telemedicine is a tool of the future, but it must be seen as one
possible approach among others.

Figure 1. Overview of the future of telemedicine in obstructive sleep apnea.
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Abstract: Obesity and metabolic syndrome affect the majority of the US population. Patients with
obesity are at increased risk of developing type 2 diabetes (T2DM), obstructive sleep apnea (OSA),
and metabolic dysfunction-associated steatotic liver disease (MASLD), each of which carry the risk
of further complications if left untreated and lead to adverse outcomes. The rising prevalence of
obesity and its comorbidities has led to increased mortality, decreased quality of life, and rising
healthcare expenditures. This phenomenon has resulted in the intensive investigation of exciting
therapies for obesity over the past decade, including more treatments that are still in the pipeline. In
our present report, we aim to solidify the relationships among obesity, T2DM, OSA, and MASLD
through a comprehensive review of current research. We also provide an overview of the surgical
and pharmacologic treatment classes that target these relationships, namely bariatric surgery, the
glucagon-like peptide-1 (GLP-1), glucose-dependent insulinotropic polypeptide (GIP), and glucagon
receptor agonists.

Keywords: obesity; metabolic syndrome; MASLD; NAFLD; hepatic steatosis; OSA; CPAP; diabetes;
GLP-1; GIP; glucagon; bariatric surgery

1. Introduction

Obesity has been increasingly pervasive over the past several decades, although the
mechanism of the rising prevalence remains unclear [1]. Current estimates suggest that
just over one-third of the US population is considered to have a healthy weight (defined
by BMI 18.5–24.9 kg/m2), one-third fall in the overweight category (BMI 25–29.9 kg/m2),
and one-third is obese (BMI > 30kg/m2) [2]. Current projections suggest one in two Ameri-
cans will meet criteria for obesity by 2030. The mechanisms underlying obesity and the
metabolic syndrome are intricate and complex. Obstructive sleep apnea (OSA), type 2
diabetes (T2DM), and metabolic dysfunction-associated steatotic liver disease (MASLD)
are common comorbidities of obesity. While T2DM affects roughly 10% of the US pop-
ulation (www.cdc.gov/diabetes, accessed on 22 January 2024), it is estimated that OSA
affects nearly 1 billion people worldwide [3]. It is estimated that about 25% of the U.S.
population has non-alcoholic-associated fatty liver disease (NAFLD), recently renamed to
MASLD, and about 20% of those with NAFLD have non-alcoholic steatohepatitis (NASH).
As early as 2018, the leading cause of liver transplantation in U.S. women was shown
to be NASH [4]. The rising prevalence of obesity and the resultant pervasiveness of its
comorbidities, namely T2DM, OSA, and MASLD, hold critical adverse implications in
healthcare, including rising mortality risk, impaired quality of life, and increased health-
care spending [2]. The complications from these disease states themselves also give rise
to further problems, including cardiovascular, microvascular, skeletal, gastrointestinal,
and neurocognitive diseases. The close association among these disease states begs the
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questions: What are the shared mechanisms underlying obesity and its comorbidities?
What current US Food and Drug Administration-approved therapies might be beneficial
for comorbid conditions? Looking ahead, what future therapies on the horizon might
also target these mechanisms? Current literature has established connections between
various permutations of the metabolic syndrome comorbidities (obesity, T2DM, OSA, and
MASLD); however, the complex nature of the physiological axes connecting these diseases
is still under investigation (Figure S1). Thus far, the current literature has yet to include a
comprehensive review of T2DM, OSA, and MASLD in the context of obesity. Notably, OSA
is also an underrecognized independent risk factor for the development of both T2DM
and MASLD.

In this report, we first aim to discuss the current understanding of the interplay among
obesity, T2DM, OSA, and MASLD. Next, we describe current therapeutic approaches to
the metabolic syndrome axis and discuss how various treatment classes, including GLP-1
receptor agonists and triple G triagonists (combined glucagon, glucagon-like peptide-1,
and glucose-dependent insulinotropic polypeptide receptor agonists), may transform our
understanding of the physiological interconnectedness of these diseases. Finally, we draw
attention to the potential therapeutic benefit of continuous positive airway pressure (CPAP)
on disease states beyond OSA. The overarching aim of our review is to highlight the
interconnectedness of T2DM, OSA, and MASLD and to provide an overview for the direct
and indirect effects of obesity treatment on all of these diseases.

2. Relationship between OSA and T2DM

Sleep disturbances have commonly been associated with the development of obesity
in epidemiological studies [5,6]. This finding could be explained by physiological studies
that have shown suppression of leptin and increases in ghrelin with sleep deprivation,
both of which are changes predicted to stimulate appetite and promote obesity [7]. It is
unsurprising then, that short sleep has also been associated with incident diabetes mellitus,
as well as the worsening of markers of insulin regulation [6,8–10]. OSA itself has been
established as an independent risk factor for several metabolic and cardiovascular disease
states, including hypertension, insulin resistance, fatty liver disease, atherosclerosis, and
dyslipidemia. Treatment for sleep apnea can lead to improvements in blood pressure,
although the impact of OSA treatment on glycemic control is less clear [11,12].

Multiple pathways are theorized to explain a causative effect of intermittent hy-
poxemia and sleep fragmentation on the development of insulin resistance and glucose
dysregulation. One such pathway is via increased sympathetic neural activity. Laboratory
assessments of patients with untreated OSA have demonstrated both increased sympathetic
hormonal levels and activity that persists in the daytime and is reduced by consistent CPAP
therapy [13,14]. Most processes involved in glucose control, including pancreatic insulin
secretion and hepatic glucose production, are inhibited by elevated sympathetic tone [15].
In addition, cholinergic activity is directly linked to the secretion of incretin hormones,
such as glucagon-like peptide-1 and glucose-dependent insulinotropic polypeptide. These
incretin hormones act to augment insulin release. These findings suggest that patients with
OSA are more predisposed to developing sympathetic hyperactivity and parasympathetic
withdrawal, which collectively mediate glucose intolerance and thus T2DM [16]. Chronic
intermittent hypoxia has been proposed to cause glucose intolerance through other pro-
posed pathways, including the development of oxidative stress, systemic inflammation,
activation of the hypothalamic–pituitary–adrenal (HPA) axis, pancreatic beta-cell apoptosis,
and the alteration of adipokines, each of which leads to downstream effects on beta cell
dysfunction and insulin resistance.

T2DM is also proposed to contribute to worsening OSA. Some observational evidences
suggest that patients with diabetes and autonomic neuropathy demonstrate altered control
of respiration and upper airway reflexes that promote airway patency, as seen in sleep-
disordered breathing patterns among patients with diabetes [17,18]. This reverse causative
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relationship is also supported by a high prevalence of OSA among patients who are younger
and non-obese with type 1 diabetes [19].

Unfortunately, a major subgroup of patients with T2DM are undertreated for
OSA [20–22]. The Sleep-Ahead study showed that 87% of patients with T2DM and obesity
also had clinically important OSA. After these patients and their providers received the diag-
nosis of OSA, over 95% of these patients with OSA remained untreated a year later [21–23].
Despite mixed results in studies assessing the impact of CPAP on glycemic control [11,24],
the importance of addressing OSA in T2DM patients to reduce cardiometabolic risk is
emphasized. Amongst patients with T2DM, there is a need for increased awareness to
promote OSA as a valuable therapeutic target with implications on cardiometabolic health.

3. Relationship between OSA and MASLD

Hypoxia has been shown to accelerate the development of MASLD. One study using
mouse models [25] demonstrated that hypoxia contributed to liver abnormalities only in
the presence of obesity. Mice with diet-induced obesity were subject to chronic intermittent
hypoxia; compared to lean mice that received the same hypoxic conditions, the obese mice
exhibited markedly increased serum AST, ALT, and alkaline phosphatase levels and fasting
glucose from baseline. In addition, the obese mice exhibited significantly higher levels
of hepatic steatosis and inflammation on histology. Similar findings were reproduced in
human studies. A study by Polotsky et al. [26] focused on patients presenting for bariatric
surgery found that those with severe nocturnal hypoxemia tended to exhibit histologic
signs of worse hepatic inflammation, including hepatocyte ballooning and perivesicular
fibrosis, when compared to patients with mild sleep apnea. These findings are supported by
other studies that observed nocturnal hypoxic episodes as a contributor to hyperlipidemia
and steatohepatitis and as a possible risk factor for MASLD [27,28].

Considerable data from rodent studies have suggested that hypoxic effects on lipid
metabolism may be responsible for the development of MASLD. In gene expression analysis
studies, chronic intermittent hypoxia has been demonstrated to cause the upregulation of
multiple genes responsible for the biosynthesis of cholesterol, triglycerides, fatty acid, and
phospholipids [29]. It is not surprising then that increased enzymatic activity in hepatocytes
would lead to increased lipid accumulation and hepatic steatosis. Other proposed indirect
mechanisms include pancreatic beta-cell apoptosis and overactivation of the sympathetic
nervous system, both of which lead to insulin resistance and thus predispose individuals
to MASLD.

To date, most studies that have investigated the link between MASLD and OSA have
focused on the increased risk of developing liver injury and inflammation among indi-
viduals with OSA. However, few have examined whether the inverse is true. One such
study [30] reported that among patients with biopsy-proven MASLD, those with concurrent
hepatic fibrosis had higher overall rates of OSA, compared to those without fibrosis. An-
other study demonstrated that the apnea–hypopnea index was significantly higher among
those with moderate to severe MASLD, compared to those without MASLD [31–33]. The
study by Chung et al. [34], which used a surrogate fatty liver index (FLI) score to identify
MASLD, found that the risk for receiving an OSA diagnosis increased in a dose-dependent
manner as FLI increased. This relationship remained consistent regardless of BMI and the
presence of abdominal obesity and offers FLI as a potential tool used to identify individuals
at high risk of OSA. These studies, although not necessarily suggestive of a causative effect
by MASLD upon the development of OSA, do again underscore a close association between
the two.

4. Relationship between T2DM and MASLD

Insulin resistance is believed to play a pivotal role in the development of fatty liver
disease. On a cellular level, insulin signaling is initiated through the binding and activation
of its cell-surface receptor, which triggers a cascade of phosphorylation and dephosphory-
lation events that ultimately lead to the translocation of glucose transporters into the cell
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membrane. The transporters then facilitate glucose influx down a concentration gradient
from the extracellular space into the cytoplasm. Defects at any step of this cascade will
result in issues with glucose uptake into cells and abnormalities with insulin sensitivity.
Features seen in patients with obesity and diabetes, such as hyperglycemia, hyperinsuline-
mia, and the presence of free fatty acids, have been implicated in altering insulin signaling.
Once peripheral insulin resistance has been established, hyperinsulinemia subsequently
leads to increased fatty acid delivery into the liver, leading to increased hepatic triglyceride
production and hepatic steatosis. Hepatic steatosis itself has been shown to lead to hepatic
insulin resistance, which may contribute to the overall worsening of peripheral insulin
resistance. Additionally, high levels of free fatty acids and hyperinsulinemia in the body
have also been shown to lead to the production of free radicals, resulting in oxidative
stress and an inflammatory response, including cytokine production, which are believed
to further promote both insulin resistance and steatohepatitis. These latter mechanisms
underlying the development of insulin resistance that have been reproduced in multiple
molecular studies do suggest that the relationship between T2DM and MASLD may be
bidirectional, or perhaps cyclic, in nature [35].

In clinical studies, the close association of T2DM and MASLD has been clearly il-
lustrated. In a national survey of middle-aged patients with and without T2DM, it was
found that the rate of steatosis was significantly higher in those with overweightness and
obesity with T2DM versus without T2DM. T2DM was also found to significantly increase
the proportion of those at moderate-to-high risk of fibrosis by two-fold [36], suggesting
that T2DM may be predictive of the development of fibrosis in MASLD. Another study by
Sung et al. compared the effect of ultrasound-diagnosed MASLD on the risk of developing
incident T2DM among 12,000 South Korean adults over the span of 5 years [37]. After
adjusting for confounding factors, MASLD doubled the risk of developing T2DM. Other
cohort studies have consistently shown that MASLD is predictive of T2DM, whether the
diagnosis of MASLD is made by imaging or biopsy [38]. In addition, MASLD has also been
shown to increase microvascular complications of T2DM, including chronic kidney disease
and retinopathy.

The recognition of this shared elevated risk underscores the importance of vigilant
monitoring in individuals with the dual burden of MASLD and T2DM. Due to the impact of
insulin resistance on the pathophysiology of MASLD, potential pharmacologic treatments
for MASLD have focused on hypoglycemic agents, including metformin, SGLT2-I, PPAR
agonists, GLP-1 receptor agonists, and multi-agonists [39]. These diabetes drug classes
have shown varying levels of benefit in reducing liver enzyme levels, liver fat content, and
histologic features of inflammation and fibrosis.

5. Treatment Approaches

In the above review, we discussed current literature that inform our current under-
standing of how obesity, diabetes, sleep apnea, and fatty liver disease are inter-related.
Here, we discuss the surgical and pharmacologic treatments that act upon these relation-
ships to benefit patients with metabolic syndrome. We also expand on the potential efficacy
of CPAP for patients with OSA and other concomitant metabolic diseases.

6. Overview of Bariatric Surgery

Bariatric surgery has been established as a highly effective option for patients with
obesity to achieve sustained weight loss. Common, established procedures include sleeve
gastrectomy (SG), Roux-en-Y gastric bypass (RYGB), gastric banding, and biliopancreatic
diversion with duodenal switch [40]. A review of the literature suggests that among the
different types of bariatric surgery, SG and RYGB have the highest efficacy for major weight
reduction, with similar long-term results. A randomized controlled trial comparing the
two methods, the SM-BOSS trial by Peterli et al. [41], evaluated adults with morbid obesity
undergoing sleeve gastrectomy compared with gastric bypass over the course of 5 years.
At the end of the study, the SG group lost 61% BMI, compared to the RYGB group, which
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lost 68%, a difference that was not statistically significant. Overall complications within the
first 30 days occurred more often in the RYGB group than the SG group. However, the rates
of developing severe complications in this study, such as severe GERD after SG and severe
dumping syndrome after RYGB, which required further surgeries, were not statistically
significant. Similar effects of bariatric surgery on weight loss were seen in other studies,
which also noted improved comorbidities, including diabetes and hypertension [42,43].

There is clear evidence that bariatric surgery achieves meaningful remission rates of
T2DM. Two meta-analyses reviewed the long-term effects of surgery on glycemic control
over more than 2–5 years. These found that bariatric procedures were likely to achieve
sustained weight loss, A1c lowering, overall blood glucose reduction, and, in many cases,
diabetes remission. In addition, it was also shown that bariatric surgery had a significant
reduction on the incidence of complications, as well as overall mortality, among patients
who received at least 5 years of follow-up [44,45]. Another longer-term study was the
Swedish Obese Subjects (SOS) trial, a 15-year prospective matched cohort study which
observed a diabetes remission rate of 30% among those who had received bariatric surgery,
with fewer incidences of micro- and macrovascular complications [46]. In fact, a recent
study found that participants had higher rates of diabetes remission after bariatric surgery,
compared to medical/lifestyle management, at up to 12 years of follow-up [47].

With regards to its effects on liver disease, several studies have also shown improve-
ment in MASLD both after SG and RYGB. In a meta-analysis [48], patients undergoing
RYGB achieved significant reductions in steatohepatitis and fibrosis, while patients under-
going LSG had a significant reduction in steatohepatitis only. Studies have shown mixed
data regarding the superiority of one bariatric method in reversal of MASLD. Interestingly,
there is a cohort of patients that appear to develop new or progressively worsening MASLD
after bariatric surgery. In 2019, Lee et al. [49] showed that 12% of patients (95% CI, 5–20%)
developed new or worsening MASLD after bariatric surgery. Further examination of those
with worsening disease after surgery suggests that those who lose weight more rapidly
may be more susceptible, which is possibly related to malnutrition or malabsorption. Of
note, this meta-analysis included variations in bariatric surgery beyond SG and RYGB,
such as gastric banding and gastroplasty. Although studies show an overall benefit of
bariatric surgery on the amelioration of MASLD, there is a significant portion of patients
that may develop new or worsening disease; this is an important clinical consideration
prior to surgical intervention.

The prevalence of patients with OSA among patients undergoing bariatric surgery
should not be understated; some screening studies estimate that as many as 72% of the
bariatric surgery population has OSA [50,51]. Dramatic and sustainable weight loss, as
seen in these surgeries, does see remarkable improvement and, in some cases, even the
resolution of OSA. There is substantial evidence that weight reduction alleviates upper
airway collapsibility and reduces upper airway resistance, thereby promoting increased
oxygenation and the reduction of apneic episodes [52]. A large-scale UK national registry
cohort study by Currie et al. [53] followed over four-thousand bariatric surgery cases over
the span of nine years, including SG, RYGB, and gastric banding. SG and RYGB were
associated with a 50% increased likelihood of OSA remission, compared with gastric band-
ing, consistent with the greater degree of weight loss seen in both SG and RYGB surgeries.
It is important to recognize, however, that even with weight reduction, the presence of
obstructive sleep apnea is not always totally reversible, and its degree of resolution is
highly variable [54]. In the UK registry cohort study, about half of the remaining cases
at follow-up by the end of the study duration saw a complete resolution of OSA. Other
studies have also illustrated that some patients may redevelop OSA, despite maintaining
weight loss [54,55].

7. Overview of GLP-1 and GIP–GLP-1 Agonists

Incretins are peptide hormones that are released from the intestine and brainstem in
response to nutrient consumption and act primarily to lower serum glucose and increase
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satiety. The backbone of medical therapies used to treat metabolic syndrome utilizes analogs
of the main incretin hormones: glucagon-like peptide-1 (GLP-1) and glucose-dependent
insulinotropic polypeptide (GIP). GLP-1 is a 30-amino-acid-long peptide chain produced by
enteroendocrine L cells in the distal ileum and colon and by neurons in the nucleus of the
solitary tract of the brainstem. It acts to stimulate insulin production in pancreatic beta cells
in a glucose-dependent manner and decreases glucagon secretion from pancreatic alpha
cells. GLP-1 additionally has extra-pancreatic effects through the direct suppression of the
appetite center and the slowing of gastric emptying, thus increasing satiety and reducing
food-seeking behavior. GIP is a 4-amino-acid peptide secreted by K cells in the duodenum
and jejunum. This short peptide hormone is stimulated by glucose hyperosmolarity in the
intestine to induce insulin secretion. Given these properties, GLP-1 and GIP agonists have
been subjected to intensive pharmacologic investigation for the treatment of obesity and
T2DM (Figure S2).

The current FDA-approved GLP-1 receptor agonists for treating both T2DM and obe-
sity include once-daily liraglutide, weekly semaglutide, and weekly tirzepatide injections.
Tirzepatide, a dual GIP–GLP-1 agonist, is the latest to be approved and has demonstrated
significant results in weight reduction and glucose control when compared with its prede-
cessors. The phase 3 SURMOUNT-1 trial examined the efficacy of tirzepatide on weight loss
against a placebo over the span of 72 weeks [56]. All three doses of tirzepatide being studied
(5, 10, and 15 mg) found a significantly greater weight reduction than with the placebo
after as soon as 20 weeks. These results were greater than the mean placebo-adjusted
weight reduction with liraglutide and semaglutide but with a similar safety profile. Weight
reduction with tirzepatide was also accompanied by other cardiometabolic benefits, includ-
ing reductions in blood pressure, waist circumference, fasting glucose, fasting cholesterol
levels, and aspartate aminotransferase levels, when compared with the placebo. Similarly,
the SURPASS-3 MRI study was another phase 3 trial that examined tirzepatide but with a
specific focus on its effects on liver changes as measured by MRI; this demonstrated mean-
ingful reductions in liver fat content, volume of visceral adipose tissue, and abdominal
subcutaneous adipose tissue among patients with T2DM receiving 52 weeks of 10 mg or
15 mg tirzepatide when compared with those taking insulin degludec [57]. The impact of
these medications on OSA is yet to be established and is a topic of ongoing investigation,
particularly the efficacy of tirzepatide on OSA reversal [58].

8. Overview of Triple G Triagonists

Currently in the pharmacologic pipeline is a class of medications called triple G
receptor agonists, or triagonists. These act via three receptors; the mechanisms of GIP and
GLP-1 receptor agonists have been described above. The third “G” is glucagon, which is a
29-amino-acid peptide hormone produced by pancreatic alpha cells. Glucagon is known
for its hyperglycemic effects via the liver and works in a feedback loop with GIP and GLP-1
to achieve glucose homeostasis. Additionally, glucagon is also a catabolic peptide, acting to
increase lipolysis and thermogenesis. Some biochemical studies have shown that glucagon
exerts its effects in the CNS by promoting satiety as well. Through the fine-tuning of the
combined triple peptide analog, preclinical studies have demonstrated that the resultant
triple G receptor agonist can promote glucagon’s catabolic effects without exacerbating
hyperglycemia [59].

One such triple G triagonist, retatrutide, has shown promising results in the treatment
of obesity, T2DM, and MASLD. Initial data from three studies were revealed at the 2023
ADA conference. The Triple-Hormone-Receptor Agonist Retatrutide for Obesity was a
phase 2 trial which examined retatrutide at various doses and dose-escalation regimens
in patients with obesity [60]. Jastreboff et al. found that over the course of 48 weeks, all
participants on the two highest doses of 8mg and 12mg lost at least 5% of weight, and
those who were on 12 mg lost 24% of body weight on average. Those on 12 mg had a
mean reduction of 19.6 cm waist circumference. The overall safety profile was similar to
other GLP-1 agonists previously approved for obesity treatment, with the most common
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side effect being adverse GI events. A sub-study from the trial recruited participants with
obesity and MASLD and utilized MRI and liver injury biomarkers to track changes in
hepatic steatosis. Findings at the ADA press release [61] revealed that those with MASLD
had a normalization of fat levels in the liver after 48 weeks of treatment on the highest dose
of retatrutide, suggesting that MASLD can be treatable and reversible. A third study by
Rosenstock et al. examined the efficacy and safety profile of retatrutide for the treatment of
T2DM [62]. Participants lowered their A1c by 1.3–2% after taking 4–12 mg for about six
months, compared to no change with the placebo and a 1.4% reduction with dulaglutide.

Data regarding the effect of triple G agonists on OSA specifically are still sparse,
although phase 3 trials for retatrutide are projected to enroll patients with OSA. Given
the impacts of these drugs on weight loss, glycemic control, and fatty liver disease, it is
reasoned that patients with OSA may still see benefit.

9. Implications of CPAP Therapy on T2DM and MASLD

As evidenced above, OSA has high prevalence and tightly co-exists with other metabolic
diseases, including central obesity, dyslipidemia, diabetes, and fatty liver disease. The
direct effects of CPAP therapy on these metabolic disease states, however, is still under
investigation. Short-term, randomized control trials evaluating CPAP efficacy on glycemic
control for patients with concurrent OSA and prediabetes have demonstrated overall im-
proved insulin sensitivity. One such study by Pamidi et al. [63] randomized participants
to receiving either 8 h of nightly CPAP or a placebo over 2 weeks. Although the study
did not find a difference in fasting glucose between the two groups, it did demonstrate
improvement in response to glucose tolerance tests and in measured fasting insulin levels.
Norepinephrine levels were also markedly lower in those receiving CPAP, which again sup-
ports the theory that a reduction in sympathetic activity could mediate improved glycemic
control. However, a meta-analysis of RCTs examining CPAP effects on T2DM over a longer
period concluded that CPAP does not significantly improve A1c or fasting glucose [64].
CPAP effects on MASLD are also under investigation. As described above, there are ro-
bust literature that demonstrate chronic intermittent hypoxic episodes as a contributor
to oxidative stress on the liver, accelerated progression to steatohepatitis, and increased
inflammation and fibrosis [28–31]. Reversal of hypoxic insults to the liver with CPAP alone,
however, has yielded mixed results to date. One study examined the effects of 6 months
of CPAP treatment for patients with both MASLD and OSA [65]. When controlling for
weight changes over the duration of the study, the authors found no significant difference
between the placebo and CPAP use on intrahepatic triglyceride content as measured by
MRI, on FibroScan results, or serum liver function tests. A few other studies have shown
that liver enzymes may be elevated in those with OSA and may also be lowered with
CPAP [66]; however, these studies provide only indirect data with regards to specific liver
tissue effects from CPAP use. Given the previous research findings that have supported
chronic intermittent hypoxia as an important risk factor for glucose intolerance and hepatic
steatosis, it is unclear why the results of CPAP trials on patients with T2DM and MASLD
have been largely negative. Considerations for future studies include changes in trial
design to promote better CPAP adherence and more direct methods to measure T2DM
and MASLD outcomes. Alternative treatments for OSA should also be considered in these
trials to better reflect real-world clinical practice, such as the use of oral appliances or
surgical treatments.

10. Future Directions

For both clinicians and researchers, a number of practical questions remain for our
understanding of and management of OSA. First, the specific mechanisms underlying
obesity-related sleep apnea are still not entirely clear. Abnormalities in pharyngeal anatomy
and the tongue have been reported, as well as the impact of abdominal obesity on end-
expiratory lung volume [67–70]. However, other abnormalities in control of breathing
and upper airway dilator muscle function have been suggested as potential issues [71].
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Second, the optimal therapy for OSA for patients with obesity has not yet been found.
Ongoing studies will likely inform this discussion. However, it seems highly likely that
treatments of both obesity and OSA will be necessary to optimize clinical outcomes in af-
flicted patients [72]. Third, it is not yet clear whether there are predictors of cardiometabolic
outcomes in obese people with OSA that could be used to stratify risk. Robust biomarkers
and predictive markers could be used to identify high-risk patients and potentially stratify
interventional approaches for those patients most likely to benefit. Approaches including
mass spectroscopy could be used to discover new biomarkers, which predict the risk of
OSA and associated complications [73,74].

Additional questions remain for the management of patients with T2DM and MASLD
as well. There are few U.S. Food and Drug Administration-approved drugs that exist to
treat MASLD [75], and the mainstay of therapy continues to focus on lifestyle interventions
targeting dietary changes and weight loss. Given what we know now, more work needs
to be performed to establish standardized screening criteria that help recognize those at
risk of developing MASLD who require more aggressive therapy, whether this is in the
form of the early initiation of tirzepatide or referral to bariatric surgery. Similarly, given the
role that insulin resistance and autonomic neuropathy might play on the development of
MASLD and OSA, respectively, more defined screening tools for the recognition of liver and
sleep abnormalities may be necessary for patients with diabetes. It is also unclear whether
patients with mild OSA but concomitant T2DM or MASLD require a more aggressive
push toward starting CPAP therapy. More prospective studies are needed to better inform
these questions.

Finally, although not directly addressed in this review article, diet is a foundational
pillar underlying metabolism that is still not fully understood. Changes in how and what
we eat have been suggested to play a role in the development of metabolic syndrome. Many
specific food components and nutrients, as well as various dietary patterns, are undergoing
studies to test their therapeutic potential. Polyphenolic compounds, for example, which
are naturally occurring in fruits, vegetables, and cereals, may be one group of metabolites
utilized for treatment, given their antidiabetic and cardioprotective properties [54]. Dietary
formulations, including the Mediterranean diet, which is rich in polyphenols, may also
hold promise in reducing oxidative stress in sleep apnea.

11. Conclusions

Understanding the intricate connections between obesity, OSA, T2DM, and MASLD is
paramount for developing effective therapeutic strategies. Sleep, often overlooked, plays a
crucial role in the progression of these conditions. The ongoing research, as exemplified by
the SURPASS-3 MRI study and triple G medication studies, offers promising avenues for
addressing NAFLD and improving overall health outcomes. By integrating sleep health
considerations into treatment approaches, there exists the potential for preventing and
managing obesity, OSA, and T2DM, thereby enhancing the quality of life for individuals
affected by these conditions.
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Figure S2: An overview of GIP–GLP-1 effects on glucose and satiety.
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Abstract: Obstructive sleep apnea (OSA) affects almost a billion people worldwide and is associated
with a myriad of adverse health outcomes. Among the most prevalent and morbid are cardiovascular
diseases (CVDs). Nonetheless, randomized controlled trials (RCTs) of OSA treatment have failed
to show improvements in CVD outcomes. A major limitation in our field is the lack of precision in
defining OSA and specifically subgroups with the potential to benefit from therapy. Further, this has
called into question the validity of using the time-honored apnea–hypopnea index as the ultimate
defining criteria for OSA. Recent applications of advanced statistical methods and machine learning
have brought to light a variety of OSA endotypes and phenotypes. These methods also provide an
opportunity to understand the interaction between OSA and comorbid diseases for better CVD risk
stratification. Lastly, machine learning and specifically heterogeneous treatment effects modeling
can help uncover subgroups with differential outcomes after treatment initiation. In an era of data
sharing and big data, these techniques will be at the forefront of OSA research. Advanced data science
methods, such as machine-learning analyses and artificial intelligence, will improve our ability to
determine the unique influence of OSA on CVD outcomes and ultimately allow us to better determine
precision medicine approaches in OSA patients for CVD risk reduction. In this narrative review, we
will highlight how team science via machine learning and artificial intelligence applied to existing
clinical data, polysomnography, proteomics, and imaging can do just that.

Keywords: obstructive sleep apnea; cardiovascular disease; machine learning; artificial intelligence;
heterogeneity of treatment effects; ethics in machine learning and artificial intelligence

1. Introduction

Obstructive sleep apnea (OSA) affects almost one billion people worldwide and
24 million people in the United States alone [1]. Despite the magnitude of this disorder,
there remains a considerable knowledge gap in how we address its implications. The
belief that all OSA patients require treatment has been questioned due to the lack of
concrete evidence supporting this stance [2,3]. For instance, while continuous positive
airway pressure (CPAP) enhances measures of sleepiness, blood pressure, and overall
quality of life [4,5], its positive influence on cardiovascular disease (CVD) risk has not
been consistently demonstrated, especially among nonsleepy OSA patients [6–8]. This
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inconsistency in outcomes suggests that the OSA population is heterogeneous and that not
all patients derive equal benefits from CPAP.

Moreover, there is an absence of clinical risk-prediction tools specifically for CVD in
OSA patients, though there are ongoing efforts within this domain [9,10]. Clinicians find
it challenging to prioritize treatment for those at elevated risk, underscoring the need for
more sophisticated, data-driven solutions. The current challenges focus on optimizing
treatment plans, discerning those at increased risk of primary and recurrent CVD events,
and identifying those patients who might benefit from interventions like CPAP for CVD risk
mitigation. The significance of developing machine learning (ML)/artificial intelligence
(AI)-based prediction tools for CVD risk reduction especially in asymptomatic OSA patients
cannot be overstated. Randomized clinical trials (RCTs), unfortunately, do not always
provide clarity on the full scope of treatment benefits. Though the major RCTs have
not shown significant advantages of CPAP in decreasing CVD events in nonsleepy OSA
patients, we speculate that this may be partially due to heterogeneity in treatment responses,
i.e., not everyone with OSA will experience CVD risk reduction when CPAP is applied.

ML and AI present promising avenues for advancing our understanding and treatment
of OSA. Both the National Institutes of Health (NIH) and the American Heart Association
(AHA) have recognized the potential of ML/AI for advancing our understanding of how
sleep disorders impact cardiovascular health and the need for fine-tuning treatment person-
alization [11,12]. Incorporating ML into medical research has led to the discovery of novel
causal contributors to adverse outcomes [13,14]. For example, in the PARADIGM registry,
ML models outperformed conventional statistical models and atherosclerotic CVD risk
scores in identifying individuals at risk of rapid progression of coronary atherosclerosis [15].
In the Multi-Ethnic Study of Atherosclerosis (MESA), ML more accurately predicted the
CVD event rate compared to traditional risk scores [16]. The heterogeneity of OSA disease
presentations, risk factors, overlapping comorbidities, and treatment outcomes make it an
ideal condition for the application of ML/AI. Vast clinical, biomedical, and polysomno-
graphic information in OSA patients often remains underutilized in current analyses due to
the magnitude of and interdependencies within the data. There has been significant interest
and progress in employing ML/AI to develop more effective diagnostic and monitoring
programs for OSA. However, striking the right balance between ideal methods and practical
constraints is essential in this pursuit. Furthermore, the application of ML in sleep medicine
opens new avenues of investigation into the issue of treatment heterogeneity. Current
projects within our group are applying ML to RCT data to develop advanced decision tools
to identify nonsleepy OSA patient subgroups with differential treatment responses, a task
that has been challenging using traditional methodologies. Furthermore, new advanced AI
technologies, such as transformer-based neural networks, can augment ML-based applica-
tions. Transformers can effectively process raw image data, such as computed tomography
(CT) scans of the face, oral cavity, or chest, or polysomnographic (PSG) data, enabling the
automated recognition and categorization of prevalent sleep apnea-related patterns.

However, a major hurdle of ML/AI is the “black box” phenomenon, where the process
from input to outcome remains obscured. This opaqueness can deter trust in the system,
particularly for clinicians, researchers, and educators unfamiliar with ML/AI and its
strengths and weaknesses. Thoroughly evaluating the output of ML is just as crucial as
crafting the model itself, especially when considering its potential integration into clinical
practice. Addressing this requires a team-science approach, blending the expertise of
clinicians, data scientists, statisticians, and clinical bioinformaticians. The objective is to
produce robust, high-performance prediction models that can be readily translated into
clinical practice.

This review will focus on the crucial role of ML/AI in achieving a more patient-
centered diagnosis of OSA by replacing traditional diagnostic metrics, as well as its applica-
tion in understanding treatment heterogeneity. We believe that harnessing state-of-the-art
ML/AI techniques to analyze extensive OSA datasets will usher in the long-awaited era of
personalized medicine for OSA.
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2. Statistical Methodology and Machine Learning Algorithms

ML, a subset of AI, uses computer algorithms to identify complex interactions in large,
multidimensional datasets that might elude human analysis. There are currently three
important forms of ML/AI currently in use: supervised, unsupervised, and reinforcement
learning frameworks. Supervised approaches are characterized by their ability to learn the
underlying relationships between predictor variables and known outcomes [17]. These
types of analyses can be used in medicine for risk assessment, diagnosis, and predicting
treatment outcomes. This category includes both models that are intuitive and easy to
interpret, such as linear models and decision trees, as well as those that capture more
complex interactions between predictor and outcome variables. Simpler models offer
intuitive and more easily interpretable predictions based on patient features, but they often
lack robustness and are sensitive to random perturbations in the data. More complex
algorithms, including the support vector machine, random forest, and deep learning, can
be very powerful and robust but difficult to understand. For example, a random forest
model built using data from the Sleep Heart Health Study was more accurate in predicting
10-year CVD risk than the Framingham Risk Score (FRS) [18]. However, it is not possible
to understand all the ways in which variables within the model interact to produce its
predictions. Therefore, using such a model, it is not easy to identify specific clinical features
to target for intervention. Users can only feed a patient’s data into the model to obtain a
risk prediction. Conversely, for the FRS, each variable and its weighted importance (i.e.,
the number of points it contributes to the score) are published. Thus, a clinician can assess
which variables from an individual patient’s history are contributing to a given score and
tally their score manually. An ensemble method such as random forests improves the
algorithm accuracy by stabilizing the model performance through averaging the outcomes
of multiple decision trees. However, explaining the interaction between features within the
model can still be problematic. Lastly, even more advanced methods like survival forests
use similar ensemble methods but focus on time-to-event data, providing a measure of risk
over time [19].

Unsupervised learning attempts to learn patterns from seemingly random data within
large datasets [20]. This takes on two main forms: (1) the clustering of participants based
on underlying data and (2) dimensionality reduction, which uncovers a smaller number of
hidden features that best represent and summarize the data without loss of information.
Clustering methods are useful for identifying disease phenotypes and subgroups with
similar characteristics, and have evolved from commonly used methods, such as latent class
analysis (LCA), hierarchical clustering, and K-means clustering, to more advanced deep
learning-based approaches. A study by Bailly et al. represents a prime example of clustering
within OSA utilizing multiple data domains, including clinical and PSG data, from a large
European database [21]. Using LCA, the authors found eight distinct phenotypes among
23,139 OSA patients. Further, they found that the rate of CPAP prescription varied between
groups, with overweight men and women having some of the lowest prescription rates
(57% and 49%, respectively), while younger/sleepier obese patients as well as older obese
men had the highest rates of CPAP prescription (94% and 93%, respectively). The second
category of unsupervised learning, dimensionality reduction, includes methods such as the
linear principal component analysis (PCA), the nonlinear uniform manifold approximation
and projection (UMAP), and more complex deep learning-based autoencoders. These types
of analyses are useful for identifying a parsimonious list of features that represent the data
while reducing the redundancy present with other methods, such as clustering. PSG is
a great example of high-dimensional data capturing a multitude of physiologic signals.
Dimensionality reduction techniques allow us to combine and pare down this information.
For example, PCA can be applied to clinical [22] and/or PSG [23] data to reduce the number
of features, and combined with clustering methods to identify unique patient subgroups
from immense streams of data, which would be missed by conventional clinical scores and
traditional PSG criteria.
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While both the aforementioned supervised and unsupervised ML methods are static,
reinforcement learning is a dynamic learning method by which an algorithm continues to
evolve using feedback from past experiences to improve its performance [24]. Autotitrating
CPAP is an excellent candidate for the application of reinforcement learning. Currently,
autotitrating CPAP responds to flow limitation from a fixed scanning window. However,
using the principles of reinforcement learning, it is possible to develop a system that
could also learn patterns within or across nights to better optimize continuous pressure
adjustment adapted to an individual patient in a certain position at a given time during
sleep. This technique has not been utilized as much within sleep medicine as yet. However,
there is great potential for its application in the future.

Lastly, though not a separate category of ML, transfer learning is another technique
that must be mentioned and can be used in combination with any of the above forms of
ML. Transfer learning is the application of models designed for one task/environment
to another, enabling more rapid development of ML in a new setting [25,26]. As AI
continues to advance, existing ML/AI models trained on large comprehensive datasets
offer researchers and clinicians a strong foundation for creating new, more specialized,
and effective diagnostic and treatment decision tools in other datasets. For example, a
supervised learning model that was developed in a large clinical cohort predominantly
comprised of white males may perform poorly if applied directly to other cohorts. Transfer
learning allows us to retrain and adjust this existing model in a cohort that has a higher
percentage of women and racial/ethnic diversity. Transfer learning can also improve ML
performance when applied to smaller cohorts in a phenotypic subgroup; for example,
as it uses the robust model initially developed within a larger population but tailored
to this subgroup. Not only does transfer learning accelerate the development process,
but it also produces more precise and efficient solutions, particularly in these types of
data-limited scenarios.

3. Applying Machine Learning and Artificial Intelligence to Obstructive Sleep Apnea
Data Domains

3.1. Assessment of Clinical Data

While the power of ML really shines when analyzing high-dimensional data, such
as PSG, or handling multiple large data streams, it can still be useful in developing risk-
prediction tools based solely on clinical data. Holfinger et al. used several supervised
learning approaches, including the support vector machine, random forest, and artificial
neural networks, to predict OSA diagnosis within the clinic-based SAGIC and Sleep Heart
Health Cohorts using only age, sex, BMI, and race [27]. The authors were able to show
better performance than a logistic regression model and similar performance to the STOP-
BANG score, which requires more features. We must pause here, though, to highlight that
the use of race in such models must be performed cautiously. Further, both cohorts used
within these ML algorithms had very limited numbers of some historically and persistently
excluded racial and ethnic groups. This issue of bias and ethics in ML/AI will be discussed
further in a later section. Unsupervised ML approaches have also been helpful in the clini-
cal domain. Mazzotti et al. used LCA to uncover four unique symptom phenotypes within
OSA patients: “disturbed sleep”, “minimally symptomatic”, “moderately sleepy”, and
“excessively sleepy” [28]. Survival analysis within these groups identified the “excessively
sleepy” phenotype as having the highest risk of incident CVD. A similar analysis using
LCA was performed within the Icelandic Sleep Apnoea Cohort, finding clusters with “dis-
turbed sleep”, “minimally symptomatic”, and “excessive daytime sleepiness” [29]. These
examples highlight the ways in which both supervised and unsupervised ML approaches
can predict risk using a parsimonious list of features and uncover hidden relationships
within clinical data.
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3.2. Harnessing the Power of Polysomnography

The field of OSA is undergoing a paradigm shift [30,31]. Over the last several decades
physicians and researchers have predominantly focused on the AHI as the primary, and of-
ten sole, measure of OSA severity, attempting to understand clinical outcomes based on this
metric alone [32]. However, the AHI is a hypothesis-driven measure of OSA severity [33],
developed with only the underlying disease process in mind and without consideration
for disease effects on relevant outcomes [34]. This process of disease classification and
study without the consideration of broader disease implications is outdated, lacking in
patient-centeredness [35], and contributes to overdiagnosis. Though the AHI has been
useful, it has ultimately reached its limits.

In the new age of OSA precision medicine and data-driven science, novel metrics to
grade the disease severity and subtype using an individualized patient-centered approach
have gained a foothold [36,37]. Four major OSA endotypes have been developed and
described, including pharyngeal collapsibility, loop gain, arousal threshold, and airway
dilator muscle compensation [38,39]. These distinct endotypes have been shown to be
scalable using cloud-based algorithms [40] and can be used as relevant features within
ML-based decision trees for personalized treatment selection [41–43]. There are emerging
data demonstrating their utility in assessing favorability for alternative therapies such
as hypoglossal nerve stimulation [44] and even blood pressure response to the CPAP
treatment of OSA [45]. However, these endotypes were developed to better characterize
the physiology underlying OSA-related respiratory events, not clinical outcomes such as
symptoms or CVD risk.

To better understand OSA in the context of patient-centered outcomes, we can ap-
ply novel mathematical methods to identify the physiologic and clinical consequences of
OSA-related respiratory events across an entire night and even breath-by-breath [46,47].
Physiologic responses to OSA events can be divided into several separate, though inter-
connected, axes, including arousal, sympathetic, hypoxemic, and ventilatory. Using these
responses, we can better predict CVD morbidity and mortality [48–50]. Further, novel
measures such as the pulse rate response—a surrogate for sympathetic tone—have been
shown to predict CVD benefit after OSA treatment [51]. The automation of these measures
will allow for greater application and combination of these features with additional clinical
variables within ML models to better predict disease outcomes and treatment response.

As mentioned above, PSG data are an excellent candidate for ML/AI applications
given the high dimensionality and multiple data signals. Automated scoring algorithms
for PSG developed in the last two decades have shown promise in replacing manual scor-
ing [52]. Deep-learning techniques like neural networks have been used to detect apneas
and hypopneas in real time during PSG [53]. Further, the detection of these events can be
achieved even in pared-down PSG signal data, such as a single respiratory channel [54] or
limited EEG [55]. Layering automated analysis of physiologic responses on top of existing
automation of traditional scoring will allow for a deeper understanding of patient-level
data and the identification of additional features that contribute to meaningful disease
outcomes in future research. For example, neural networks can meaningfully predict
patient-relevant outcomes, such as daytime sleepiness [56]. Going beyond OSA itself, the
data contained within a PSG and processed via neural networks can predict mortality, with
much of the risk attributable to sleep fragmentation [57]. Though, it would seem from
recent data that OSA-event-related arousals alone do not provide additional information
regarding incident CVD [58]. Thus, there is a wealth of information available within the
PSG. By applying modern machine- and deep-learning approaches to analyze PSG signals,
we may finally be able to understand the complex links between OSA and health outcomes,
such as CVD. Further, these robust analytical processes may allow for the more accurate
assessment of OSA from wearable devices in the home sleep testing arena.
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3.3. Proteomics to Predict Cardiovascular Disease Risk in OSA

While there have been significant advances in the physiologic endotyping and clinical
phenotyping of OSA, the pathobiological mechanisms underlying OSA morbidity remain
elusive. Gaining a comprehensive understanding of how physiological processes associ-
ated with respiratory events result in biological responses leading to cardiometabolic and
neurocognitive dysfunction is key [59]. To better understand this disease complexity, it
is important to elucidate molecular and proteomic biomarkers contributing to the basic
mechanisms underlying OSA. Proteomics refers to the set of ‘big data’ technologies applied
to discover protein biomarkers associated various disease states. Such analyses can be
performed using a “shotgun” approach to identify all measured proteins/metabolites, or
using a targeted approach centered on a group of proteins [60]. Either way, the combination
of “omics”-based strategies and ML methods have the potential to revolutionize sleep
medicine and boost our understanding of pathobiological pathways in OSA.

Advanced immunoassays, such as the Olink® inflammation and CVD biomarker
panels (Olink® Bioscience, Uppsala, Sweden), allow for the exploration of personalized
immunophenotyping. Olink® is a proteomics array that measures plasma biomarkers
reflecting inflammation, immune response, cell adhesion, and tissue remodeling using a
proximity extension assay. The Olink® platform has been used in several studies to identify
proteins associated with various CVDs [61–63]. This panel has also been used in OSA
patients to identify subgroups based on differential inflammatory protein expression. For
example, in a recent post hoc analysis of the ISAACC study [8], Zapater et al. analyzed
the proteomic profiles in 86 OSA patients admitted for acute coronary syndrome, divided
into those with and without recurrent CVD events [64]. Using a supervised random forest
algorithm to select relevant proteins and generate a predictive model of recurrent CVD, the
authors identified 38 (of 276) cardiovascular and inflammatory proteins that were differen-
tially expressed between the two groups. Additionally, 12 proteins emerged as predictive
biomarkers, of which 3 were identified as having the highest contribution to prediction of
recurrent CVD events among this cohort of OSA patients. These proteins included CXCL16,
STK4, and TFPI, which are implicated in cell proliferation, communication and apoptosis,
and regulation/response to inflammation and immune systems. Another study used the
same proteomics panel to investigate the association between OSA severity and changes
in inflammatory protein expression profiles in a cohort of women [65]. There was no sig-
nificant association between OSA and protein expression after adjusting for age and BMI,
though severe OSA during rapid eye movement (REM) sleep was negatively associated
with Axin 1 (a protein involved in tumor suppression/regulation [66]). Severe REM OSA
was also associated with reductions in Sirtuin-2 (a protein involved in metabolic regulation
and adipogenesis inhibition [67,68]). In a subsequent study among men by Ljunggren et al.,
this REM OSA effect was not observed [69]. However, among men, an oxygen desaturation
index ≥30 was associated with increased plasma levels of eight inflammatory proteins,
including interferon gamma and angiotensin-converting enzyme 2.

Kundel et al. recently used unsupervised analyses to uncover three unique clusters of
OSA in 46 patients with low, intermediate, and high inflammatory protein expression using
the Olink® panel [70]. In an exploratory analysis, the authors found a differential response
to CPAP among the three clusters, with an increase in inflammatory protein expression
in the “low inflammatory” cluster and a decrease in inflammatory protein expression in
the “high inflammatory” cluster following three months of CPAP. Although the samples
sizes were small (total n = 46), the results are hypothesis-generating, and may guide future
studies in the pursuit of characterizing “at-risk” subgroups of OSA patients. A similar
approach using the Olink® panel was applied to nasal lavage samples collected from
patients with OSA before and after initiating CPAP. In this study, Cohen et al. identified
13 proteins that significantly decreased after CPAP in a subset of participants classified
as having a high baseline inflammatory protein expression by unsupervised clustering
methods [71]. Many of these proteins (e.g., MCP-4, OSM, LAP TGF-beta1, and VEGF-alpha)
have been linked to immune cell differentiation, chemotaxis, airway inflammation, and
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vascular remodeling. Further validation of these results using a combination of omics
with ML algorithms can help risk-stratify OSA patients for future clinical trials for CVD
risk reduction.

Despite these advances, there remains a long road ahead in identifying reliable OSA
biomarkers from the extensive array of options offered by proteomics. Sleep medicine has
traditionally lagged behind in the integration of omics data, leaving a significant knowledge
gap in our understanding of sleep disorders like OSA. The emerging landscape of OSA’s
association with inflammation and CVD risk demands a more comprehensive approach.
Integrating ML and omics data can unlock crucial insights into the molecular underpinnings
of OSA and its impact on CVD risk. Moreover, embracing unsupervised ML approaches will
be imperative for uncovering novel biomarkers that may have been previously overlooked.
By combining ML/AI and omics, we have the potential to revolutionize sleep research,
allowing us to (1) identify distinct subgroups within OSA populations with or without an
elevated CVD risk, and (2) monitor OSA treatment efficacy [72]. This holistic approach can
pave the way for more personalized diagnostics and treatments in sleep medicine.

3.4. Image-Based Machine Learning in OSA

Multiple ML approaches can be applied to OSA-related imaging data. Morphometric
analysis, used in facial recognition technology, employs ML to analyze distances and
arrangements of facial landmarks. Researchers have used the morphometric analysis
of facial landmarks based on both 2D [73] and 3D [74,75] photography to differentiate
between those with and without OSA. In a similar approach, Tsuiki et al. [76] used AI to
analyze oropharynx architectures on 2D cephalometric radiographs. Automation of these
technologies will allow for anatomic phenotyping within OSA and has the potential to
replace OSA screening or even traditional sleep studies for diagnosis.

One of the most frequently used image-based ML applications is the automated seg-
mentation of anatomical structures or the automatic classification of an image into different
representative groups (e.g., disease versus no disease). This application typically utilizes a
convolutional neural network approach. This approach allows rapid and robust segmen-
tation to facilitate the measurement of dimensions and volumes of anatomical structures
of interest. Extracted metrics can subsequently be used in diagnostic decision trees or
in risk stratification. In the setting of OSA, most attention has been given to segmenting
features of the upper airway based on 3D CT and magnetic resonance imaging (MRI) data.
Craniofacial and upper-airway morphometric features on CT imaging, including the upper
airway length, the A point–nasion–B point (ANB) angle, and the gonion–gnathion–hyoid
angle, have been associated with elevated CVD risk [77]. De Bataille et al. [78] and Shujaat
et al. [79] have used ML in cone-beam CT imaging to measure airway volume. A number
of groups have demonstrated the use of the ML-based analysis of MRI to automatically
segment upper-airway structures, including the pharynx, tongue, and soft palate, that may
facilitate large-scale epidemiological analyses in OSA patients in the future [80–82]. Molnar
et al. [83] used an AI analysis based on pharyngeal adipose tissue thickness derived from
MRI, sex, and neck and waist circumference to separate patients with airway obstruction
from those without. In a novel approach to airway measures, ML-supported computational
fluid dynamics analysis has been used to predict OSA-related airflows [84].

Image-based ML has also been applied to brain MRI scans in OSA patients. Pang
et al. [85] used the support vector machine and random forest to accurately classify OSA
based on diffusion tensor MRI scans of the brain. In another study, Liu et al. [86] used
ML analysis of resting-state functional MRI (rs-fMRI) scans of the brain to identify OSA
patients with and without cognitive impairment. Similarly, Shu et al. [87] used rs-fMRI
and ML analyses to investigate cognitive impairment in OSA. Agarwal et al. [88] used
a convolutional neural network analysis of brain MRI scans to predict whether OSA
patients treated with CPAP would experience a negative neurological condition post-
treatment. These studies highlight the potential for the image-based analysis of the related
and downstream effects of OSA in a multiorgan setting. Similar ML-enabled analyses
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combining multimodality data may be applicable in the setting of assessing the relationships
between OSA and CVD risk.

In an alternative image-based ML approach, radiomics analyzes the relationships
between the intensities of spatially correlated pixels. Radiomic metrics can provide insight
into subtle features, patterns, or textures in the image that may not be apparent to the
human observer. Using the feature tracking—a form of radiomic analysis—of cardiac-phase
MRI images, Li et al. [89] assessed left ventricular (LV) parameters among patients with
OSA and controls. The authors found that OSA was associated with a higher LV mass
index and indexed cellular volume of the myocardium, suggesting cellular hypertrophy.
Currently, however, there is a paucity of studies utilizing image-based ML or radiomics
to evaluate the impact of OSA on CVD and future CVD risk. This is despite the extensive
use of cardiovascular imaging in patients with OSA. Given the potential of image-based
ML in diagnosing and characterizing OSA, there is an untapped opportunity in leveraging
existing imaging data, such as chest X-rays, coronary artery calcium imaging, and cardiac
MRI, through AI-driven analyses. For example, by applying AI to this wealth of historical
data, we could gain insights into how various treatments for OSA impact cardiovascular
health. This approach could help refine treatment strategies and identify the most effec-
tive interventions for individual patients, ultimately reducing the risk of cardiovascular
complications associated with OSA.

3.5. Adding Multiple Domains for Better Prediction

Though each data domain alone provides a considerable substrate for novel statistical
and AI methodologies, the true capabilities of ML lie in its ability to combine information
from multiple domains. Within the field of OSA, this includes not only PSG and information
from wearable technologies, but also demographic, social, behavioral, clinical, biological,
and imaging data. As discussed above, techniques such as random forest [90] have been
developed to handle these tasks and remain among the most powerful analytical tools
available [91]. Data-driven random forest-built prediction models using a multitude of data
outperform older hypothesis-driven risk scores, such as the FRS for predicting cardiovascu-
lar outcomes [18]. Wallace et al. applied random forest techniques to multidimensional
data, including sleep data, and were able to demonstrate the accurate prediction of 15-year
mortality risk [92]. Though the strength of this tool is the unique integration of data, indi-
vidual variable importance analyses can be performed to better understand which specific
features drive an algorithm’s predictions. For example, in this aforementioned study by
Wallace et al., sleep efficiency on PSG and time with oxygen saturation less than 90% were
among the most important isolated features. However, demographic and comorbid health
domains as whole categories were even more predictive of mortality than sleep domains.
As shown, ML/AI approaches represent a new frontier in risk prediction. These promising
tools combining multiple data streams will allow us to finally manage, assess, and leverage
the immense information available for OSA patients.

4. Future Perspectives: Understanding Cardiovascular Disease Outcomes after OSA
Treatment—A Futuristic Approach Using Machine Learning

Harnessing ML/AI for personalized treatment in medicine, and particularly OSA,
will be a game-changer for tailoring therapy to individual needs. As described above, one
common ML/AI strategy involves using supervised approaches to estimate the likelihood
of a particular health outcome. This estimation can help prioritize individuals who are at
higher risk. This is particularly effective in medical settings, where preventative treatments
can be implemented to mitigate these risks. However, it is important to note that being
at high risk does not always translate to significant benefits from a treatment. Although
understanding CVD risk in OSA patients may enhance the outcomes and adherence of
CPAP therapy [93], these risk assessment approaches do not directly measure how treat-
ment changes that risk. Imagine a scenario where two patients with OSA of similar severity
and symptom profile receive the same treatment (e.g., CPAP). One patient experiences a
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remarkable improvement in symptoms and a reduction in CVD risk, while the other sees
little to no improvement in sleepiness and no risk reduction in CVD. We currently have
few tools to understand and address such variations in outcomes.

Traditionally, healthcare determinations are based on the average treatment effect
(ATE) of an intervention derived from large high-quality RCTs comparing the intervention
to a control. However, these ATEs estimate the intervention’s effect for a hypothetical
chimeric patient who is an amalgamation of all the unique participants within a study [94].
These ATEs do not fully encompass the range of patient differences and risk levels essential
for pinpointing those most in need of a particular intervention or potentially others that
may be harmed by an intervention. The central challenge in advancing precision medicine
lies in transcending the mere estimation of ATEs and risk stratification to recognize the
diversity of therapeutic responses to an intervention based on factors such as patient
attributes, inherent risk, and treatment susceptibility [95]. Overcoming such challenges
requires a change in paradigm. Instead of directly predicting treatment outcomes, we need
to understand and identify the patterns defining the heterogeneity in patient responses
to a given intervention. This shift in focus is vital for more personalized and effective
healthcare decisions.

Emerging methods combining AI models and causal inference have been developed
to identify patients where treatment modifies the outcome risk [96]. These methods, col-
lectively termed heterogeneous treatment effect (HTE) analyses, measure the difference in
potential outcomes for an individual if they were treated versus if they were not treated.
Traditionally, RCTs include subgroup analysis to understand diverse therapeutic responses
by iteratively focusing on specific variables. In the realm of OSA, classic examples include
secondary analysis by disease severity or by CPAP adherence thresholds. However, this can
lead to erroneous conclusions either due to multiple statistical testing or limited statistical
power, particularly when subgroup samples are small [97]. HTE analyses represent a con-
siderable methodological step forward by assessing conditional average treatment effects
(CATEs). CATEs reveal the treatment effect for ML/HTE model-derived subgroups—or
even individuals depending on the specific form of HTE analysis—contingent on base-
line covariates.

The first methods to address HTE in the context of RCTs utilized model-based recursive
partitioning (MBRP) [98,99]. MBRP combines decision trees with classical statistical models
to address the heterogeneity in patient responses. MBPR starts by fitting a statistical model
(e.g., logistic regression in the case of binary outcomes or the Cox model for time-to-event
outcomes) with treatment as a covariate on a complete dataset. It then identifies the
baseline covariate that most strongly modifies the treatment effect (i.e., has an interaction
with treatment) and uses that feature to partition the population into two subgroups. The
procedure is applied recursively within each subgroup until no promising variables by
which to split participants are left, resulting in a decision tree. Ultimately, the product of
this model-derived decision tree is discrete patient subgroups clustered by their differential
responses to treatment. Further, inspection of the key factors identified as the tree’s nodes
(i.e., the variables used to partition subgroups at each decision point) may lead to new
and previously unfathomable hypotheses regarding associated conditions and disease
mechanisms. Our group is using MBRP in ongoing work to identify the effect of CPAP on
CVD outcomes among OSA participants within large RCTs.

As previously described, though supervised ML decision trees are easily interpretable,
they suffer from issues of overfitting and sensitivity to noise. For purposes of risk predic-
tion, these decision trees were expanded into random forest models [90], which combine
data from a multitude of trees to improve the model accuracy. Similarly in the realm of
HTEs, decision tree-based HTE methods, like MBRP, have been developed into the MBRP
forest [100] and causal forest [101,102]. These methods maintain the core framework of the
random forest, including recursive partitioning, subsampling, and random splits. However,
they are adapted to HTEs, maximizing the ability to predict the variability of treatment ef-
fects rather than model accuracy, as is performed for risk prediction in supervised learning.
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These algorithms provide the foundation for developing more accurate and personalized
treatment strategies, moving beyond mere associations to uncover the underlying causality.

Causal forest models also have an added benefit over decision tree-based HTE models,
as they directly estimate the individual treatment effect (ITE). The ITE can then be used
to create a prioritization rule ranking patients by their predicted treatment response on a
continuum from potential harm to benefit. The ITE is therefore much more granular than
the CATE produced by decision tree-based HTE methods, which estimates the treatment
effect for a subgroup of patients [103,104]. These innovative methods go beyond mere risk
prediction; they measure the potential outcomes for an individual as if they were treated
compared to as if they were not. These mathematical manipulations essentially allow for
the equivalent of an RCT analysis within each individual participant, despite that given
individual not actually having received both an intervention and control. This level of
precision represents a substantial evolution in ML applications within healthcare. The
game-changer here is our newfound ability to identify precisely which patients will benefit
most from a particular treatment, and to therefore prioritize patients for interventions
based on their individual predicted treatment response. These tools will finally enable us
to tailor treatment plans to each patient’s unique needs and maximize the likelihood of
successful outcomes.

Lastly, just as transfer learning can be applied to other forms of ML, it can also be
used to broaden the generalizability of HTE models trained on RCT cohorts by transferring
these models and retraining them in observational datasets. This technique has the power
to balance the precise causal estimates obtained in ideal RCTs and apply them to a larger
number of patients in a more pragmatic setting. Although this application is in its nascency
in sleep medicine, it has great potential in the near term. Further, federated learning
approaches orchestrate the training of several local models from heterogeneous datasets
without the need for individual participant-level data integration [105]. This form of model
integration abides by local privacy laws and protects participant data while maximizing
the power of large datasets [106]. This method protects study participants while allowing
for global collaboration, and creates better diversity, equity, and inclusion of populations
from previously under-represented countries.

In summary, the progression of HTE methods from basic ML to advanced causal
forest methods and ITEs will allow the field to craft increasingly personalized and effec-
tive treatment plans for patients with OSA with relevant outcomes in mind, including
improving cardiovascular outcomes. These approaches can be utilized to weigh various
treatment options and their specific impact on cardiovascular health, ensuring that patients
receive the most suitable interventions based on their unique characteristics and expected
treatment effects. These examples highlight the potential of ML applications in healthcare
to enhance patient care and cardiovascular well-being in individuals with OSA, ushering
in an era of truly personalized medicine, where the right treatment is administered to the
right patient at the right time. Future studies should focus on integrating these innovative
approaches to fully leverage the capability of ML/AI and advanced statistical methods,
making individualized treatment the norm rather than the exception.

5. Ethics in Machine Learning and Artificial Intelligence

Ethics in AI is a deeply important and continually evolving domain of study and
discourse. As AI systems become more integrated in healthcare, the ethical implications
of their applications grow in magnitude. Key issues like safety, fairness, privacy, and
accountability demand action from AI developers, healthcare entities, governments, and
society at large.

Bias and fairness are prominent concerns in AI, as decision-making models can inad-
vertently reflect and amplify societal biases in their training datasets. Research disparities
persist in sleep medicine, particularly in regards to race/ethnicity, socioeconomic factors,
and gender. OSA research has historically centered on males due to their higher condition
prevalence, especially using older AHI criteria. This tendency is further exacerbated by sex
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differences in symptom presentation, driving underdiagnosis in women. Such disparities
in research translate to the under-representation of certain groups in the data collected
and used to train AI models. Prior research has already shown that only a minority of
sleep clinic patients with OSA would meet the criteria for the existing RCTs within our
field including a large proportion of women [107]. When predicting CVD risk in OSA
patients using ML, such nonrepresentative training data can hinder the equity of AI models’
performance across diverse backgrounds. This could inadvertently prioritize or neglect
certain demographics in risk assessments. For example, if training data lean heavily to-
wards male OSA patients, the AI might be less accurate in assessing CVD risks for female
patients due to different symptom presentations. Other biases, such as those pertaining to
the variability of treatment and diagnostic criteria, must also be carefully considered. For
example, patients may be on different treatments for OSA that can affect CVD risk. Further,
the criteria and modality used to diagnose OSA and measure its severity might change
over time or vary between institutions. Models that do not account for such heterogeneity
and unbalances can inject bias into AI predictions.

To ensure fairness in AI determinations, biases must be audited and addressed before
the deployment of AI models. It is crucial to train AI users and developers on the use of
fairness toolkits, such AI Fairness [108]. Prospectively, the research community should
ensure diversity, equity, and inclusion in studies and trials to mitigate upstream biases
within clinical datasets used by AI. Biased AI predictions can result in serious ramifications,
leading to either neglect or excessive medical interventions. Hence, consistent evaluation
and recalibration of AI models are vital to maintain fairness and adapt to the evolving
medical understanding of OSA and CVD outcomes.

Finally, complex AI models, especially in deep learning, often act as a “black box”,
obscuring their decision-making and hindering trust. For patients and clinicians impacted
by these models, understanding AI-driven decisions is paramount, even if it compromises
peak model efficiency. The AI community is advancing and standardizing “explainable
AI” [109] techniques, introducing methods like SHapley Additive exPlanation (SHAP),
Local Interpretable Model-agnostic Explanations (LIME), attention mechanisms, and visu-
alization tools. These techniques help us to understand how AI is using input data to reach
its decisions and predictions. The evolution of explainable AI demands domain-specific
insights for distinct needs, emphasizing the crucial role of team science with representation
from both the OSA research community and data science developers. Further, the integra-
tion of AI into society requires a multidisciplinary approach, involving not just computer
scientists, but also ethicists, sociologists, psychologists, and policymakers. As AI continues
to advance, its users must prioritize ethical considerations to ensure that the technology
benefits humanity and does not inadvertently harm or disadvantage certain groups.

6. Conclusions

In conclusion, ML and AI are important tools that have been used and developed
in many fields of science and medicine. Their use in OSA is particularly exciting given
the emerging research in our field uncovering disease heterogeneity and variability in
treatment effects. The myriad of physiologic, biologic, and clinical data available for
patients with OSA in the digital age from electronic health records, PSG, imaging, and
multiomics are ripe for data science techniques that can combine multiple domains and
assess high-dimensional data to improve patient experience, risk prediction, and treatment
outcomes. Advances within ML/AI will allow for more complex analyses tailored to
answer specific research questions and generate hypotheses previously unfathomable.
However, despite the enticing features of ML/AI, we must remain cautious and vigilant to
not overstep or introduce bias, as these methods have the potential to worsen pre-existing
disparities in sleep medicine. OSA researchers using these methodologies must be rigorous
and uncompromising on quality and fairness. We hope that the application of ML/AI will
not only help identify patients who will benefit from OSA treatment, but also those who
may potentially be harmed, aligning with the principles of the Hippocratic oath.
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Abstract: Background: Maxillomandibular advancement (MMA) has been shown to be the most
effective surgical therapy for obstructive sleep apnea (OSA). Despite high success rates, there are
patients who are considered as non-responders to MMA. In order to triage and inform these patients
on their expected prognosis of MMA before the surgery, this study aimed to develop, internally
validate, and calibrate a prediction model for the presence of surgical success for MMA in patients
with OSA. Methods: A retrospective cohort study was conducted that included patients that had
undergone MMA for moderate to severe OSA. Baseline clinical, polysomnographic, cephalometric,
and drug-induced sleep endoscopy findings were recorded as potential predictors. Presence or
absence of surgical success was recorded as outcome. Binary logistic regression analyses were
conducted to develop the model. Performance and clinical values of the model were analyzed. Results:
One hundred patients were included, of which sixty-seven (67%) patients reached surgical success.
Anterior lower face height (ALFH) (OR: 0.93 [0.87–1.00], p = 0.05), superior posterior airway space
(SPAS) (OR: 0.76 [0.62–0.92], p < 0.05), age (OR: 0.96 [0.91–1.01], p = 0.13), and a central apnea index
(CAI) <5 events/hour sleep (OR: 0.16 [0.03–0.91], p < 0.05) were significant independent predictors
in the model (significance level set at p = 0.20). The model showed acceptable discrimination with
a shrunken area under the curve of 0.74, and acceptable calibration. The added predictive values
for ruling in and out of surgical success were 0.21 and 0.32, respectively. Conclusions: Lower age
at surgery, CAI < 5 events/hour, lower ALFH, and smaller SPAS were significant predictors for the
surgical success of MMA. The discrimination, calibration, and clinical added values of the model
were acceptable.

Keywords: obstructive sleep apnea; maxillomandibular advancement; prediction; surgical success

1. Introduction

Obstructive sleep apnea (OSA) is a breathing disorder which occurs during sleep
and is characterized by recurrent obstruction (partial or complete) of the upper airway,
resulting in hypopnea and/or apnea [1]. OSA results in hypoxemia, hypercapnia, and
arousals from sleep. It is associated with cardiovascular and cognitive morbidity, a reduced
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quality of life, and premature death [2–6]. It is estimated that the prevalence of OSA in
the general population is 9% to 38%, whilst prevalence percentages increase due to rising
rates of obesity in addition to an aging population [7,8]. Polysomnography (PSG) is the
gold standard test for the diagnosis of OSA. The diagnosis and severity of OSA have been
largely quantified by the numeric calculation of the number of obstructive, central, and
mixed apneas and hypopneas per hour of sleep (AHI). Severity, spanning three levels, is
traditionally defined by the cut-offs 5–14, 15–29 and ≥30 events per hour defining mild,
moderate and severe OSA, respectively, as suggested by the American Society of Sleep
Medicine (AASM) [9].

Continuous positive airway pressure (CPAP) is considered the first treatment choice
in patients with moderate to severe OSA [9]. However, a substantial proportion of patients
experience problems tolerating CPAP, resulting in a reduced compliance to the therapy [10].
Alternatives for these patients usually consist of a mandibular advancement device (MAD)
or surgical treatment, e.g., maxillomandibular advancement osteotomy (MMA) [11]. MMA
has shown to be the most effective surgical therapy for OSA, excluding a tracheostomy,
with a reported success rate of 85% [12]. However, despite the high success rates, there
is a group of patients who are considered as non-responders to MMA [12]. It is thought
that the presence of complete anteroposterior collapse at the level of the epiglottis and
a minimal retro velar space might contribute to MMA failure [13,14]. However, only a
few studies have assessed predictors for failure in MMA; therefore, drawing conclusions
remains arbitrary.

In order to efficiently use the scarce medical resources, it is of utmost importance
to triage the patients based on their expected prognosis of MMA before the surgeries.
To ensure this, prediction models for surgical success are of vital importance. To date,
no prediction models for the surgical success of MMA have been developed, further
complicating preoperative clinical patient counseling and suitable candidate selection.
This is because a prediction model helps to inform patients on their potential prognosis
of the surgery and also aids clinicians during preoperative decision-making. Therefore,
prediction models for the surgical success of MMA are warranted. Whilst we nowadays
aim for tailor-made treatment (personalized medicine) for each individual patient, it is
important that preoperative predictors for surgical success are identified. These predictors
should lead to the development, validation, and implementation of a prediction model
for the surgical success of MMA as a treatment of OSA in the future. Improving MMA
candidate selection will not only contribute to improve appropriate care delivery, but also
reduce morbidity and increase the therapeutic success of MMA. A broader goal is to better
utilize the available healthcare costs by optimizing the cost-effectiveness of MMA as a
treatment for OSA. Therefore, the aim of this study was to identify potential predictors for
the surgical success of MMA (as defined by Sher’s criteria [15]) in patients with OSA, and
develop and internally validate a model for the prediction of surgical success.

2. Materials and Methods

The Medical Ethics Committee of the Amsterdam University Medical Centers (Amster-
dam UMC, location Amsterdam Medical Center (AMC)) concluded that this study was ex-
empted from the Medical Research Human Subjects Act (Reference number W22_061#22.093).
The present study was carried out based on the Strengthening The Reporting of Obser-
vational studies in Epidemiology (STROBE) [16] statement and the Transparent Report-
ing of a multivariable prediction model for Individual Prognosis or Diagnosis (TRIPOD)
statement [17].

2.1. Study Design and Participants Enrolment

The study was designed as a retrospective cohort study. The inclusion criteria were
(1) patients with moderate to severe OSA, diagnosed by means of PSG (AHI ≥ 15/h);
(2) age > 18 years old; (3) patients who underwent MMA as a treatment for OSA in the
Amsterdam UMC location AMC, from September 2011 to September 2020; (4) an overnight
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level I or level II PSG was performed to measure the parameters relevant to OSA prior to
surgery and at a minimum of 3 months postoperatively; (5) a standardized lateral cephalo-
gram was performed prior to surgery and at a minimum of one week postoperatively;
and (6) patients who were followed-up for at least 12 months on the outpatient clinic
after MMA.

The non-inclusion criteria were as follows: (1) patients who did not undergo isolated
MMA nor simultaneous upper airway surgery (e.g., uvulopalatopharyngoplasty, lateral
pharyngoplasty, expansion sphincter pharyngoplasty, barbed reposition pharyngoplasty,
tongue volume reduction surgery and/or hyoid bone suspension surgery); (2) patients
who underwent a previous MMA osteotomy as a treatment for OSA; (3) patients with
instable endocrine dysfunction prior to surgery (hypothyroidism, acromegaly and pituitary
adenoma) and/or patients with craniofacial syndromes; and (4) patients who did not give
permission for their data to be used for research purposes.

2.2. Treatment Protocol

All MMA osteotomies were performed by two experienced oral and maxillofacial
surgeons dedicated to the treatment of OSA. MMA osteotomy consisted of a Le Fort I
osteotomy of the maxilla with a Hunsuck-Dal Pont modification of the bilateral sagital
split osteotomy (BSSO) of the mandible, as described by Obwegeser [18,19]. Subsequently,
advancement of the maxillomandibular complex followed, and in a subgroup of patients
additional counterclockwise rotation was performed [20]. After applying temporary maxil-
lomandibular fixation by steel-wire ligatures or power chains and intraoperative splints,
rigid internal fixation was applied [21,22]. Before the availability of three-dimensional plan-
ning, the surgery was planned two-dimensionally with manually fabricated intraoperative
splints. In patients who had undergone more recent surgery, the surgery was virtually
planned and involved three-dimensionally fabricated intraoperative splints [11].

2.3. Predictors

The potential predictors were extracted from the electronic patients’ files, including
patient-related variables, respiratory parameters assessed by PSG, drug-induced sleep
endoscopy (DISE) findings, and cephalometric measurements. All the predictors were
measured at baseline before the MMA. All the potential predictors in the present study
were decided based on the previous literature [11,23,24] and the authors’ clinical experience
and knowledge.

2.3.1. Patient-Related Variables

The patient-related variables included gender, age, body mass index (BMI) at time
of surgery, pre-existent physiological status by means of the ASA (American Society of
Anesthesiology) classification score (ASA I, normal health; ASA II, mild systemic disease;
ASA III, severe systemic disease; ASA IV, severe systemic disease that is a constant threat
to life; ASA V, not expected to survive without operation) [25], history of upper airway
surgery, excluding previous MMA, as a treatment for OSA (Yes or No), and the presence or
absence of teeth (dentulous versus edentulous). Patients with 1–27 teeth (excluding the
third molars) were classified as partially dentulous.

2.3.2. Respiratory Parameters

All patients underwent an overnight level I or level II PSG prior to surgery and a
minimum of 3 months postoperatively. For scoring respiratory events, we adhered to
the criteria of the American Academy of Sleep Medicine (AASM), with the use of the
recommend rules for the scoring of hypopneas, i.e., (1) peak signal excursions drop by
≥30% of pre-event baseline using nasal pressure (diagnostic study); (2) the duration of the
≥30% drop in signal excursion is ≥10 s; and (3) ≥3% oxygen desaturation from pre-event
baseline and/or the event is associated with an arousal) [26]. The following data was
obtained from PSG prior to surgery (baseline): AHI, central apnea index (CAI; presence
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of central apnea events was defined as a CAI ≥ 5 per hour sleep [27]), and presence of
positional OSA (positional OSA was defined as a minimally two times higher AHI in supine
position when compared to non-supine position [28]).

2.3.3. Cephalometric Variables

The lateral cephalograms were taken with the patients’ head in a natural position with
the mandibular condyle positioned in centric relation to the glenoid fossa. All cephalo-
grams were analyzed by a single observer using Viewbox software (Viewbox 4, dHAL
Software, Kifissia, Greece) [29]. For intra-observer reliability analyses, the observer re-
peated the measurements one month later in twenty cases that were randomly selected.
In the present study, the following cephalometric data at baseline was obtained as the
potential predictors: anterior lower face height, anterior total face height, presence of
maxillomandibular deficiency (maxillomandibular deficiency was defined as sella-naison-
A-point (SNA) angle ≤ 80.5◦ and/or sella-naison-B-point (SNB) angle ≤ 78.5◦) [30], and
superior posterior airway space (SPAS). An overview on the cephalometric variables and
definitions is illustrated in Table 1. An overview of the landmarks, reference lines, and
variables on cephalometry is illustrated in Figure 1.

Table 1. Cephalometric variables with definitions.

Variable Definition

S-N Distance between S and N
ATFH Distance between N and Me
ALFH Distance between ANS and Me
SNA Angle from S to N to A
SNB Angle from S to N to B

SPAS Width of the posterior airway at the level of the midpoint of
UT and PNS, parallel to line Go-B.

A, subspinale; ALFH, anterior lower face height; ANS, anterior nasal spine; ATFH, anterior total face height;
B, supramentale; Go, gonion; Me, menon; N, nasion; PNS, posterior nasal spine; S, sella; S-N, sella-naison line;
SPAS, superior posterior airway space; UT, uvula tip.

Figure 1. Landmarks, reference lines, and variables used from cephalometry. Landmarks: A, sub-
spinale; ANS, anterior nasal spine; B, supramentale; Go, gonion; Me, menton; N, Nasion; PNS,
posterior nasal spine; S, sella; UT, uvula tip; Reference lines: Go-B, gonion-supramentale; SN, sella-
nasion; THP, true horizontal plane (through S, set at 7◦ from SN); TVP, true vertical plane (through S,
set at 90◦ from THP). Variables: 1, S-N; 2, ATFH (anterior total face height, N-Me); 3, ALFH (anterior
lower face height, ANS-Me); 4, SNA angle; 5, SNB angle; 6, SPAS (superior posterior airway space).
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2.3.4. Drug-induced Sleep Endoscopy

In patients with previous unsuccessful CPAP and/or MAD therapy, DISE was per-
formed prior to MMA osteotomy to assess the precise anatomic level(s) and pattern(s)
of upper airway collapse. These patients underwent a standardized DISE procedure,
of which the method is described in a previous study [27]. In order to quantify the ob-
servers’ findings during DISE, the VOTE scoring system was used [28]. In the present
study, we included data on presence/absence of concentric collapse at the velum and
presence/absence of complete anteroposterior epiglottis collapse, both in supine position,
as the potential predictors.

2.4. Outcomes

Changes in AHI at 3 to 12 months follow-up compared with the preoperative AHI
were regarded as the primary outcome for surgical success. The outcome for surgical
success was binary. The surgical success of MMA is considered ‘present’ if a patient’s AHI
was reduced by ≥50% compared to the preoperative AHI, combined with a postoperative
AHI < 20 events/h, as proposed by Sher et al. [15].

2.5. Statistical Analysis
2.5.1. Missing Data

The multiple imputation technique was used for the missing values. We created
m = 35 imputed datasets with 10 iterations and used predictive mean matching (PMM) for
imputing the missing values. All the potential predictors and the outcome variable were
included in the imputation model.

2.5.2. Development of the Model
Screening of Potential Predictors and Modelling

The potential predictors for surgical success were determined based on clinical ex-
perience and previous literature by the research team. Multicollinearity of the potential
predictors were assessed using the variance inflation factor (VIF). When a VIF value of a
predictor was higher than 10 [31], collinearity was considered present and the predictor
was excluded from the subsequent analysis.

To pre-screen the potential predictors, univariate binary logistic regression analysis
was used to assess the association between each potential predictor and the outcome. The
predictors with a p-value of ≤0.20 were selected for the subsequent multivariate analyses.
Multivariate binary logistic regression analysis with backward selection (predictors with
p-value of >0.20 were removed) was performed to further screen the potential predictors
and develop the prediction model.

Shrinkage Factor

A global shrinkage factor was produced based on the bootstrapping procedure with
100 bootstrap samples. The shrinkage factor was used to shrink the regression coefficients
of the predictors in order to prevent the overfitting of the prediction model [32,33].

Performance of the Prediction Model

The performance of the prediction model was assessed in aspects of calibration and
discrimination. Calibration is defined as the agreement between predicted and observed
outcomes [34]. The calibration of the model was assessed with the calibration plot by plot-
ting the predicted individual outcomes against the observed actual outcomes. The patients
were grouped into deciles based on their predicted probabilities of the outcomes. The
prevalence of the outcome events in each decile is considered the observed probability. The
mean of the individual predicted probabilities in each decile is considered the predicted
probability. In the calibration plot, the agreement between predicted probabilities and
observed probabilities across the range of the predicted risks was estimated. The overall cal-
ibration of the model was assessed with the overall observed–expected ratio (O:E ratio) [34].
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The O:E ratio was defined as the ratio between the prevalence of the outcomes (observed)
and the mean individual predicted probabilities of the outcomes (expected) within the
cohort [35]. An O:E ratio between 0.8 and 1.2 indicates an acceptable overall calibration [36].
The calibration of the model was also assessed with the Hosmer–Lemeshow goodness-of-fit
statistic test (HL test). A p-value of >0.10 of the HL test indicates that the model fits the
observed data [37].

Discrimination is defined as the ability of the model to differentiate between those
with and without the outcome events [34]. The discrimination of the model was assessed
with the area under the receiver-operating characteristic curve (AUC). An AUC of 0.70 to
0.80 indicates an acceptable discrimination of the model, while an AUC of ≥0.80 indicates
an excellent to outstanding discrimination of the model [38].

The optimal cutoff for the predicted probability of the model was defined as the
predicted probability with the maximum sum of sensitivity and specificity in the receiver-
operating characteristic curve (ROC).

Clinical (Added) Values

The clinical values of the model at the optimal cutoff for predicted probability were
assessed using prevalence (prior probability) and posterior probabilities of the outcome
events. The posterior probability was defined as positive predictive value (PPV) and
negative predictive value (NPV). PPV was defined as the number of patients with the
actual outcome events among the patients who were predicted to have the outcome events.
NPV was defined as the number of patients without actual outcome events among the
patients who were predicted to have no outcome events. The added predictive value of the
model for ruling in an increased probability of the outcome events was defined as the PPV
minus prevalence, while that for ruling out an increased probability of the outcome events
was defined as the NPV minus complement of prevalence.

Score Chart and Line Chart

A clinical prediction rule for the outcome events was developed to provide an estimate
for individual patients of their absolute probability of the outcome events. For the final
multivariate binary logistic regression model, the individual probability (P) of the outcome
events was predicted with the following formula:

P = 1 − 1/[1 + exp(constant + β1X1 + . . . + βiXi)]

where β is the shrunken regression coefficient of a predictor in the models.
To facilitate the calculation of the predicted probability of the outcome events in

individual patients, the multivariate logistic regression model was converted to a score
chart. In the score chart, the score of each included predictor was produced by the shrunken
regression coefficients being multiplied by −100 and subsequently rounded. A line chart
was then developed to help determine the predicted probability of the outcome events.

All the statistical procedures mentioned above were performed via SPSS 27.0 (IBM,
New York, NY, USA) and R software 4.0.4 ((R Development Core Team, Vienna, Austria).

3. Results

In the period of September 2011 to September 2020, 111 patients underwent MMA
osteotomy for OSA. A total of 100 patients were eligible for analysis, of whom 82 (82%)
were male. Eleven patients were excluded due to no patient approval for usage of their
data for research purposes (n = 3), mild OSA (n = 3), no postoperative PSG performed
(n = 4), and craniofacial syndrome (n = 1). Among the 100 eligible patients, mean age was
50.5 (± 9.9) years and mean BMI was 29.8 (±4.2) kg/m2. The majority of patients were ASA
II (56%), followed by ASA I (23%) and ASA III (21%). In ninety-eight (98%) patients, CPAP
was an unsuccessful therapy and/or intolerance was noted. Two (2%) patients declined
CPAP as first-choice therapy. Mean AHI prior to surgery was 52.9 (± 21.4), and 16 (16%)
patients had a CAI of ≥ 5 events per hour of sleep. A total of 67 (67%) patients had surgical
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success from treatment. The median preoperative percentage of total sleep time spent in
supine position in the total population, the surgical success subgroup, and the surgical
failure subgroup was 37.3% (interquartile range [IQR], 19.0–56.0), 36.3% (IQR, 16.7–56.1),
and 44.0% (IQR, 25.5–54.6), respectively; after MMA, they were 37.0% (IQR, 17.0–53.0),
30.0% (IQR, 10.3–49.4), and 40.5% (IQR, 28.6–58.2), respectively. The median preoperative
percentage of total sleep time spent in the rapid eye movement (REM) stage was 17.8% (IQR,
12.1–21.5), 17.8% (IQR, 12.1–21.5), and 18.3% (IQR, 12.1–21.7), respectively; after MMA, they
were 22.5% (IQR, 15.8–27.2), 24.0% (IQR, 17.4–29.1), and 19.0% (IQR, 13.4–25.8), respectively.
Preoperatively, the median ODI 3% in the total population, surgical success subgroup,
and surgical failure subgroup was 51.0 (IQR, 34.4–66.6) events/hour, 48.7 (IQR, 35.3–68.9)
events/hour, and 57.0 (IQR, 29.5–66.0) events/hour, respectively; postoperatively, they were
21.1 (IQR, 10.5–30.2) events/hour, 11.2 (IQR, 9.2–20.7) events/hour, and 33.6 (IQR, 25.8–50.3)
events/hour, respectively. Further details on the baseline characteristics of the potential
predictors and their distribution over the outcome are presented in Table 2 (Appendix A
contains Table A1, which presents baseline characteristics without multiple imputation).

Table 2. Characteristics of the predictors and their distribution over the outcome based on the
multiple imputation (n = 100).

Potential Predictors (n = 100)
Number (%) or Mean

(±SD)
Surgical Success

Yes (±SD/%)
(n = 67)

No (±SD/%)
(n = 33)

Age 50.5 (9.9) 49.3 (9.8) 53.1 (9.7)

Gender Male 82 (82.0) 54 (80.6) 28 (84.8)
Female 18 (18.0) 13 (19.4) 5 (15.2)

BMI * 29.7 (27.4–32.2) 29.7 (27.4–32.4) 29.8 (28.2–32.0)

ASA classification score I 23 (23.0) 17 (25.4) 6 (18.2)
II 56 (56.0) 38 (56.7) 18 (54.5)
III 21 (21.0) 12 (17.9) 9 (27.3)

Previous upper airway surgery Yes 42 (42.0) 27 (40.3) 15 (45.5)
No 58 (58.0) 40 (59.7) 18 (54.5)

Dentulous (full + partially) ** Yes 82.6 (82.6) 55.6 (83.0) 27 (81.8)
No 17.4 (17.4) 11.4 (17) 6 (18.2)

Polysomnographic variables

AHI pre-operative 52.9 (21.4) 54.2 (20.9) 50.3 (22.6)

Positional dependent OSA ** Yes 43.9 (43.9) 29.5 (44) 14.5 (43.9)
No 56.1 (56.1) 37.5 (66) 18.5 (56.1)

CAI ≥ 5 events/hour ** Yes 16 (16) 7 (10.4) 9 (27.3)
No 84 (84) 60 (89.6) 24 (72.7)

Cephalometric variables

Anterior total face height ** 123.9 (8.3) 122.8 (7.7) 126.1 (9.2)

Anterior lower face height ** 73.0 (7.4) 72.0 (7.2) 75.0 (7.7)

SPAS ** 8.3 (2.9) 7.7 (2.7) 9.6 (3.3)

Presence of maxillomandibular
deficiency **

Yes 75.4 (75.4) 50.5 (75.4) 24.9 (75.5)
No 24.6 (24.6) 16.5 (24.6) 8.1 (24.5)

DISE variables

Concentric collapse velum ** Yes 30.5 (30.5) 17.7 (26.4) 12.9 (39.1)
No 69.5 (69.5) 49.3 (73.6) 20.1 (60.9)

Complete anteroposterior
epiglottis collapse **

Yes 24.2 (24.2) 15.9 (23.7) 8.3 (25.2)

No 75.8 (75.8) 51.1 (76.3) 24.7 (74.8)

AHI, apnea hypopnea index; ASA, American Society of Anesthesiologists; BMI, body mass index; CAI, central
apnea index; DISE, drug-induced sleep endoscopy; OSA, obstructive sleep apnea; SPAS, superior posterior airway
space; * values not normally distributed given as median and interquartile range (Q1-Q3); ** including imputed
data due to missing values.
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The VIF values of all the predictors were lower than 10, which indicated that the
multicollinearity between the predictors was negligible. Therefore, all the predictors
were included for further analysis. In the univariate binary logistic regression analy-
ses, anterior total face height, anterior lower face height, SPAS, age, and presence of
CAI ≥ 5 events/hour had a p-values of ≤0.20 and were included in the subsequent multi-
variate binary logistic regression analysis (Table 3). In the multivariate analysis, anterior
lower face height, SPAS, age, and presence of CAI ≥ 5 events/hour remained in the final
model with p-values of ≤0.20 (Table 3).

Table 3. Univariate and multivariate logistic regression analyses for the surgical success (n = 100).

Univariate Logistic Regression Multivariate Logistic Regression

Predictors Coding B (SE) OR (95%CI) p-Value B (SE) Shrunken B OR (95%CI) p-Value

Intercept 14.258 (5.082) 11.6005 <0.01

Age −0.041 (0.023) 0.959 (0.917–1.003) 0.070 −0.041 (0.027) −0.033 0.96 (0.91–1.01) 0.13

Gender Female
Male

Ref.
−0.299 (0.575) 0.742 (0.240–2.291) 0.604

BMI −0.004 (0.051) 0.996 (0.901–1.101) 0.941

ASA classification
score

I
II
III

Ref.
−0.294 (0.554)
−0.754 (0.648)

0.745 (0.251–2.209)
0.471 (0.132–1.676)

0.596
0.245

Previous upper
airway surgery

No
Yes

Ref.
−0.211 (0.429) 0.810 (0.349–1.879) 0.623

Dentulous (full +
partially)

No
Yes

Ref.
0.082 (0.560) 1.085 (0.362–3.252) 0.884

AHI pre-operative 0.009 (0.010) 1.009 (0.989–1.029) 0.389

Positional
dependent OSA

No
Yes

Ref.
0.002 (0.451) 1.002 (0.414–2.428) 0.996

CAI ≥ 5
events/hour

No
Yes

Ref.
−1.185 (0.636) 0.306 (0.088–1.065) 0.063

Ref.
−1.830 (0.865) −1.473 0.16 (0.03–0.91) 0.04

Anterior total face
height −0.048 (0.028) 0.953 (0.901–1.008) 0.091

Anterior lower face
height −0.056 (0.032) 0.945 (0.888–1.006) 0.075 −0.071 (0.036) −0.057 0.93 (0.87–1.00) 0.05

SPAS −0.235 (0.083) 0.791 (0.672–0.931) 0.005 −0.280 (0.099) −0.225 0.76 (0.62–0.92) 0.01

Presence of
maxillomandibular

deficiency
No
Yes

Ref.
−0.016 (0.558) 0.984 (0.329–2.945) 0.978

Concentric collapse
velum

No
Yes

Ref.
−0.587 (0.535) 0.556 (0.194–1.591) 0.273

Complete
anteroposterior

epiglottis collapse

No
Yes

Ref.
−0.050 (0.612) 0.951 (0.285–3.169) 0.935

AHI, apnea hypopnea index; ASA, American Society of Anesthesiologists; BMI, body mass index; CAI, central
apnea index; DISE, drug-induced sleep endoscopy; OR, odds ratio; OSA, obstructive sleep apnea; SE, standard
error; SPAS, superior posterior airway space.

The shrinkage factor of the model was 0.80. The original AUC of the model was 0.78
(95% confidence interval [95%CI]: 0.66 to 0.87) and the shrunken AUC of the model was 0.74.
This indicated that the discrimination of the model was acceptable. The calibration plot
(Figure 2) showed that most plotted dots were lying close to the diagonal line. Therefore,
there was a good agreement between the predicted probabilities and actual probabilities of
the outcomes. The O:E ratio was 1.01 (95%CI: 0.81 to 1.24), which indicated that the overall
calibration of the model was excellent. The p-value of the HL test was 0.42, which showed
that the model had good fit.
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Figure 2. Calibration plot of the prediction model for surgical success. The diagonal line is what
would result if the predicted probability of the model was the same as the actual probability of the
model so that the prediction is neither underestimated nor overestimated. The red dots represent the
deciles of the patients based on their predicted probabilities.

The optimal cutoff for the predicted probability of the model was 0.62. Table 4 presents
the prevalence, sensitivity, specificity, PPV, and NPV of the model. The clinical added value
of the model for ruling in the probability of surgical success was 0.21 (95%CI: 0.09 to 0.34)
in addition to the prevalence, while that for ruling out the probability of surgical success
was 0.32 (95%CI: 0.15 to 0.49) in addition to the complement of the prevalence.

Table 4. Clinical (added) values of the model (n = 100).

Outcome
Prevalence
(95% CI)

Sensitivity
(95% CI)

Specificity
(95% CI)

PPV
(95% CI)

NPV
(95% CI)

Added Value for
Ruling in the

Outcome
(95% CI)

Added Value for
Ruling Out the

Outcome
(95% CI)

Surgical
success

0.67
(0.57–0.76)

0.79
(0.68–0.88)

0.79
(0.62–0.90)

0.88
(0.78–0.95)

0.65
(0.49–0.79)

0.21
(0.09–0.34)

0.32
(0.15–0.49)

CI, confidence interval; NPV, negative predictive value; PPV, positive predictive value.

To enhance the clinical usefulness of the model, a score chart (Table 5) and a line chart
(Figure 3) were produced. A clinician can easily calculate the sum score of a patient using
the score chart and determine the corresponding predicted probability of surgical success
based on a line chart using the sum score. The predicted probability of surgical success
is lower when the sum score is higher. The cutoff of the sum score for the prediction of
surgical success was 1111.

Table 5. Score chart for the prediction of surgical success.

Predictors Score

Anterior lower face height 6

SPAS 23

Age 3

CAI ≥ 5 events/hour
No 0
Yes 147

Sum score
CAI, central apnea index; SPAS, superior posterior airway space.
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Figure 3. The line chart of the prediction model for surgical success. From the line chart, the exact
predicted probability (%) of surgical success of an individual (Axis Y) can be determined based on
the sum scores (Axis X) and the curve.

The algorithm for the calculation of a patient’s sum score for surgical success is
presented below:

Sum score = 6 ∗ anterior lower face height + 23 ∗ SPAS + 3 ∗ age + 147 ∗ CAI ≥ 5 events/hour

4. Discussion

In the present study, patients with a lower age at surgery, CAI < 5 events per hour, a
lower anterior lower face height (ALFH), and a smaller superior posterior airway space
(SPAS) may have a higher probability of obtaining surgical success. The prediction model
for the surgical success of MMA was derived based on the predictors above, and the
performance of the model may be acceptable. To the authors’ best knowledge, this is the
first study to develop a prediction model for the surgical success of MMA for the treatment
of OSA with pre-operative patient data that can be utilized during daily clinical practice.

Clinicians frequently encounter the presence of central and/or mixed events on PSG in
patients with OSA, which makes the treatment decision-making process more difficult [39].
The results presented in this study on the CAI and its role with respect to the surgical
success of MMA are in line with a study by Markovey et al. [13], illustrating that a lower
pre-operative CAI was a statistically significant predictor of surgical success (CAI pre-
operatively in the success group was 0.6 versus 5.7 in the failure group, p-value = 0.005).
Xie et al. studied the difference between patients with pure OSA (100% of the apneas are
obstructive) and predominant OSA (presence of both central and obstructive apneas and
the obstructive apneas account for >50% of the total number of apneas), and they reported
lower breathing control stability in patients with predominant OSA [40]. Therefore, it is
thought that in patients with a higher preoperative CAI, the lower breathing control stability
might entail obstructive events, leading to lower surgical success rates. This present study
also found that ALFH was significantly associated with surgical success. In a meta-analysis
on craniofacial morphology in patients with OSA, the authors found a strong tendency
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towards an increased ALFH in adult patients with OSA [41]. A possible explanation for
this altered craniofacial anatomy might be upper airway obstruction occurring as early
as childhood [42]. However, to date, still little is known regarding the exact underlying
mechanism of cephalometric measurements as predictors for surgical success. Despite
the fact that the included predictors in the prediction model were significantly associated
with surgical success, the causality between predictor and outcome was not assessed,
and conclusions on causality cannot be drawn. Therefore, included predictors might
not have a causal relation, whilst still being strong predictors for surgical success in the
prediction model.

The original AUC of the model was 0.78, and the shrunken AUC of the model was 0.74,
which indicates that the discrimination of the model was acceptable. The calibration plot
(Figure 2) illustrates that there was a good agreement between the predicted probabilities
and the actual probabilities of the outcomes. The added predictive value for ruling in
surgical success was 0.21, whereas the added predictive value for ruling out surgical
success was 0.32. These results denote that if the model predicts a patient to reach surgical
success, the posterior probability of such patient to reach surgical success can be increased
by 0.21 when compared with the prevalence of surgical success in the patient’s group. If
the model predicts a patient to have the absence of surgical success, such patient’s posterior
probability of an absence of surgical success can be increased by 0.32 when compared with
the completement of prevalence of surgical success in the patient’s group. Both these results
denote that the clinical added values of the model were adequate for ruling in and ruling
out surgical success.

In order to optimize the utilization of the model during daily clinical practice, cal-
culation of the optimal cut-off value for predicted probability is needed for probability
stratification. The optimal cut-off value is determined when both sensitivity and specificity
are at their maximum, so false negative and false positive outcomes are at their lowest. The
optimal cutoff for the predicted probability of surgical success was 0.62. Thus, in the event
of a sum score lower than 1111, individuals were very likely to reach surgical success.

Of note is the fact that a prediction model might entail false positive and false negative
outcomes. In the event of a false negative outcome, a patient and clinician might falsely
waive MMA as the therapy of choice, which might worsen the patient’s OSA and prognosis.
On the other hand, a false positive outcome might lead to an incorrect indication for surgery,
which entails comorbidity and the risks associated with surgery, such as bleeding, infection,
and wound healing problems. Both false negative and false positive outcomes might result
in an increase in costs and unfavorable health outcomes. The model presented in this
study has a 35% and 12% risk of a false negative and false positive outcome, respectively.
The percentage of false negative outcome can be regarded as moderately high. This
indicates that when a patient is predicted to have failure of the surgery, clinicians need
to be very cautious about the predicted results and should make the final decision based
on their experience and other clinical examinations. This may avoid the false negatives
to a large extent. In addition, as previously discussed, a false-negative outcome might
entail incorrectly waiving MMA as the therapy of choice. However, the disadvantages of a
false-positive outcome resulting in the incorrect indication for MMA may be more severe
when compared to the incorrect waiving of MMA.

In order to increase surgical success rates, a prediction tool is warranted that aids
surgeons in identifying responders and non-responders pre-operatively during patient
counseling. If a patient is predicted to have a high probability of surgical success, this
endorses the consideration for MMA as the therapy of choice. In addition, if a patient is
predicted to have a low probability of surgical success, this will aid clinician and patient
to be more cautious in choosing MMA as the therapy of choice and possibly search for
other therapeutic options. When a patient with a low probability of surgical success is
still determined to undergo MMA since he/she has no other therapeutic options left, the
prediction might still help to inform the patient on the prognosis of their OSA, thereby
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shaping their expectations of MMA. The prediction model allows patients to be informed
on their individual chances of surgical success rather than average group success rates.

For the presented study population, 67% of the included patients attained surgical
success after MMA. These results are lower when compared with a recent review reporting
surgical success rates of up to 85% [12]. We believe this is due to the fact that the patients
included in this study had more multi-therapy resistant (complex) types of OSA, since
these patients were referred to our academic hospital after the failure of one or more earlier
therapies. This study included patients with moderate to severe OSA. This is because
patients with mild OSA generally experience milder symptoms and therefore a lower
burden of disease and a lower risk of untreated hypoxic burden compared to patients with
moderate or severe OSA. Therefore, an invasive therapy such as MMA is not considered
the therapy of choice in patients with mild OSA, and non-invasive therapies (i.e., CPAP
or MAD therapy) resolve symptoms and obtain success of therapy in most cases [9]. The
prediction model presented in this study can therefore solely be utilized for patients with
moderate to severe OSA.

This study has some limitations. First, the retrospective design of the study entails
higher proportions of missing data. The missing data was considered missing at random,
and therefore the multiple imputation technique was used for the missing values. Ideally, a
prospective study is preferred due to better control of the data. However, since imputation
of missing values is considered superior to complete case analysis in the event of missing
data, the potential bias in the results caused by the missing values were minimized [43].
Second, in a multivariate logistic regression analysis, an events per variable (EPV) value of
10 is widely advocated to obtain a reliable outcome [44,45]. The present study, however,
did not meet the criterion because of the small sample size, which is a limitation. In order
to reduce the number of predictors included in the multivariate analysis, we performed
univariate analyses to pre-screen the predictors in the study. In addition, we used a less
stringent threshold of p-value = 0.20 in modeling for the selection of potential predictors to
avoid the incorrect exclusion of the important predictors due to the small sample size. In
this way, the negative consequence caused by the sample size could be reduced to a large
extent. Third, the cephalograms that were assessed in this study were all performed while
the patients were awake and with a standard upright position. The data obtained on soft
tissue measurements might therefore not be an accurate resemblance of the measurements
of soft tissue during sleep in supine position. Nevertheless, it has been performed widely as
a routine application prior to OSA surgery, and in the context of low costs and convenience,
determining pharyngeal and skeletal anatomy by a cephalogram performed in the standard
upright position is of added value. Because we did not have a different population, external
validation of the model was not possible in our study, which is a limitation. Therefore,
we recommend that the external validation of the model is warranted for future research.
Fourth, the postoperative PSG was performed at the minimum of 3 months and at the
maximum of 12 months. This difference in the timing of the follow-up PSG might influence
the observed success rates of the patients, thus causing a bias in the results. However,
several studies have illustrated that the decrease in AHI, and therefore surgical success,
after MMA is stable over time [23,46], and it is therefore not likely that the postoperative
PSG timing biased the final results in a major way. Last, the missing proportion of the
DISE variables was 36%, which is relatively large. The main reason for the absence is that
the DISE variables were not routinely collected in the clinical practice, and the variables
were more likely to be collected when other alternative treatments for CPAP or MAD were
indicated, when surgical options were indicated, or when the AHI was very high and initial
therapy did not work. Therefore, we think the DISE variables are likely to be missing not
at random, because the factors which may impact the absence of the variables were not
adjusted in the imputation model. This may, to some extent, bias our results, which is
another limitation.
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5. Conclusions

The prediction model was developed for the surgical success of MMA as a surgical
treatment for patients with moderate to severe OSA. A lower age at surgery, CAI < 5 events
per hour, a lower anterior lower face height, and a smaller superior posterior airway
space were significant predictors for the surgical success of MMA. The performance of the
model terms of discrimination and calibration was acceptable. The clinical added values
of the model were adequate for ruling in and ruling out surgical success of treatment.
The model presented in this study may aid surgeons in identifying responders for MMA
preoperatively. In addition, it improves preoperative patient counseling on the chances
of reaching surgical success. However, prior to the implementation of the model in daily
clinical practice, external validation is warranted.
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Appendix A

Table A1. Characteristics of the predictors and their distribution over the outcome in the original data.

Potential Predictors
Number (%) or

Mean (±SD)
Surgical Success Missing

Values (n)

Yes (±SD/%)
(n = 67)

No (±SD/%)
(n = 33)

Age (n = 100) 50.5 (9.9) 49.3 (9.8) 53.1 (9.7) 0

Gender (n = 100) Male 82 (82.0) 54 (80.6) 28 (84.8) 0

Female 18 (18.0) 13 (19.4) 5 (15.2)

BMI (n = 100) * 29.7 (27.4–32.2) 29.7 (27.4–32.4) 29.8 (28.2–32.00) 0

ASA classification score (n = 100) I 23 (23.0) 17 (25.4) 6 (18.2) 0

II 56 (56.0) 38 (56.7) 18 (54.5)

III 21 (21.0) 12 (17.9) 9 (27.3)

Previous upper airway surgery (n = 100) Yes 42 (42.0) 27 (40.3) 15 (45.5) 0

No 58 (58.0) 40 (59.7) 18 (54.5)

Dentulous (full + partially) (n = 98) Yes 81 (82.7) 54 (83.1) 27 (81.8) 2

No 17 (17.3) 11 (16.9) 6 (18.2)

Polysomnographic variables

AHI pre-operative (n = 100) 52.9 (21.4) 54.2 (20.9) 50.3 (22.6) 0

Positional dependent OSA (n = 80) Yes 34 (42.5) 22 (43.1) 12 (41.4) 20

No 46 (57.5) 29 (56.9) 17 (58.6)

CAI ≥ 5 events/hour (n = 84) Yes 13 (15.5) 5 (9.1) 8 (27.6) 16

No 71 (84.5) 50 (90.9) 21 (72.4)

CAI (n = 84) 2.2 (3.5) 1.4 (2.4) 3.5 (4.8) 16
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Table A1. Cont.

Potential Predictors
Number (%) or

Mean (±SD)
Surgical Success Missing

Values (n)

Yes (±SD/%)
(n = 67)

No (±SD/%)
(n = 33)

Cephalometric variables

Anterior total face height (n = 82) 123.5 (8.4) 122.6 (7.6) 125.5 (9.6) 18

Anterior lower face height (n = 82) 72.8 (7.4) 71.9 (7.1) 74.8 (8.0) 18

SPAS (n = 95) 8.3 (2.9) 7.7 (2.7) 9.7 (3.1) 5

Presence of maxillomandibular deficiency
(n = 82)

Yes 66 (80.5) 21 (65.6) 45 (90) 18

No 16 (19.5) 11 (34.4) 5 (10)

DISE variables

Concentric collapse velum (n = 64) Yes 18 (28.1) 10 (23.8) 8 (33.3) 36

No 46 (71.9) 32 (76.2) 14 (66.7)

Complete anteroposterior epiglottis collapse
(n = 64)

Yes 12 (18.8) 8 (19.0) 4 (18.2) 36

No 52 (81.3) 34 (81.0) 18 (81.8)

AHI, apnea hypopnea index; ASA, American Society of Anesthesiologists; BMI, body mass index; CAI, central
apnea index; DISE, drug-induced sleep endoscopy; OSA, obstructive sleep apnea; SPAS, superior posterior airway
space; * values not normally distributed given as median and interquartile range (Q1–Q3).
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Abstract: People with obstructive sleep apnea (OSA) are a heterogeneous group. While many
succeed in the treatment of their OSA, many others struggle with therapy. Herein, we discuss
how anatomical and physiological factors that cause sleep apnea (OSA traits) impact treatment
response and may offer an avenue for more precise care. These OSA traits, including anatomical
(upper-airway collapsibility) and physiological (loop gain, airway muscle responsiveness, and arousal
threshold) factors, may help determine who can succeed with continuous positive airway pressure,
oral appliances, hypoglossal nerve stimulation, or pharmacotherapy. In the future, identifying OSA
traits before initiating treatment may help guide the selection of the most effective and tolerable
therapy modalities for each individual.

Keywords: OSA traits; upper airway collapsibility; loop gain; airway muscle responsiveness; arousal
threshold; OSA therapy

1. Introduction

Obstructive sleep apnea (OSA) is estimated to affect 1 billion adults aged 30–69 years
worldwide [1], with prevalence increasing 2–3-fold in older adults (>65 years of age)
compared to middle-aged adults [2,3]. Untreated OSA is associated with major causes
of morbidity and mortality, including hypertension, strokes, coronary artery disease,
metabolic syndrome, cognitive impairment, and mood disorders [4–6]. The timely
diagnosis and treatment of OSA may have a role in mitigating the development or
progression of these comorbid conditions [7]. Positive airway pressure (PAP) therapy is
the gold standard and most efficacious therapy for OSA [8], and is prescribed to 80% of
those diagnosed with OSA [9].

While PAP can eliminate airway obstruction in many patients, this “one size fits
all” approach of PAP therapy for OSA has limitations. Long-term adherence to con-
tinuous positive airway pressure (CPAP) therapy is poor and varies widely. For ex-
ample, adherence ranges from 50% in women aged 18–30 years to 80% in men aged
71–80 years [10]. Individuals from disadvantaged socioeconomic backgrounds strug-
gle with PAP therapy even more (40% adherence) [11]. Numerous reasons for poor
adherence have been identified, including claustrophobia, pressure intolerance, low
self-efficacy or motivation for PAP use, and insomnia [12,13]. Despite advancements in
PAP device technology, such as new masks and behavioral interventions, PAP adherence
has not improved over the past 20 years [12,14]. Moreover, PAP therapy may not always
be efficacious, with clinical cohorts and trials revealing that 25–30% of those using PAP
therapy have a residual apnea–hypopnea index (AHI) score of >10/h [15,16]. Finally,
patients do not consistently experience symptomatic relief with PAP therapy, and the
lack of perceived symptomatic improvement is linked to poor PAP adherence [17]. As
a result, many patients enter cycles of PAP trial and failure followed by attempts at
non-PAP treatments [18]. This is, in part, because currently, there are no standardized
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methods to predict who will respond to PAP therapy and who will benefit from non-PAP
therapies. New approaches in therapy decision-making are needed.

Emerging research shows that OSA is a heterogeneous disorder in terms of causes,
presenting symptoms, and consequences [19–21]. Proposed models of susceptibility
to OSA suggest that in addition to established anatomic causes (e.g., obesity, nasal
obstruction, craniofacial structure, hyoid bone positioning, and upper airway edema),
physiologic traits also predispose individuals to OSA. Tailoring OSA therapy based on
the causes of sleep apnea in each individual has been proposed as a promising approach
to precision medicine in OSA [21]. The overview of potential approaches to precision
medicine in OSA, including factors beyond OSA’s physiological traits, is highlighted in
other reports [22–24].

The purpose of this manuscript is to review the anatomical and physiological
contributors to OSA, describe the methods for their assessment, discuss potential appli-
cations based on current evidence, and highlight key obstacles in developing precision
medicine approaches to OSA based on these traits. The key points of this manuscript are
summarized in Table 1.

Table 1. Key points.

• The collapsibility of the upper airway, largely driven by anatomy, is a key determinant of OSA risk.

• When anatomic predisposition alone is not sufficient to cause OSA, physiologic traits such as a low arousal threshold (ArTH),
high loop gain (LG), and poor upper airway muscle response (UAMR) can lead to OSA (Figure 1 and Figure 2).

• Retrospective analyses show that these traits can predict a response to current OSA treatments (Figure 3). For example, a high
ArTH, low LG, and UAMR predict the success of oral appliance therapy.

• Measurements of the traits from clinical polysomnography require signal processing expertise and specialized arousal scoring.
Point-of-care of care methods to estimate the traits exist (Table 2) but require prospective validation.

• Characterizing and targeting OSA traits that are failed by initial OSA therapy (e.g., CPAP) may offer one avenue to “rescue”
treatments (Figure 4).

• Before evidence-based clinical use of traits to tailor therapy for OSA, several steps are critical, including the following:

(a) standardized and reliable methods of trait measurement,
(b) prospective, long-term (over 6 months) validation of the trait’s utility in predicting outcomes of established OSA

therapies (e.g., CPAP, oral appliances),
(c) prospective trials selecting first line therapy for each individual based on OSA traits, and
(d) once the above are established, implementation studies focused on ease of use, cost and applicability to diverse

populations are required (see Sections 6 and 7).

2. OSA Traits

Four key traits contribute to the development of OSA [25]. These include in-
creased upper-airway collapsibility, poor upper-airway dilator-muscle responsiveness,
ventilatory-control instability (high loop gain), and a low arousal threshold. Different
combinations and varying degrees of these traits may cause OSA in each
individual [26].

One framework to understand how the four traits cause OSA examines upper-
airway collapsibility (a surrogate of anatomic predisposition to collapse) as the key
exposure (Figure 1). An upper airway that is not collapsible (i.e., an “open” airway) will
result in the outcome of no OSA. In contrast, a highly collapsible airway (i.e., a “closed”
airway) will consistently lead to OSA. For individuals with a “vulnerable” upper-airway
anatomy (collapsibility between the “open” and “closed” airways), developing OSA
(or no OSA) may depend on the modifying effects of the remaining physiological traits
(loop gain, muscle responsiveness, arousal threshold) [26].
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Figure 1. The interplay of the four key traits in predicting the outcome of OSA. In this conceptual
framework, the upper airway collapsibility, measured by the critical closing pressure (Pcrit) is the
exposure. A very negative Pcrit means the airway is non-collapsible (or an “open airway”), which
results in no OSA phenotype. A high Pcrit, on the other hand, means the airway is highly collapsible
(or a “closed airway”) and will inevitably result in the OSA phenotype. In between is the vulnerable
airway, in which the modifying traits (loop gain, muscle responsiveness, and arousal threshold) can
influence the phenotypic outcome of OSA vs. no OSA. The conceptual framework is adapted from
Owens et al., Sleep 2015; 38: 961–70 [26].

2.1. Anatomic Contributions to Upper-Airway (UA) Collapsibility (the Exposure)

The concept of upper-airway collapsibility comes from the Starling resistor model,
in which the airway “tube” spans from the posterior aspect of the nasal septum to the
larynx [27,28]. This tube (airway) is susceptible to collapse because it has no rigid support.
When the pressure surrounding the tube exceeds the pressure within the tube, collapse
occurs. The critical closing pressure (Pcrit) is the pressure within the tube equal to the
surrounding pressure, and any increase in surrounding pressure beyond the Pcrit results in
collapse. The more negative the Pcrit, the less collapsible the airway. For example, a Pcrit of
−5 cm water suggests a non-collapsible UA, while a Pcrit of 5 cm water suggests a highly
collapsible UA.

Factors that determine UA collapsibility are those that modify the airway diameter.
These include obesity, which thickens the pharyngeal walls, and neck flexion, which also
narrows the airway [29,30]. Similarly, low lung volume from abdominal obesity reduces
tracheal traction, which is needed to unfold the airway and stiffen its walls [31]. Moving
from the supine to lateral position results in a less collapsible airway and a lower Pcrit [32].
Gender differences in airway collapsibility exist. Women have a less collapsible airway than
BMI-matched men, in part due to having shorter airways (less opportunity for collapse)
and a smaller cross-sectional area of the soft palate [33,34].

2.2. Physiological Contributors to OSA (the Effect Modifiers)
2.2.1. Ventilator Control Instability (High Loop Gain)

The respiratory system is composed of the ventilatory controller (chemoreceptors)
and the ventilatory pump (the UA and the lungs) that are connected by a feedback loop
(circulation). The arterial carbon dioxide level (PaCO2) is a key determinant of ventilatory
drive produced by the controller. In OSA, the decrease in ventilation (e.g., hypopnea) leads
to a response (e.g., hyperpnea), the magnitude of which is determined by the individual’s
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chemosensitivity to PaCO2 changes. Because ventilatory drive affects not only the thoracic
pump muscles (e.g., the diaphragm) but also the UA muscles [35], excessive PaCO2 re-
ductions from hyperpnea can result in airway collapse and obstructive events [36]. Thus,
in individuals with OSA who have an overly sensitive ventilatory drive, the respiratory
system can be unstable, cycling between hypopneas and hyperpneas [37] (Figure 2). Loop
gain (LG) is a term describing how strongly a feedback loop system (i.e., respiratory system)
responds to a disturbance. High LG represents ventilatory instability [37] and is considered
an etiologic factor in one-third of patients with OSA [25].

 

Figure 2. The pathogenesis of high-loop-gain OSA. In individuals with normal loop gain (e.g., flow
tracing in (A)), the decrease in ventilation (hypopnea—“breathing disturbance” denoted as a blue bar)
leads to an expected ventilatory response that is driven by the individual’s chemosensitivity to PaCO2

changes (a small rise in flow after the “breathing disturbance” is removed), before return to normal
ventilation. Pathology arises in individuals with high loop gain (e.g., flow tracing in (B)); the same
decrease in ventilation (hypopnea) leads to an exaggerated ventilatory response (hyperpnea) due to
heightened chemosensitivity to PaCO2 changes, resulting in the cycling between hypopneas/apneas
and hyperpneas.

2.2.2. Pharyngeal Muscle Responsiveness

The upper-airway dilator muscles keep the upper airway patent, with the most studied
dilator being the genioglossus. Muscle activity of the genioglossus declines from wake to
sleep and furthermore from N2/N3 to REM sleep [38]. This decline may be the mechanism
for REM-dependent OSA, especially in those who rely on the genioglossus to maintain
airway patency during REM sleep [39]. While poor muscle responsiveness can result in
OSA, vigorous muscle responsiveness may protect individuals from OSA. For example, in a
study examining upper-airway muscle responsiveness (UAMR) between overweight/obese
individuals with and without sleep apnea, the UAMR was 3-fold higher in those with
obesity and no OSA [40], suggesting a protective effect. Progesterone increases genioglossus
activity and dilates the airway [41]. Reduced levels of progesterone post-menopause may
play a role in the pathogenesis of OSA in women.

2.2.3. Low Arousal Threshold

Arousal threshold (ArTH) measures the propensity to awaken from a respiratory
stimulus (e.g., apnea). Arousals are necessary to reopen the UA and terminate obstructive
events in some individuals [42,43]. A low ArTH (too easy of an arousability), however,
has been postulated to lead to OSA [25]. This is partly because easy arousability may
lead to frequent, short respiratory events. The resulting sleep fragmentation lowers the

203



J. Clin. Med. 2024, 13, 1636

propensity for deeper, N3 sleep, during which sufficient ventilatory drive to the UA muscles
may open the airway before a frank apnea or hypopnea develops. Similarly, ventilatory
overshoot during arousal’s opening of the UA lowers the PaCO2 (and thus ventilatory
stimuli for airway opening), promoting the recurrence of UA collapse [42]. A low ArTH is
more common in individuals with REM-dependent OSA [44], and among those who are
non-obese, older, and taking antidepressants [45]. Individuals with post-traumatic stress
disorder may also have a lower ArTH, presumably due to their hyperadrenergic state [46].

2.2.4. Sex and Race Differences in Pathophysiology of OSA

A recent analysis of a diverse, multi-community cohort (Multi-Ethnic Study of
Atherosclerosis, N = 1971; age range, 54–93 years) suggests that each of the four traits
contribute differently to the pathophysiology of OSA in each sex and race/ethnicity [47].
For example, both increased UA collapsibility and reduced airway muscle responsiveness
account for the majority of differences in AHI scores between males and females. Compared
to white individuals with OSA, Black individuals exhibit lower AHI scores, potentially
due to lower UA collapsibility despite having a higher LG. In contrast, UA collapsibility
alone explained almost 90% of the differences in AHI scores between white individuals
and individuals of Chinese ancestry, with adjustment for obesity.

Despite lower BMI rates among Asians, the prevalence of OSA is similar compared
to Caucasian cohorts. Until recently, and as noted above, this has been attributed to
greater craniofacial restriction (more predisposing anatomy) among Asian individuals [48].
Another analysis examined the role of the ArTH in OSA pathogenesis, comparing Caucasian
(n = 163) and Chinese (n = 185) patients with OSA [49]. A low ArTH was a less common
pathophysiological mechanism (28% vs. 49%) among Chinese versus Caucasian individuals
with moderate-severe OSA, especially among those with mild craniofacial-anatomical
restriction. In sum, findings from such studies suggest that OSA mechanisms vary across
sex and race, which should be considered as investigators to assess the role of the traits in
precision medicine in OSA.

2.2.5. Role of Comorbid Conditions in the Pathophysiology of OSA

Little data exist regarding the contribution of physiological traits to OSA in those with
comorbid conditions. In a small study (n = 10) of non-hypercapnic chronic obstructive
pulmonary disease (COPD) and OSA, UA collapsibility played a key role in OSA in only
two individuals. The majority exhibited a high LG or a low ArTH, which were inversely
correlated with markers of air trapping (high residual volume and residual volume to
total lung capacity ratio) [50], suggesting that the worse the COPD severity, the lower
the ArTH, resulting in fragmented sleep. Notably, ventilatory drive is reduced in REM
sleep [51] and may explain the worsening of OSA in COPD overlap syndrome. In those
with comorbid insomnia and OSA (COMISA), the UA is less collapsible and the ArTH is
lower compared to those with OSA alone [52]. Notably, a low ArTH contributed to UA
collapsibility in patients with COMISA only, and not those with OSA alone. Treating the
underlying chronic insomnia in these patients may be key to the treatment of COMISA. In
veterans with comorbid post-traumatic stress disorder (PTSD) and OSA, the presence of a
low ArTH and insomnia predicted poor CPAP utilization, while a low ArTH alone was
not a predictor [53]. More research is needed to assess the role of physiological traits in the
pathogenesis of OSA and their impact on therapy selection among individuals with these
and other comorbid conditions.

3. Measurement of OSA Traits

The gold standard for measuring physiologic OSA traits is invasive and is elegantly
described by Eckert [54]. In brief, the measurement of upper-airway collapsibility, or the
critical closing pressure (Pcrit), involves the use of a pneumotachometer to assess flow and
an esophageal pressure catheter [55] or a diaphragmatic electromyography (EMG) to assess
ventilatory drive throughout the night during polysomnography with rapid CPAP pressure

204



J. Clin. Med. 2024, 13, 1636

changes [56]. The LG and ArTH are determined from the ventilatory drive and responses
to flow disturbances (CPAP pressure drops). For example, the ArTH reflects a median
ventilatory drive just before an arousal from a series of CPAP drops (see Figure 3). Similarly,
airway dilatory muscle responsiveness measurements require a surface EMG [57] of the
tongue. Such methods are not practical outside of physiological research studies.

Advances in signal processing have enabled the development of an automated, non-
invasive method for measuring OSA traits from a diagnostic PSG [58–60]. In brief, an
in-laboratory polysomnogram is segmented into 7 min windows of non-REM sleep. The
nasal pressure signal during a 7 min window is used to estimate the “baseline” eupneic non-
obstructed ventilation (ventilatory drive (Vdrive)). LG is quantified as the Vdrive response to
ventilatory disturbance (e.g., hypopnea). The arousal threshold (ArTH) is calculated as the
Vdrive immediately preceding an arousal. To determine UA collapsibility (1/Vpassive), a plot
of the breath-by-breath values of ventilation and Vdrive for NREM sleep is generated, and
Vpassive is calculated as ventilation at the eupneic Vdrive. Lower Vpassive values represent
greater collapsibility (i.e., a higher Pcrit). Pharyngeal muscle compensation (Vcomp) is the
difference between ventilation at an elevated Vdrive (precisely, at the ArTH) and Vpassive.
The advantage of this approach is that it enables the measurement of OSA traits from a
clinical polysomnography. This has led to an exponential growth in studies examining the
traits and outcomes of OSA therapy. While promising, the method requires an understand-
ing of signal processing and specialized arousal scoring, limiting its widespread use in
clinical outcomes research.

 

 

Figure 3. Cont.
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Figure 3. (Top) Determining ArTH from research polysomnography. Note that ventilator drive
determined from the diaphragm EMG signal can be replaced by ventilatory drive (Vdrive) from
routine clinical polysomnography. OSA with low (Middle) and high (Bottom) ArTH. Note low
ventilatory drive required for arousal (short vertical green bars within the diaphragm EMG signal),
frequent respiratory events (purple), and minimal desaturations (red line) in low ArTH OSA in
contrast to higher drive needed for and arousal (high vertical green bars within the diaphragm EMG
signal), and less frequent and deeper obstructive events in high ArTH OSA. Images courtesy of Drs.
Scott Sands and Laura Gell; top figure concept adapted from Gell LK et al. [61] Thorax 2022; 77:
707–716 online-supplement.

4. Point of Care Surrogate Measures of the Traits

Point of care (POC) tools based on routine clinical sleep study metrics to estimate the
four OSA traits [62–65] have been developed. For example, Edwards et al. demonstrated
that the therapeutic CPAP level on a titration study can discriminate a mildly from a
moderately/severe collapsible UA. A therapeutic CPAP requirement of ≤8 cm of water
was 89% sensitive and 84% specific for detecting a mildly collapsible airway [62].

The same group also showed that a simple clinical score can predict a low ArTH. A
point is given for each: an apnea–hypopnea index (AHI) score of <30 events per hour, nadir
oxygen saturation as measured by pulse oximetry > 82.5%), and the fraction of the AHI
that are hypopneas (Fhypopneas) > 58.3%. A score of two or more predicts a low ArTH with
80% sensitivity and 88% specificity [65].

Methods to estimate LG from the AHI and from Fhypopneas are less accurate [63]. LG
can be effectively estimated using the formula LG = 2π/[2πDR – sin(2πDR)] in those with
treatment-emergent central sleep apnea (TE-CSA) [64]. Ten periodic breathing cycles with
optimal CPAP during a titration study are needed. The DR is the ratio of the duration of
the ventilatory phase (time from the end of one apnea to the start of the next) to the total
cycle duration (time from the end of one apnea to the end of the next).

Dutta et al., developed a decision tree prediction model using standard metrics (e.g.,
AHI, REM AHI, and BMI) to predict the “good”, “moderate”, and “bad” levels of the four
OSA traits [66]. If such tools are made user-friendly and are validated, they may offer a
way for clinicians to derive these traits with clinical data.

Pattern recognition may also be useful when assessing ventilatory stability. For
example, in contrast to the V-shaped pattern of oxygen desaturation seen in REM-related
OSA, the “zipper-like” pattern of oxygen desaturation seen on hypnograms can be more
consistent with the periodic breathing seen in NREM-predominant OSA, which is more
likely to exhibit high LG [67,68].

In summary, while several promising POC tools to estimate the OSA traits exist
(Table 2), they are limited by low accuracy, dependence on OSA severity (e.g., AHI score),
or the requirement of PAP titration in the sleep laboratory. As with the promising non-
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invasive, automated methods to measure these traits [58,60], these tools also require
prospective validation.

Table 2. Summary of Point of Care Clinical Tools for Measuring Traits.

Upper Airway Collapsibility: A CPAP requirement of ≤8 cm H2O on titration PSG predicts a mildly collapsible airway (89%
sensitive and 84% specific) [62].

Arousal Threshold: A point is given for each of the following: AHI < 30 events per hour, nadir oxygen saturation > 82.5%, and the
fraction of the AHI that are hypopneas (Fhypopneas) > 58.3%. A score of 2 or more predicts a low ArTH (80% sensitive and 88%
specific) [65].

Loop Gain:
(1) LG = 2π/[2πDR − sin(2πDR)] on titration PSG with the presence of treatment-emergent central sleep apnea (TE-CSA) where DR
is the ratio of the duration of the ventilatory phase (time from the end of one apnea to the start of the next) to the total cycle
duration (time from the end of one apnea to the end of the next) [64].
(2) A “zipper-like” pattern of oxygen desaturation on hypnograms in NREM-predominant OSA suggest high LG [67,68].

Upper Airway Muscle Responsiveness: No published POC tool exist. A tool developed by Sands et al. [58] can be used to estimate
UAMR and other traits from clinical PSG.

5. Precision Treatment of OSA Using the Traits

Here we will discuss the application of the OSA traits to improve the precision of
OSA therapy approaches, in the order of most to least supported by available evidence:
(1) predicting responses to established OSA therapies (see Figure 4), (2) guiding multi-
modal therapy for OSA, and (3) targeting the traits to select initial therapy for OSA.

 

Figure 4. The traits predicting OSA treatment success and failure. Current evidence supporting the
use of OSA traits to predict treatment response is summarized here. The identification of patients
at risk of failure/success early on may lead to closer monitoring of the therapy and aid in the
counseling of patients. ArTH = arousal threshold; LG = loop gain; UAC = upper-airway collapsibility;
UAMR = upper-airway muscle responsiveness; up arrow = increased; down arrow = decreased.
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5.1. Use of Traits to Predict Responses to OSA Therapy

Most of the literature on the OSA traits and OSA therapy focuses on predicting
treatment response. OSA traits may help identify patients at risk of failure of a given
treatment early on, prompting the provider to monitor treatment more closely and be
prepared to use alternative or adjunctive therapies.

5.1.1. Conventional PAP therapy

CPAP and bilevel PAP therapy are considered conventional forms of PAP therapy.
When assessed by the POC tool, a low ArTH was associated with PAP non-adherence
(OR 4.4) at 3 months in a sleep clinic cohort [69]. Among non-obese veterans with OSA, a
low ArTH (assessed by the POC tool) was also associated with a 45% reduction in long-term
use of CPAP therapy. Such findings are consistent across populations and the measurements
of OSA traits from polysomnography. In post-stroke patients, a reduction in ArTH of 8%
and an increase in UA responsiveness of 33% were associated with a 1 h reduction in CPAP
use [70]. Similarly, in patients with coronary artery disease and OSA, a phenotype of low
ArTH and extremes of UA muscle responsiveness were associated with an over 2 h/night
lower CPAP adherence [71]. In sum, close monitoring is prudent in those with a low ArTH
during conventional PAP therapy. If PAP intolerance develops, interventions to improve
adherence may be of benefit, including motivational interviewing [72,73], CBTi in those
with comorbid insomnia [74], or a short course of a sedative hypnotic [75].

In cases of treatment emergent central sleep apnea, a high LG (>2) may predict
persistence of TE-CSA in response to conventional PAP therapy at 1 month [64]. This
may be considered when deciding on adaptive servo-ventilation (ASV) at the start of PAP
therapy in those with TE-CSA.

5.1.2. Oral Appliance

Oral appliance therapy (OAT), most commonly the mandibular advancement device,
can be an effective and tolerable OSA treatment. Several investigations have identified OSA
traits that predict patient response to OAT. In a randomized cross-over study, those with
mild UA airway collapsibility and a low/normal LG exhibited the highest AHI reductions
with OAT [76,77]. In the largest study of 93 patients with AHI scores of ≥20/h, a lower
LG, higher ArTH, moderate (non-mild and non-severe) UA collapsibility, and weaker
dilator muscle compensation [78] predicted a greater AHI reduction. A model of OAT
responders (AHI ≥ 50%) using these traits exhibited a positive predictive value (PPV) of
83% and a negative predictive value (NPV) of 58%. Notably, none of the clinical parameters,
including age, BMI, sex, neck circumference, and REM/NREM AHI, were associated with
a change in AHI score with OAT treatment. In summary, those with mild-to-moderate
airway collapsibility, lower LG, higher ArTH, and weaker muscle compensation may be
better candidates for OAT.

5.1.3. Upper Airway Surgery

UA collapsibility is reduced by surgery, including revised uvulopalatopharyngoplasty
with uvula preservation, with or without concomitant transpalatal advancement (TA),
pharyngoplasty, genioglossus advancement, and hyoid suspension. A high LG predicts the
failure of upper airway surgery to achieve a ≥50% reduction in and <10/h post-surgical
AHI [79]. Similarly, a low ArTH is associated with surgical failure [80]. Despite potential
surgical improvements in UA collapsibility, the remaining abnormalities in LG and ArTH
are not modifiable by surgery. Therefore, those with a high LG and/or low ArTH may be
at high risk of residual OSA with upper airway surgery.

5.1.4. Hypoglossal Nerve Stimulation

Hypoglossal nerve stimulation is a rapidly growing option for individuals who are
intolerant of CPAP therapy. HNS uses a cuff, implanted around the branches of the hy-
poglossal nerve, to stimulate the genioglossus, protruding it with each breath. Despite
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stringent selection criteria for this therapy (e.g., BMI < 32 kg/m2, lack of complete con-
centric collapse on sleep endoscopy), about a third of those who are implanted achieve
a <50% reduction in and a residual AHI score of ≥20/h [81]. A secondary analysis of
the STAR trial of HNS revealed that a high ArTH, low LG, and increased UA muscle
responsiveness [82] were associated responses to HNS. Notably, the trait relationships were
complex. For example, the LG and ArTH were associated with HNS response in those with
mild UA collapsibility. A multivariable prediction model of HNS responders using the
OSA traits was better at ruling in success than avoiding failure (PPV and NPV of 83% and
61%, respectively).

5.1.5. Pharmacotherapy

The purpose of the below section is to provide a context of how pharmacotherapy
may affect the OSA traits, rather than a comprehensive review of pharmacotherapy in OSA;
this can be found elsewhere [83,84]. Notably, most pharmacotherapy studies do not target
individuals based on OSA traits, but use OSA severity cut-offs. In addition to these studies,
we highlight a few that select patients based on OSA traits.

Supplemental oxygen is a potential adjunctive therapy for OSA. In a physiologic study
of six individuals with OSA, oxygen reduced both the LG and AHI score in those with a
high LG, but not in those with a low LG [85]. In a larger (n = 36) single-night crossover
RCT of oxygen for OSA, a high LG alone did not predict the response to oxygen [86].
However, a high LG in those with mild UA collapsibility and higher UA responsiveness
were predictors of oxygen’s success (≥50% AHI reduction).

The commonly prescribed sleep aid non-benzodiazepine GABA receptor agonists
(“z-drugs”), specifically zolpidem 10 mg and eszopiclone 3 mg, appear to increase the
ArTH in those with a low ArTH without impacting airway dilator muscle responsiveness,
prolonging respiratory events or worsening hypoxemia [87,88]. A longer term, 1-month
RCT of 7.5 mg zopiclone (a stereo-isomer of eszopiclone) in patients with OSA showed no
effects on hypoxemia or sleepiness or driving simulator performance [89]. The effects on
the AHI were inconsistent in these single-night physiologic studies and showed no changes
in the 1-month trial [87–89]. While there is little effect on the AHI, sedative hypnotics may
improve adherence to CPAP therapy [75], potentially by raising the ArTH.

Acetazolamide, a carbonic anhydrase inhibitor, has been studied in both OSA and
CSA. Acetazolamide causes urinary excretion of bicarbonates with a metabolic acidosis,
leading to respiratory compensation by way of increased ventilation. Notably, at this state,
the efficiency of CO2 excretion in the lungs is lower (i.e., acetazolamide lowers LG), which
stabilizes breathing [90]. A systematic review that included 28 studies and 542 participants
found that acetazolamide reduced AHI scores by 38% or 14/h in those with OSA or CSA
compared to the controls. It also improved the SpO2 nadir by 4 percent [91]. A dose of
acetazolamide 500 mg twice daily was shown to reduce LG (with an interquartile range re-
duction from 2.4–5.4 to 1.4–3.5) [92] and reduce the NREM AHI (from 50/h to 24/h) in those
with OSA. Acetazolamide had no significant effect on UA collapsibility, responsiveness or
ArTH. Notably, baseline LG alone did not predict a response to acetazolamide [93].

Medications have been studied for their potential role in increasing UAMR. Increasing
the endogenous levels of norepinephrine in a rat model showed increases in genioglossus
muscle activity during NREM sleep [94]. In another study, a muscarinic receptor antag-
onist disinhibited hypoglossal motor neuron activity during REM sleep [95]. Therefore,
upregulating norepinephrine activity during NREM and antimuscarinic activity in REM
sleep exhibits potential to increase genioglossus muscle responsiveness throughout sleep.
The combination of atomoxetine, a norepinephrine reuptake inhibitor, and oxybutynin,
an antimuscarinic, has been studied in a randomized, placebo-controlled, double-blind,
crossover trial comparing one night of 80 mg atomoxetine plus 5 mg oxybutynin (ato–oxy)
to a placebo. Ato-oxy reduced AHI scores by 63%, increased genioglossus responsiveness 3-
fold, and improved hypoxia [96]. While ato-oxy improved UA collapsibility and UA muscle
responsiveness in a secondary analysis of this RCT, baseline traits did not predict a re-
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sponse to ato-oxy. In multivariate analyses, only the baseline AHI and Fhypopneas predicted
a response to ato-oxy [97]. A more recent, larger (n = 211), 4-week trial of atomoxetine and
aroxybutynin showed a smaller but meaningful effect size (43% AHI reduction) [98]. Other
combinations of noradrenergic-antimuscarinic therapies have been proposed and have
undergone small trials, as nicely reviewed by Perger and colleagues [83]. They included
reboxetine and oxybutynin, which demonstrated an improvement in UAMR and a 59%
reduction in AHI scores at 1 week [99].

Dual orexin receptor antagonists (DORAs) are an emerging class of medications used
to treat insomnia. The combination of atomoxetine-lemborexant has been studied in a small
trial of 15 individuals with moderately collapsible upper airways. This combination did
not significantly reduce the AHI [100]. Studies are needed to determine the potential role
of DORAs in affecting the non-anatomical physiological traits and impact on OSA.

Precaution should be taken for the use of these pharmacologic agents in the growing
population of older adults living with the OSA. They may be at a higher risk for adverse side
effects. For example, Z-drugs may increase the risk of gait instability, falls, and fractures in
older adults [101–103]. Acetazolamide may result in moderate to severe metabolic acidosis
in older adults [104]. In an atomoxetine-oxybutynin combination, oxybutynin may increase
the risk of delirium [105].

5.2. Use of Traits to Guide Multi-Modal Therapy for OSA

Multi-modal therapy is a cornerstone of the management of other chronic disorders
(e.g., hypertension and diabetes mellitus), and the management of OSA is likely to be similar.
One approach to multi-modal therapy may include addressing anatomic predisposition to
OSA (UA collapsibility) alongside adjunctive or rescue therapies targeting physiological
traits to improve treatment success.

5.2.1. Targeting Anatomy

Obesity is a key contributor to airway collapsibility. A weight reduction of 15–20% of
the BMI in those with OSA significantly reduces Pcrit (from 3.1 ± 4.2 to −2.4 ± 4.4 cm H2O).
If Pcrit is sufficiently reduced to below −4 cm H2O, there is a resolution of respiratory
events [106]. Pharmacologic agents that have been shown to reduce the AHI by target-
ing obesity include liraglutide, semaglutide, naltrexone/bupropion, and orlistat, and by
targeting fluid shifts include furosemide and spironolactone [83].

CPAP therapy may decrease Pcrit by increasing both the retroglossal and retropalatal
airway dimensions. A recent study of 14 participants shed light on the differences between
mask interfaces from an anatomic-trait perspective. Each participant was titrated to a
therapeutic pressure using both an oronasal and a nasal mask. Compared to the nasal mask,
the oronasal mask was associated with a higher therapeutic CPAP requirement (+2.6 cm
H2O ± 0.5 cm H2O) and higher Pcrit (+2.4 ± 0.5 cm H2O) [107].

Oral appliance therapy reduces airway collapsibility in the retropalatal (23–29% re-
duction) and retroglossal (21–34% reduction) regions [108]. In a mechanistic study of
10 participants with OSA, oral appliance therapy reduced AHI scores from 25.0 ± 3.1 to
13.2 ± 4.5/h and significantly reduced Pcrit in N2 and slow wave sleep (from −1.6 ± 0.4 to
−3.9 ± 0.6 cm H2O and −2.5 ± 0.7 to −4.7 ± 0.6 cm H2O, respectively) [109].

Positional therapy is a treatment option for supine-predominant OSA, defined by a
supine AHI that is ≥2X the non-supine AHI. Positional therapy techniques and devices can
help a sleeping individual minimize time spent in the supine position. UC collapsibility
(Pcrit) decreases significantly when moving from a supine to a lateral position (supine Pcrit
mean 2.5 cm H2O, CI 1.4–3.6 to lateral PCrit mean 0.3 cm H2O, CI −0.8–1.4) [110], with
changes that remain significant regardless of the sleep stage [111]. The change in Pcrit from
a supine to a lateral position is comparable to that with oral appliance therapy [112]. The
benefits of positional therapy may not be limited to improvement in airway collapsibility.
Some studies [112] (but not all) [32] also show a reduction in LG. This is consistent with
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observations that central sleep apnea (a condition characterized by a high LG) is less severe
in a lateral compared to a supine position [113,114].

5.2.2. Combination Therapy

Currently, combination therapy in OSA is considered a form of salvage treatment
when the first-line therapy is inadequate. Several common clinical scenarios and potential
“rescue” therapy approaches are shown in Figure 5. This approach may be promising in
cases of inadequate efficacy (e.g., a high residual AHI score) or adherence, and reflects
potential off-label use of some treatments (e.g., acetazolamide). To date, there are no algo-
rithms utilizing OSA traits to address PAP failure. Notably, the approaches in Figure 5 are
“off-label” and require validation in clinical trials. In addition, there are also individuals
who are adherent to PAP therapy with a low residual AHI score who experience an inade-
quate treatment response due to persistent, excessive daytime sleepiness. The potential
mechanisms of and therapy for residual hypersomnia secondary to OSA are described in
detail by Javaheri et al. [115].

 
Figure 5. Examples of common patient scenarios in which the traits may be used to help select
a “rescue” therapy. Patient 1 uses PAP therapy with good adherence, but data downloads show
a high residual AHI score (e.g., AHI > 15/h). A review of this individual’s CPAP titration study
shows evidence of moderate-severe UA collapsibility (UAC) (i.e., CPAP requirement > 8 cm H2O),
and a high LG (NREM predominant OSA with “zipper” pattern on oximetry); therefore, a trial of
oxygen and/or ACTZ with PAP therapy may be considered. Patient 2 is different from patient 1 in
that this individual has mild-moderate UAC and supine-predominant OSA and a high LG (NREM
predominant and a high LG (NREM predominant OSA with “zipper” pattern on oximetry); therefore,
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and a high LG (NREM predominant OSA with “zipper” pattern on oximetry); therefore, a trial of
oxygen and/or ACTZ with PAP therapy may be considered. Patient 2 is different from patient 1 in
that this individual has mild-moderate UAC and supine-predominant OSA (supine AHI ≥ 2X the
non-supine AHI), for which positional therapy is a potential first-line treatment. If this patient also
fails positional therapy due to a high residual AHI score, oxygen and/or ACTZ can be added to
positional therapy in a setting of high LG. Patient 3 is someone with mild-moderate OSA with an
aversion to PAP therapy (e.g., claustrophobic with PAP) and chooses OAT. Due to a high LG and
increased UAMR (see Table 2 for POC tool for LG, UAMR can be estimated using Sands et al. [58]), the
predicted response to OAT alone will be inadequate; therefore, oxygen and/or ACTZ can be added.
Patient 4 has moderate to severe OSA and was started on PAP therapy but ultimately discontinued
therapy due to intolerance. The mild-to-moderate UAC and increased UAMR makes HNS a favorable
option; however, with a low ArTH (as determined with the POC tool described in Table 2), HNS
alone may not be effective at reducing the AHI. Therefore, a Z-drug can be used to raise the ArTH,
in combination with HNS. Patient 5 has OSA and is using PAP therapy with difficulty tolerating
therapy, frequently waking up from therapy, and is unable to keep the PAP interface on for the entire
sleep duration. All other modifiable factors have been addressed (e.g., weight reduction, avoidance
of alcohol, etc.). A review of the diagnostic sleep study reveals a low ArTH (see Table 2), and the
addition of a Z-drug to PAP therapy can be considered. LG = loop gain; ACTZ = acetazolamide;
ArTH = arousal threshold; HNS = hypoglossal nerve stimulation; OAT = oral appliance therapy;
PAP = positive airway pressure; UAC = upper-airway collapsibility; UAMR = upper-airway muscle
responsiveness; Z-drug = non-benzodiazepine GABA receptor agonist; up arrow = increased; down
arrow = decreased.

Combining UA anatomy-targeted therapies can improve efficacy. For example, the
combination of positional therapy and OAT is more efficacious than either positional
therapy or OAT alone [116]. The combination of CPAP therapy with oral appliances can
treat OSA when OAT alone is ineffective, while reducing CPAP requirement (~9 cm H2O
less with combined OAT and CPAP therapy than on CPAP therapy alone) [117]. Therefore,
combination therapy may be a good option for those who are pressure intolerant.

Combining CPAP therapy with “z drugs” may improve adherence. A systemic review
of eight studies showed an increase of 0.62 h of daily CPAP use and a 12% increase in
the percentage of nights used compared to CPAP therapy alone. Eszopiclone had the
most significant impact on adherence [118]. Notably, such studies include unselected
patients with OSA. Some data suggest that hypnotics in those with a low ArTH might be
of particular benefit [119]. A combination of a therapy to address UA collapsibility (e.g.,
CPAP or OAT) and a high LG (acetazolamide or oxygen) may be one way to improve the
efficacy of OSA treatment [120,121].

A stepwise approach, addressing UA anatomy, followed by targeting physiological
traits was examined in a study of 23 participants with OSA [122]. Participants who had
a residual AHI score of >10/h with OAT alone (addressing UA anatomy) were included
in a step-wise approach for additional therapy. The addition of expiratory positive air-
way pressure (EPAP) valve and positional therapy resulted in an AHI score of <10/h
in 10 participants. A predictor of success was supine-dependent OSA. Of the remain-
ing ten, five participants with high LG achieved therapeutic control with the addition of
oxygen. Two with poor airway muscle responsiveness achieved control with atomoxetine-
oxybutynin added to OAT, EPAP therapy, and positional therapy or oxygen. Of the
remainder, two required CPAP therapy, and another was CPAP intolerant [122]. None of
the participants qualified for the addition of a hypnotic. Three were lost to follow-up or de-
clined further participation. While this was an exploratory study, it offers a perspective on
how these traits may inform targeted combination therapy, a precision medicine approach
in OSA.
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5.3. Targeting Traits to Select Initial Therapy

Targeting the OSA traits to select the first-line therapy for each patient is the “holy grail”
of physiology-based precision medicine to treat sleep apnea. For example, the combination
of oxygen (lowering LG) and eszopiclone (raising the ArTH) may be effective in someone
with mild UA collapsibility. In a randomized crossover study of this combination among
those with an AHI score of ≥10/h, 9/20 participants responded to this combination (>50%
reduction and <15/h residual AHI) in those with mild UA collapsibility [123]. Thus, in
theory, carefully selecting individuals with mild-moderate UA collapsibility, high LG and
a low ArTH for pharmacologic-only treatment may be viable. However, the baseline
traits targeted by oxygen (LG) and eszopiclone (ArTH) in the above study did not predict
treatment success, while a mild to moderately collapsible UA, and increased UA muscle
responsiveness did. This highlights the complexity of targeting the OSA traits to select a
first-line therapy in OSA. To date, no studies have prospectively targeted treatment based
on a trait (or trait combinations) to assess effectiveness of a therapy.

6. Current Limitations

Physiological traits are promising for personalizing OSA therapy. However, several
critical barriers exist. First, it is unclear to what degree each trait is a cause or a consequence
of OSA. Hence, in this review, we use the term “trait” (a characteristic) and not “endotype”
(pathogenic mechanism). For example, a low ArTH may be a phenotype (rather than an
endotype) because the ArTH is lowered with the treatment of OSA and is more common in
those with lower OSA severity [42]. Thus, a low ArTH may simply serve as a biomarker
of treatment effectiveness (e.g., adherence). If the traits reflect OSA’s consequences rather
than causes, targeting them may not effectively eliminate UA obstruction (and may be the
reason why baseline traits do not consistently predict a response to therapy targeting those
traits). Second, an easy-to-use method that determines how much each trait, especially
in combination with others, contributes to OSA in each individual is not yet available.
Therefore, potential treatment decisions are based on arbitrary cut-offs of high versus
low trait values or statistical models of a combination of traits. Such approaches are
unlikely to be reproducible across patient cohorts, as prediction models in one cohort differ
from models in another [77,78]. Finally, and most importantly, current studies of OSA
traits and clinical outcomes are short-term, often lasting a single night, and most focus
on the outcome of AHI reduction as a metric of success. Longitudinal studies examining
patient-centered outcomes such as quality of life, function, and adverse consequences of
OSA (e.g., endothelial function, blood pressure, neurocognition) are needed. If evidence
supports targeting traits to improve patient-centered outcomes in OSA, studies assessing
the implementation of a trait-based approach, including ease of use, cost, and applicability
across demographic and social determinants of health, will be important.

7. Future Directions

Our vision for the future is for sleep providers to be able to routinely assess anatomic
and non-anatomic contributors to OSA in clinical settings to (1) promote a shared decision-
making process in selecting efficacious and tolerable therapy and (2) improve patient-
centered outcomes.

In order for this vision to be realized, additional physiologic research as well as imple-
mentation science work are needed to address both the use of traits to predict treatment
responses and to target traits for a more precise treatment approach. Below are the key
challenges to be addressed:

(1) Standardized, reliable, and reproducible tools must be developed to measure the
OSA traits using readily available clinical data (e.g., home respiratory polygraphy,
wearables). Such tools should integrate how much each trait, or trait combination,
contributes to OSA severity in each individual.

(2) A better understanding is required of how traits relate to clinical phenotypes (e.g.,
the ArTH and LG in those with OSA and insomnia) and their contributions to OSA

213



J. Clin. Med. 2024, 13, 1636

in those with common, co-morbid conditions (e.g., post-traumatic stress disorder,
chronic obstructive pulmonary disease, opioid dependence).

(3) Studies are needed to determine the effect sizes of interventions targeting the OSA
traits (e.g., acetazolamide for high LG) and their impact on OSA severity.

(4) Prospective validation of the traits (or their combinations) is needed to predict treat-
ment responses to established therapies (e.g., randomization to a sedative-hypnotic
vs. a placebo with CPAP based on the ArTH to assess the impact on CPAP adherence,
daytime function, and quality of life).

(5) Longer-term (at least 3–6 months), randomized clinical trial studies on patient-
centered outcomes are needed, for both prediction of outcomes and modification
of the OSA traits to improve OSA outcomes. Studies should examine prognostic
markers that are more effective than the AHI in assessing OSA alleviation (e.g.,
hypoxic burden, heart rate response), adherence, patient symptoms, function, and
quality of life.

(6) Because little is known about the role of OSA traits in patient outcomes in non-white
and non-male individuals, an assessment of traits in pathogenesis, clinical manifesta-
tions, and treatment outcomes in non-white and female populations is needed.

8. Summary

The interplay of the four key OSA traits, including UA airway collapsibility capturing
anatomical predisposition and the remaining physiological traits of LG, ArTH, and upper-
airway muscle responsiveness, can result in different pathways to OSA among individuals.
These unique combinations offer a potential approach for precision medicine approach
in OSA. For example, retrospective studies demonstrate that the traits predict treatment
response of established therapies for OSA, including CPAP therapy, oral appliances, and
hypoglossal nerve stimulation. Recent advances in the field show that these traits can be
estimated from clinical data, including signal processing of polysomnography or even
simple event-count-per-hour metrics such as the AHI, the fraction of hypopneas and the
oxygen saturation nadir (Table 2). While not yet ready for “prime time”, using these traits
to select multi-modal rescue therapies for those failed by CPAP therapy can be a significant
step towards improving the “one-size fits all” CPAP approach. The ultimate goal is to
use these traits to select initial treatment. For now, the focus of the OSA field should
include developing scalable and reliable methods for their assessment and longitudinal
patient-centered validation of the OSA traits’ utility for therapy selection (see Table 2).
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