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Abstract: Postoperative atrial fibrillation (POAF) occurs in 20–50% of patients with coronary artery
disease (CAD) after coronary artery bypass grafting (CABG). Obstructive sleep apnea (OSA) is
also common in adults with CAD, and may contribute to POAF as well to the reoccurrence of
AF in patients at long-term. In the current secondary analysis of the Randomized Intervention
with Continuous Positive Airway Pressure (CPAP) in Coronary Artery Disease and Obstructive
Sleep Apnea (RICCADSA) trial (Trial Registry: ClinicalTrials.gov; No: NCT 00519597), we included
147 patients with CABG, who underwent a home sleep apnea testing, in average 73 ± 30 days after the
surgical intervention. POAF was defined as a new-onset AF occurring within the 30 days following
the CABG. POAF was observed among 48 (32.7%) patients, occurring within the first week among
45 of those cases. The distribution of the apnea-hypopnea-index (AHI) categories < 5.0 events/h
(no-OSA); 5.0–14.9 events/h (mild OSA); 15.0–29.9 events/h (moderate OSA); and ≥30 events/h
(severe OSA), was 4.2%, 14.6%, 35.4%, and 45.8%, in the POAF group, and 16.2%, 17.2%, 39.4%, and
27.3%, respectively, in the no-POAF group. In a multivariate logistic regression model, there was a
significant risk increase for POAF across the AHI categories, with the highest odds ratio (OR) for
severe OSA (OR 6.82, 95% confidence interval 1.31–35.50; p = 0.023) vs. no-OSA, independent of age,
sex, and body-mass-index. In the entire cohort, 90% were on β-blockers according to the clinical
routines, they all had sinus rhythm on the electrocardiogram at baseline before the study start, and
28 out of 40 patients with moderate to severe OSA (70%) were allocated to CPAP. During a median
follow-up period of 67 months, two patients (none with POAF) were hospitalized due to AF. To
conclude, severe OSA was significantly associated with POAF in patients with CAD undergoing
CABG. However, none of those individuals had an AF-reoccurrence at long term, and whether CPAP
should be considered as an add-on treatment to β-blockers in secondary prevention models for OSA
patients presenting POAF after CABG requires further studies in larger cohorts.

Keywords: coronary artery disease; coronary artery bypass grafting; atrial fibrillation; obstructive
sleep apnea

1. Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia affecting up to 33%
of general populations [1,2]. AF is associated with hypertension, coronary artery disease
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(CAD), cardiomyopathies, and increases the risk for ischemic stroke and systemic em-
bolism [2]. Moreover, the traditionally recognized risk factors for AF are also risk factors for
ischemic stroke [3,4]. Many CAD patients require coronary artery bypass grafting (CABG)
surgery, and postoperative atrial fibrillation (POAF) has been reported in 20–50% of those
individuals [2,5–7]. Though many episodes of POAF are known to be self-terminating,
there have been reports suggesting that POAF may increase the risk for recurrent AF in
the next five years [8]. Moreover, it has been shown that POAF may be a risk factor for
stroke, myocardial infarction, and mortality compared with non-POAF patients follow-
ing cardiac and non-cardiac surgery [9–11]. Fatal embolic events have been proposed as
the main contributing factor for the increased mortality risk in patients with POAF [12].
Other complications of POAF have been referred to prolonged hospital stay and increased
health-care consumption [13,14].

Obstructive sleep apnea (OSA), being characterized by intermittent partial or complete
collapse of the upper airways during sleep (hypopneas/apneas), leads to intermittent
episodes of hypoxemia, hypercapnia, sympathetic activity, arousals, and intrathoracic
pressure swings, altogether affecting normal physiology [15]. These changes are associated
with increased inflammatory activity and endothelial dysfunction as well as remodeling
of the left atrium, which in turn increases the risk of AF [16]. Unrecognized severe OSA
has been related with new-onset AF in non-cardiac surgery [17]. It has also been shown
that patients with OSA are at an increased risk for POAF [18,19], and readmission within
30 days following the CABG surgery [20]. In a questionnaire-based study, a high probability
of OSA at baseline was found to be a significant predictor of POAF [21]. Moreover, obesity,
closely linked with OSA, has also been related to the POAF [22].

To date, there is a lack of research evidence regarding a possible interaction between
OSA and POAF, and whether it has influence on reoccurrence of AF and long-term adverse
cardiovascular outcomes in patients undergoing CABG.

The Randomized Intervention with CPAP in CAD and OSA (RICCADSA) trial primar-
ily addressed the impact of CPAP on the composite of repeat revascularization, myocardial
infarction, stroke, and cardiovascular mortality in revascularized patients with CAD and
OSA [23,24]. In the current study, we analyzed the prevalence of POAF in a subgroup
of patients from the RICCADSA cohort, who had undergone CABG, and addressed the
association between POAF and OSA, and its possible impact on the reoccurrence of AF and
long-term adverse cardiovascular outcomes.

2. Materials and Methods

2.1. Study Population

The study design and methods of the RICCADSA trial have been published previ-
ously [23]. In brief, the RICCADSA cohort consisted of adults with CAD, who underwent
revascularization (percutaneous coronary intervention (PCI) or CABG) in Skaraborg County,
West Sweden, and investigated by a home sleep apnea test (HSAT) in a stable condition
following the revascularization procedure. The patients were recruited between December
2005 and November 2010, and the final follow-up was in May 2013. In the parent trial,
the CAD patients moderate to severe OSA (apnea –hypopnea-index (AHI) ≥ 15 events/h)
who had no excessive daytime sleepiness (Epworth Sleepiness Scale (ESS) score < 10) were
randomized to CPAP or no-CPAP, the ones with the excessive sleepiness (ESS score ≥ 10)
were offered CPAP. The CAD patients without OSA (AHI < 5/h) were included in the
observational arm and followed prospectively [21]. Patients with dominantly central
sleep apnea/Cheyne–Stokes respiration (CSA/-CSR) were excluded. For the purpose of
the current study, only patients with CABG at baseline and no history of AF before the
CABG procedure (n = 147) were included in the cross-sectional analysis of the baseline
cohort (Figure 1).
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Figure 1. Consort flow chart of the analytic study sample. Definition of abbreviations:
AF = atrial fibrillation; CAD = coronary artery disease; CABG = coronary artery bypass grafting;
CSA/CSR = Central Sleep Apnea/Cheyne-Stokes Respiration; PCI = percutaneous coronary in-
tervention; POAF = Postoperative atrial fibrillation; RICCADSA = Randomized Intervention with
Continuous Positive Airway Pressure in Coronary Artery Disease and Obstructive Sleep Apnea.

2.2. Definition of Comorbidities

While the timeframe of POAF is not strictly defined in literature, it has been usu-
ally considered within a week after surgery with peak incidence between postoperative
day 2 and 4 [2]. However, it has been shown that patients with OSA are at increased risk
for readmission within 30 days following the CABG surgery [20], and we have therefore
defined POAF as a new-onset AF within 30 days after the CABG for the current study. The
POAF was detected by continuous electrocardiography telemetry during the initial postop-
erative care and by repeated electrocardiograms at the follow up visits. Body mass index
(BMI) was calculated (body weight in kilograms divided my height in meters squared). Obe-
sity was defined as BMI ≥ 30 kg/m2 [25]. Current smoking was defined as current habitual
smoking for at least 6 months at the time of the study start. Lung disease included chronic
obstructive lung disease or asthma at baseline. Patients were labelled as hypertensive if they
either had a hypertension diagnosis, and/or were receiving antihypertensive treatment.
The ESS questionnaire was used to evaluate subjective excessive daytime sleepiness [26]
and allocation of the patients to the randomized controlled arm or the observational arm
of the main trial [23]. The ESS contains eight questions to evaluate the chance of dozing
off under eight scenarios in the past month. Each item is scored from 0 to 3 (0 for would
never doze, 1 for slight chance of dozing, 2 for moderate chance of dozing, and 3 for high
chance of dozing). The ESS score ranges from 0 to 24. Excessive daytime sleepiness was
defined as an ESS score of ≥10 as previously described [23]. Anthropometrics, smoking
habits, medical history of the study population, as well as medications were obtained from
the medical records.
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2.3. Sleep Studies, Group Allocation

On average, the ambulatory HSAT was performed 73 ± 30 days after the CABG
procedure. The portable, HSAT was conducted with the Embletta® Portable Digital Sys-
tem device (Embla, Broomfield, CO, USA), and consisted of the following tools: (1) nasal
pressure detector using nasal cannula/pressure transducer system; (2) thoraco-abdominal
movement detection through two XactTrace™ inductive belts with respiratory inductance
plethysmography technology; (3) finger pulse oximeter detecting heart rate and oxyhe-
moglobin saturation (SpO2); and (4) body position and movement detection. The sleep
time was estimated on the basis of self-reporting as well as the pattern of body movement
during the HSAT. Apneas were defined as an almost complete (≥90%) cessation of airflow.
Hypopneas were defined as a ≥50% reduction in thoraco-abdominal movement and/or
a ≥50% decrease in the nasal pressure amplitude for ≥10 s [25]. In addition, the total
number of significant oxyhemoglobin desaturations (decrease of ≥4% from the imme-
diately preceding baseline) were scored, and the oxygen desaturation index (ODI) was
calculated as the number of significant desaturations per hour of estimated sleep. Addition-
ally, time spent below 90% saturation (T90%) was recorded. Events with a ≥30% reduction
in thoraco-abdominal movement and/or a ≥30% decrease in the nasal pressure amplitude
for ≥10 s were also scored as hypopneas when there was a significant desaturation
(≥4%) [27]. The reference group was the CAD patients with an AHI < 5.0 events/h,
i.e., no-OSA. The widely used cut-offs for mild, moderate, and severe OSA are AHI 5.0 and
14.9 events/h; AHI 15.0–29.9 events/h, and AHI ≥ 30 events/h, respectively [28]. Mild
OSA cases after screening with HSAT were included in the current protocol for baseline
associations but not in the long-term follow-up as they were excluded from the main
RICCADSA trial in order to avoid “overlapping” cases for OSA vs. no-OSA [23].

The 1:1 randomization of the participants with CAD and nonsleepy OSA in the main
trial was scheduled with a block size of eight patients (four CPAP, four controls) stratified
by sex and type of revascularization (PCI/CABG) [21,22]. The nonsleepy participants with
OSA who were randomized to CPAP and the ones with sleepy OSA were fitted with an
auto-adjusting device (S8® or S9®; ResMed, Sydney, Australia) by trained staff. Additional
details of the follow-ups, including CPAP adherence, were published previously [24,29].

2.4. Blood Sampling

All blood samples were collected in EDTA and serum tubes on the morning following
the baseline sleep recordings in the parent RICCADSA trial. As described previously [30],
plasma N-terminal-prohormone of brain natriuretic peptide (p-NT-proBNP) levels were
measured using the commercially available solid-phase 2-site chemiluminescent enzyme-
labeled immunometric assay on an Elecsys system (Roche Diagnostics; Mannheim, Ger-
many) on samples obtained from 2005 to 2007, and on an Immulite 2000 XPi (Siemens
Healthcare Diagnostics, Cardiff, UK) from 2008 to 2010.

2.5. Transthoracic Echocardiography

As previously described in detail [30,31], cardiac function was assessed on the same
day of the study following the collection of the blood samples. Echocardiographic exam-
inations were conducted by experienced echocardiography technicians according to the
study hospital’s clinical practice on a commercially available cardiac ultrasound system
(Vivid-7 General Electric Healthcare, Fairfield, CT, USA). Images were stored and evaluated
with a commercially available software program (EchoPAC General Electric Healthcare).
All examinations were evaluated by the same offline examiner (HG) who was unaware
of the patients’ clinical and sleep data. Left atrial diameter was measured on parasternal
M-mode images as the linear distance between the trailing edge of the posterior aortic wall
and the leading edge of the posterior wall. An overall evaluation of the left ventricular
ejection fraction (LVEF) was performed by visual estimation, and when appropriate, by the
Simpsons biplane method [30,31].
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2.6. Statistical Analysis

For descriptive statistics, means and standard deviations were reported for continuous
variables, and counts with percentages were given for categorical variables. Shapiro–Wilk
test was used to test normality assumption of the current data for all variables. The baseline
differences between the patients with POAF vs. no-POAF were tested by independent-
sample T-test or Mann–Whitney U when appropriate for the continuous data, and by the
Chi-square test for the categorical data. A binary logistic regression analysis was performed
to determine the variables associated with POAF. Age, sex, obesity, and OSA severity
were entered into the multivariate model with additional adjustments for the significant
variables in the univariate analyses. All statistical tests were two-sided, odds ratios (ORs)
with 95% confidence interval (CI) were reported, and a p-value < 0.05 was considered
significant. Statistical analyses were performed using IBM Corp ® Released 2019. IBM SPSS
Statistics for Windows, Version 26.0 (IBM Corp, Armonk, NY, USA).

2.7. Outcomes and Sample Size

The main outcome of the current protocol was the occurrence of POAF in patients
undergoing CABG, and its association with OSA as well as reoccurrence of AF and long-
term outcomes in terms of hospitalization due to AF and/or cardiac failure. The clinical
follow-up data were obtained from the patients’ medical charts as well as from the Swedish
Hospital Discharge Registry.

The sample size estimation for the main RICCADSA trial was based on the estimates
for the primary endpoints, and no specific power estimate was established for the current
post-hoc analysis.

3. Results

3.1. The Entire Study Population and Participants at Follow-Up

Among the 147 participants of the RICCADSA cohort who underwent CABG,
48 patients (32.7%) had POAF (Figure 2). HSAT was conducted in average 73 ± 30 days
after the CABG surgery.

Figure 2. Consort flow chart for the follow-up sample. Definition of abbreviations: AF = atrial fibrilla-
tion; AHI = apnea hypopnea index; CABG = coronary artery bypass grafting; POAF = Postoperative
atrial fibrillation; RICCADSA = Randomized Intervention with Continuous Positive Airway Pressure
in Coronary Artery Disease and Obstructive Sleep Apnea.
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As shown in Table 1, baseline demographic and clinical characteristics did not differ
significantly between the patients with vs. without POAF. Almost all POAF cases were
observed within seven days, except three cases occurring on days 9, 13, and 16, respectively
(Figure 3). The β blocker use was similar in both groups. The proportion of patients without
OSA was 4.2% in the POAF group vs. 14.1% in the no-POAF group, whereas severe OSA
was observed among 45.8% of the patients with POAF compared to 27.3% in the no-POAF
group (p = 0.025) (Table 1).

Table 1. Baseline characteristics of the entire study population (n = 147).

POAF
n = 48

No POAF
n = 99

Age *, yrs 66.5 ± 7.5 63.1 ± 8.7
Male sex, % 89.6 84.8
BMI, kg/m2 28.0 ± 4.5 27.7 ± 4.1
Obesity % 22.9 24.2

AHI categories *, %
<5.0 events/h (no OSA) 4.2 16.2
5.0–14.9 events/h (mild) 14.6 17.2

15.0–29.9 events/h (moderate) 35.4 39.4
≥30.0 events/h (severe) 45.8 27.3

ESS ≥ 10, % 37.5 32.3
Current smoking, % 4.2 14.1

Hypertension, % 64.6 61.2
Diabetes, % 33.3 21.2

Stroke, % 4.2 11.2
Lung disease, % 8.3 8.1
Diuretic use, % 34.3 30.9
β blocker use, % 89.2 89.7
Aspirin use, % 80.0 95.8

Clopidogrel use, % 4.6 1.5
Warfarin use, % 13.7 1.5

CCB use, % 18.2 17.0
ACE inhibitor use, % 34.3 37.2

ARB use, % 11.4 7.8
Lipid-lowering agent use, % 93.7 97.5

Echocardiography † n = 39 n = 75

LAD *, mm 45.6 ± 5.9 43.4 ± 5.7
LVEF % 54.8 ± 8.4 56.9 ± 5.0

p-NT-proBNP, ng/mL 705.2 ± 1164.5 419.3 ± 416.5
Continuous variables are expressed as median and boundaries of interquartile ranges. Definition of abbre-
viations: ACE = angiotensin-converting enzyme; AHI = apnea–hypopnea index, ARB = angiotensin II re-
ceptor blocker; BMI = body mass index; CABG = Coronary artery bypass grafting; CCB = calcium channel
blocker; ESS = Epworth Sleepiness Scale; LAD = left atrium diameter; LVEF = left ventricular ejection fraction;
p-NT-proBNP = plasma N-terminal-prohormone of brain natriuretic peptide; POAF = Postoperative atrial fibril-
lation; RICCADSA = Randomized Intervention with Continuous Positive Airway Pressure in Coronary Artery
Disease and Obstructive Sleep Apnea. † No data from the mild OSA group. * p < 0.05.

3.2. Occurrence of POAF and Its Association with OSA

As illustrated in Figure 4, the distribution of the occurrence of POAF was 11.1%, 29.2%,
30.4%, and 44.9%, respectively, across the OSA severity categories.

6
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Figure 3. Time frame of the occurrence of POAF in 48 cases following the surgery.

Figure 4. Proportion of occurrence of POAF across the AHI categories. Definition of abbreviations:
AF = atrial fibrillation; AHI = apnea hypopnea index.

As shown in Table 2, age, AHI, ODI, and severe OSA were significantly associated with
the occurrence of POAF in the univariate analyzes. There was a trend towards statistical
significance for LAD and the circulating p-NT-proBNP values, but other demographic and
clinical characteristics were not associated with the occurrence of POAF. In a multivariate
logistic regression model, there was a significant risk increase for POAF across the AHI
categories with the highest OR for severe OSA (OR 6.82, 95% CI 1.31–35.50; p = 0.023) vs.
no-OSA, independent of age, sex, and body-mass-index.
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Table 2. Unadjusted ORs (95% CIs) for variables associated with POAF.

OR Lower Upper p Value

Age, years 1.05 1.01 1.01 0.024
Male sex 1.54 0.52 4.51 0.435

BMI, kg/m2 1.02 0.94 1.10 0.690
Obesity 0.93 0.41 2.10 0.860

Current smoking 0.26 0.06 1.21 0.087
Hypertension 1.16 0.56 2.37 0.694

Diabetes 1.86 0.86 4.01 0.115
Lung disease 1.03 0.30 3.62 0.958

AHI, events/h 1.03 1.01 1.05 0.003
ODI, events/h 1.04 1.01 1.06 0.007

T90%, % 1.01 0.99 1.02 0.545

AHI categories
<5.0 events/h 1

5.0–14.9 events/h 3.29 0.59 18.27 0.173
15.0–29.9 events/h 3.49 0.72 16.87 0.105
≥ 30 events/h 6.52 1.35 31.46 0.020

LAD, mm 1.07 0.99 1.14 0.068
LVEF % 1.05 0.98 1.11 0.157

p-NT-proBNP, pg/mL 1.00 1.00 1.00 0.090
Definition of abbreviations: AHI = apnea–hypopnea index, CI = confidence inetrval; LAD = left atrium
diameter; LVEF = left ventricular ejection fraction; ODI = oxygen desaturation index; OR = odds ratio;
p-NT-proBNP = plasma N-terminal-prohormone of brain natriuretic peptide; POAF = Postoperative atrial
fibrillation; T90% = Time spent below 90% oxygen saturation.

3.3. Long-Term Outcomes

Among the 116 patients included in the main RICCADSA trial, 38 out of the 40 patients
with POAF (95.2%) had moderate to severe OSA, of whom 28 (70%) were allocated to CPAP
at baseline. At the one-year follow-up, 12 (42.9%) were using the device at least 4 h/night
corresponding all nights. During a median follow-up of 67 months, only two patients (none
with POAF at baseline) were hospitalized due to AF.

4. Discussion

The main findings of the current study included that almost one third of the patients
undergoing CABG in the RICCADSA cohort demonstrated POAF, which is in line with the
existing literature. We found that severe OSA, defined as an AHI of at least 30 events/h
was independently associated with POAF. Notwithstanding, none of the patients with
POAF at baseline had a new onset of AF, which required a hospital admission during a
median follow-up of 67 months.

As aforementioned, AF is the most common cardiac arrhythmia affecting up to 33%
of general populations [1,2]. AF is strongly related with hypertension, CAD, cardiomy-
opathies, ischemic stroke, and systemic embolism [3]. Moreover, POAF has been reported
in 20–50% of CAD patients undergoing CABG [2,5,6]. In many cases, the episodes of POAF
are self-terminating, but there have also been reports suggesting that POAF may increase
the risk for recurrent AF in the next five years [8], and may be a risk factor for stroke,
myocardial infarction, and mortality compared with non-POAF patients following cardiac
and non-cardiac surgery [9–11]. Fatal embolic events [12] as well as prolonged hospital
stay and increased health-care consumption [13,14] have also been reported.

It is widely known that obstructive events during sleep lead to intermittent episodes
of hypoxemia, hypercapnia, sympathetic activity, arousals, and intrathoracic pressure
swings, altogether affecting normal physiology [15]. These changes are also associated with
increased inflammatory activity and endothelial dysfunction as well as remodeling of the
left atrium, which in turn increases the risk of AF [16].

OSA has previously been found to be a risk factor of readmissions to hospital post-
operatively [20,32]. In line with the previous studies, our results show that severe OSA
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is associated with AF, when compared to non-OSA patients, and with patients with no
or mild to moderate OSA. In a meta-analysis by Qaddoura et al. [19], OSA patients had a
two-fold risk increase in for POAF. Similar results were reported in a later meta-analysis by
Nagappa et al. [33].

AF has been shown to be the most common of postoperative complications with
associated sequelae [34]. In a study population consisting of almost 300,000 CABG patients,
Jawitz et al. showed that new-onset AF was found in 30% during follow up, almost two
and half times as common compared to the second most common complication (prolonged
ventilatory support), and over six times as common as the third most common complication
(renal failure) [35]. Similar results for POAF were reported in an earlier and smaller study
conducted by Aranki et al. [36]. OSA is considered to lead to cardiac remodeling [37], and
may therefore be involved in the development of AF. Thus, identifying and treating OSA
may lead to reduce the adverse cardiovascular outcomes.

Interestingly, none of the patients who had POAF at baseline demonstrated reoc-
currence during the follow-up period, which might be related with the fact that 90% of
the entire cohort were on treatment with β-blockers at baseline before the start of the
RICCADSA trial, and 70% of the OSA patients were allocated to CPAP.

Limitations of the Study

The small sample size of this post-hoc analysis of the CABG subgroup is the main
limitation of the study, and the results should therefore be interpreted cautiously. We
should also acknowledge that the patients were not screened for AF after discharge from
the hospital. AF is often asymptomatic [1,38], and the reoccurrence of AF could therefore
be missed during the follow-up period. Another limitation refers to the generalizability of
the findings since the RICCADSA trial was a single-center, two-site study, and the results
may not be valid for other geographic regions and races and other types of cardiac surgery.

5. Conclusions

Our results showed that severe OSA was significantly associated with POAF in patients
with CAD undergoing CABG, of whom 90% were on β-blockers and 70% were allocated to
CPAP treatment at the initiation of the study. None of the patients with the POAF history
at baseline had reoccurrence of AF that required long-term hospitalization. Whether or
not CPAP should be considered as an add-on treatment to β-blockers in secondary pre-
vention models for OSA patients presenting POAF after CABG requires further studies in
larger cohorts.
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Abstract: Transoral robotic surgery (TORS) for Obstructive Sleep Apnea (OSA) is a relatively young
technique principally devised for managing apneas in the tongue base area. This study summarizes
and presents our personal experience with TORS for OSA treatment, with the aim to provide
information regarding its safety, efficacy, and postoperative complications. A retrospective study
was conducted on patients undergoing TORS with lingual tonsillectomy through the Da Vinci robot.
The effectiveness of the surgical procedure was assessed employing the Epworth Sleepiness Scale
(ESS) and overnight polysomnography with the Apnea-Hypopnea Index (AHI). A total of 57 patients
were included. Eighteen patients (31.6%) had undergone previous surgery. The mean time of TORS
procedure was 30 min. Base of tongue (BOT) management was associated with other procedures in all
patients: pharyngoplasty (94%), tonsillectomy (66%), and septoplasty (58%). At 6 months follow-up
visit, there was a significant improvement in AHI values (from 38.62 ± 20.36 to 24.33 ± 19.68) and ESS
values (from 14.25 ± 3.97 to 8.25 ± 3.3). The surgical success rate was achieved in 35.5% of patients.
The most frequent major complication was bleeding, with the need for operative intervention in three
cases (5.3%). The most common minor complications were mild dehydration and pain. TORS for
OSA treatment appears to be an effective and safe procedure for adequately selected patients looking
for an alternative therapy to CPAP.

Keywords: obstructive sleep apnea; robotic surgery; tongue base; multilevel collapse

1. Introduction

Obstructive Sleep Apnea (OSA) is a prevalent disorder that affects up to 24% of adult
men and 9% of adult women [1]. It is considered a severe social health problem that signifi-
cantly increases cardiopulmonary and cerebrovascular morbidity, daytime sleepiness, poor
work performance, and traffic accidents. OSA is an independent factor for hypertension,
stroke, and myocardial infarction [2]. A multilevel collapse of the upper aerodigestive
tract is the leading cause of OSA in most cases, causing repetitive partial and complete
airway obstructions, intermittent hypoxemia, sympathetic nervous system output surges,
and sleep arousals [3]. The retropalatal and retrolingual regions are the most frequent areas
involved [4]. Continuous Positive Airway Pressure (CPAP) is considered the gold standard
treatment for moderate to severe OSA. However, despite its proven effectiveness, a large
percentage of patients are intolerant or reject its use [5]. Alternative therapeutic strategies
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are also available, including weight loss, positional therapy, oral appliances, myofunctional
therapy, and surgical therapy. Several surgical procedures have been described for these
situations. Since Vicini et al. [6] introduced the concept of Transoral Robotic Surgery (TORS)
for the OSA treatment in 2010, many studies have been published regarding its efficacy [7].
In many ENT departments, TORS is nowadays considered a common surgical minimally
approach for Base of Tongue (BOT) reduction in cases of OSA due to a lingual tonsil ob-
struction [8]. Furthermore, this procedure can be combined with other techniques, such as
tonsillectomy, pharyngoplasty, genioglossal advancement, hyoid suspension, and many
others in cases of a multilevel obstruction [9]. This study summarizes and presents our
personal experience with TORS to manage OSA, whether as a standalone procedure or as a
part of multilevel surgery. Our goal is to provide information regarding its safety, efficacy,
and postoperative complications and to identify the outcome’s predictive factors.

2. Materials and Methods

Patient Selection

A retrospective study was conducted at Department of Otorhinolaryngology at Clínica
Universidad de Navarra (Pamplona, Navarra, Spain). From January 2011 to June 2021,
64 patients undergoing TORS with lingual tonsillectomy through the Da Vinci robot were
included.

The procedure was either a standalone procedure or part of a multilevel operation,
including pharyngeal, palatal, and/or nasal surgery. Nasal surgery included septoplasty
and/or inferior turbinate reduction, endoscopic sinus surgery, and/or adenoidectomy.
Palatal surgery included expansion sphincter pharyngoplasty or barbed reposition pharyn-
goplasty. Pharyngeal surgery included tonsillectomy. Tongue base surgery included
lingual tonsillectomy, partial midline glossectomy, and epiglottoplasty. All procedures
were performed by the same surgeon (PMB).

All patients underwent a complete ENT Physical exam, reporting awake BOT hypertro-
phy after Friedman’s Lingual tonsil hypertrophy [10], Epworth sleepiness scale (ESS), type
I polysomnogram, and detailed examination in supine and left/right decubitus positions
with Drug-Induced Sleep Endoscopy (DISE) with propofol, administered through target
infusion pump to determine the level of obstruction according to European position paper
on drug-induced sleep endoscopy [11], following VOTE classification [12]. All patients
were counseled on possible alternative treatments and gave their consent to the procedure.

The selection criteria used for the indication of TORS surgery were:

1. Presence of symptomatic OSA (Epworth Sleepiness Scale (ESS) score > 11) and/or
moderate to severe OSA (Apnea-Hypopnea Index (AHI) > 15).

2. Low tolerability or drop-out from CPAP (CPAP use less than 3 h per night).
3. Lingual tonsil hypertrophy (Friedman Type 3 or 4).
4. Adequate BOT exposure assessed during sleep endoscopy. Patients must have a

minimum distance of 1.5 cm between the superior and inferior incisor teeth.
5. No contraindications to surgery (ASA score < 3, absence of micrognathia).

Regarding TORS, in all the procedures, with the patient in the supine position, the tip
of the tongue was fixed with a thick silk traction suture. A Storz Davis-Meyer mouth gag
was used to obtain access and to visualize the lingual tonsil. BOT exposure was possible in
all the cases. The robot was set up on the right side of the patient. Three Da Vinci robotic
arms were used in the oral cavity, with the 30◦-angled 3-dimensional endoscope in the
center and the Maryland dissector in one arm. The second arm was the Monopolar cautery.
The procedure began with a cut in the midline of the tongue base, from the foramen cecum
to the vallecula. The incision was then extended laterally. In this way, it was possible to
identify and preserve the neurovascular structures as the lingual artery and nerve. The right
and left lingual tonsils were removed separately, with the right side followed by the left.
An in-bloc resection of the lingual tonsil from superior to inferior and from medial to lateral
was performed. We measured the volume of the tissue removed. Lingual tonsillectomy was
always followed by epiglottoplasty. The epiglottis was held with the Maryland dissector
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and divided vertically along the midline 5 mm above the vallecula. A horizontal cut was
then made in the right and the left portion to remove the upper one-third of the suprahyoid
epiglottis (Figures 1 and 2; Supplementary Materials).

 

Figure 1. View of operative field before TORS: reduction of volume of tongue base and mouth
aspirator, maryland dissector and bovie electrocautery.

 

Figure 2. View of operative field after TORS: reduction of volume of tongue base and mouth aspirator,
maryland dissector and bovie electrocautery.
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The rate of immediate and delayed postoperative complications was also recorded.
Complications were categorized as bleeding and other complications. Only patients with a
minimum follow-up of 6 months were considered for surgical success assessment with ESS
and a new type I polysomnogram. To report outcomes, Sher’s criteria were used to define
success (50% reduction in AHI and an AHI less than 20% after surgery) [13].

A t-test was used to determine the difference between the AHI index and ESS before
and after the procedure. A chi-squared test was used to determine the association between
age, BMI, and AHI index, with surgical success according to Sher’s criteria. A value of
p < 0.001 was regarded as being statistically significant. Quantitative data are shown as
mean (SD), and qualitative data are represented as n (%). All statistical analyses were
performed using IBM SPSS Statistics Visor.

3. Results

At the end of our selection process, 57 patients who satisfied the inclusion criteria were
enrolled, 50 males (88%) and 7 females (12%). The mean age of the patients was 49.6 ± 12
years, and the mean BMI at the time of surgery was 28.8 ± 3.6 kg/m2. Demographic
characteristics, pre-treatment and post-treatment average, and median values of AHI and
ESS are summarized in Table 1.

Table 1. Subject demographic characteristics.

Mean SD

Age 49.63 12.09
BMI 28.84 3.66

AHI Pre 38.62 20.36
ESS Pre 14.25 3.97

AHI Post 24.33 19.68
ESS Post 8.25 3.3

SD: Standart Deviation; BMI: Body Mass Index; EES: Epworth Sleepiness Scale; AHI: Apnea-hypopnea Index.

All the subjects included suffered from moderate to severe OSA except four. In these
patients, the indication was due to the lack of adherence or failure of non-surgical treatments.
Eighteen patients (31.6%) had undergone previous surgery (septoplasty, turbinoplasty,
tonsillectomy, palate surgery, adenoidectomy, or endoscopic sinus surgery). During TORS,
the mean volume of BOT removed was 10 cc (6–15 cc). The mean total surgical time was
133 min, including all the other procedures included. The mean time of TORS procedure
was 30 min. BOT management was associated with other procedures in all patients. The
most common secondary procedures were pharyngoplasty (94%), tonsillectomy (66%), and
septoplasty (58%). Table 2 shows all procedures performed with their frequencies.

Table 2. Secondary procedures associated with TORS.

Intervention n (%)

Septoplasty 33 (58%)
Turbinoplasty 32 (56%)

Adenoidectomy 3 (5%)
Tonsillectomy 38 (66%)

Pharingoplasty 54 (94%)
Epigotoplasty 28 (49%)

Nasal Endoscopic Surgery 2 (3%)

All patients were admitted to the surgical intensive care unit (ICU) postoperatively.
The median number of days in the ICU and hospital was 1 and 3 days, respectively. None
of our patients underwent tracheostomy.

At the 6-month follow-up visit, there was a significant improvement in AHI values
(from 38.62 ± 20, 36 events/h to 24.33 ± 19.68 events/h) and ESS values (from 14.25 ± 3.97
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to 8.25 ± 3.3); (p < 0.001) (Figure 3). The surgical success rate was achieved in 35.5%
of patients. In particular, we recorded the following AHI results: four patients with
AHI < 15 events/h, four patients with AHI < 10 events/h, and three patients with AHI
< 5 events/h. In five patients, there was a worsening of the AHI, and in four cases, the
improvement was minimal.

Figure 3. Pre-operative and post-operative AHI values. The central mark indicates the median,
and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The
whiskers extend to the most extreme data points not considered outliers, and the outliers are plotted
individually using the ‘o’ marker symbol.

There were a total of 10 complications in 9 patients (15.8%). Complications were
classified as bleeding (8.8%) and other complications (8.8%), including atrial fibrillation,
pulmonary thromboembolism, flap dehiscence, or rehospitalization for pain control. Table 3
outlines the complications that occurred.

Table 3. Secondary procedures associated to TORS.

Complication n (%)

No complications 48 (84%)
Bleeding 5 (8.8%)

Other Complications * 9 (16%)
* Atrial fibrillation, pulmonary thromboembolism, flap dehiscence, and rehospitalization for pain control.

The most frequent major complication was bleeding, with the need for operative
intervention in three cases (5.3%). Bleeding was from the BOT in two cases and the tonsil
in another case, and was controlled by transoral approach without the use of Da Vinci. The
remaining two cases were self-limited bleeding, and the source could not be determined.
Bleeding appeared in all cases between days 2 and 12 after the intervention.

The most common minor complications were mild dehydration and pain, although
only two cases showed uncontrolled pain and required hospitalization for intravenous
medications 5 and 10 days after the surgery. A few days later, the two patients were both
discharged with no sequelae. No patient complained of impaired swallowing after the
procedure after 2 weeks of surgery.

4. Discussion

OSA is an underestimated but severe health problem with a high social and economic
impact. Since Vicini et al. described the application of TORS for BOT and epiglottis in
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OSA patients in 2010, many authors have obtained satisfactory results in different series of
patients [6]. TORS is nowadays considered a common surgical procedure in cases of OSA
due to a lingual tonsil obstruction.

In 2012, Friedman et al. described a 66.7% surgical success rate in a series of 40 pa-
tients [13]. In 2014, Toh et al. described a cure rate of 35% (AHI < 5 events/h) [3]. The
latest systematic reviews and meta-analyses have shown a success rate between 48.2% and
68.4%, respectively, with the essential conditioning factors being a BMI <30 kg/m2 and its
association with multilevel surgery as required [14]. Similarly, our study found a significant
difference between pre- and post-operative AHI and the ESS values (p < 0.001). Moreover,
more than one-third of the subjects (35.5%) achieved surgical success. Our study obtained
a lower cure rate when compared to the results reported by Toh et al. [3], possibly because
our sample was not homogeneous.

Our patients were subject to multilevel surgery. Therefore, our results are adequate
as most patients had obstruction at diverse levels. In addition, some had poor prognostic
features, such as BMI > 30 kg/m2 or AHI > 60 events/h. Unlike previous studies, sig-
nificantly worse results have been reported in patients with high BMI and preoperative
high AHI values [10]. It should be noted that in our group, the mean BMI or AHI between
patients with surgical success and those without it (p = 0.8 and p = 0.18, respectively) was
not statistically significant. Nonetheless, in all patients whose surgical procedure was
considered successful, the AHI score was <60 events/h, and the mean value was lower
than in the non-cured group (44.41 and 33.56, respectively). In addition, the mean age
between cured patients and non-cured ones (p = 0.67) was not significant.

Although we did not compare this surgical technique with others, previous studies
have compared TORS surgery to other therapeutic options. Cammaroto at al. compared
TORS with Coblation Tongue Base Resection (CTBR) and concluded that complications
occurred in 21.3% of the patients treated with TORS and in 8.4% of the patients treated with
Coblation surgery [15]. On one hand, TORS seems to give slightly better results, allowing
a broader surgical view and a measurable, more consistent removal of lingual tissue. On
the other hand, in a randomized controlled trial comparing TORS with CTBR, the AHI
improved from 29.7 ± 9 events/h to 10.7 ± 3.9 events/h (p < 0.001) following TORS, and
from 27.2 ± 6.4 events/h to 10.3 ± 4 events/h in the Coblation group [16,17].

In a meta-analysis comprising 18 studies on TORS (834 patients) and 11 studies on
CTBR (294 patients), it was observed that TORS allows a greater resection of the tongue base
tissue compared to CTBR. The mean differences of AHI, ESS, and lowest oxygen saturation
for TORS were −23.92, −7.6, and 5.83% (all p < 0.001). However, it was observed that the
surgical success of the two is similar (57.6% vs. 60.3%, p = 0.4474), with a lower postoperative
bleeding rate with TORS (3.3% vs. 7.5%, p = 0.0103), a longer operative time with TORS
compared to CTBR (p > 0.0001), and a similar hospitalization time (p = 0.9047) [18,19].

Post-surgical bleeding that requires surgical revision has been described in 2.5% of
cases after TORS, which was slightly lower than that commented in our group (8.8%). All
bleeding cases occurred in our first 15 cases. Therefore, we can attribute this to a learning
curve. Bleeding appeared in all cases between day 2 and 12 after the intervention.

Further complications with a 5 rate (8.8%) comprised arrhythmia, flap dehiscence,
pulmonary thromboembolism, and rehospitalization for uncontrolled pain. Two patients
required long-term anticoagulation therapy for atrial fibrillation and pulmonary embolism
4 and 15 days after the surgery, respectively. Nevertheless, the surgical procedure cannot
be considered the leading cause of these complications because comorbidities such as
obesity, hypertension, and dyslipidemia were previously present in both patients, and the
anesthetic medication could have triggered these pathologies. The pulmonary embolism
was diagnosed because the patient came to the emergency room, but the atrial fibrillation
was discovered casually in an undiagnosed patient.

On the other hand, the higher rate of minor complications and the high costs of TORS
must also be considered [10]. In the literature, the complications described have usually
been rare and transient [2], with the most common being transient hypogeusia, transient
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pharyngeal oedema, and limited bleeding. In our study, dehydration and pain were the
most common minor complications. In most cases, these complications were not severe
and resolved with conservative measures.

Finally, regarding dysphagia after TORS, Eesa et al. [20] followed 78 patients operated
by the group of Vicini for an average of 20 months (7–32 months). The results showed that
dysphagia scales such as Anderson’s were not affected beyond the initial period. The mean
time to begin with the oral diet was a single day, with a range from 1 to 3 days. None of
the patients required a nasogastric tube. In our group, no patients complained of impaired
swallowing longer than 2 weeks after the procedure.

We would like to point out that TORS was performed in conjunction with other level
surgeries during the intervention, which shows that it is a safe procedure. However, there
is a need for close mandatory vigilance in the first 24 h. Recently, Hypoglossal Nerve
Stimulation (HNS) was introduced. It represents one of the latest surgical innovations in
the OSA field, enhancing the upper airway neuromuscular tone to reduce collapsibility,
which is thought to be the primary pathophysiological basis for OSA [21]. It allows an
improvement of the airway by providing a stimulus on the genioglossus, geniohyoid, and
palatoglossal muscles. On the other hand, TORS improves the airway by resection of the
hyperplasic lingual tonsil, modifying the anatomical structures involved in the obstruction.
These surgical procedures are not substitutes for each other but might be complementary.
TORS is indicated if there is a very large lingual tonsil, but if there is a loss of tone of the
tongue muscles, this should be addressed with HNS. Some papers have shown that HNS
has many advantages, but significantly fewer complications, faster recovery, and better
results [22,23]. In Spain, HNS is not covered by the Health System or insurance companies,
and it represents an expensive treatment with a cost of approximately EUR 30.000 per
patient. TORS is also costly and has its place, especially in the hospital where the surgeon
works. It might be worth using, but most insurance companies do not cover it. Some
patients may have to pay out of pocket for TORS, raising the surgery cost by EUR 2.000.

Our results emphasize that it is essential to select the patients adequately and exclude
those with AHI > 60 events/h to achieve surgical success. Furthermore, it is also crucial to
recommend weight loss in patients with a BMI > 30 kg/m2. Patients that do not fulfill these
criteria should be excluded as surgical candidates. As for limitation of our study, it was a
retrospective series, and our sample was not homogenous regarding the surgical procedure
performed. Moreover, even though they were multilevel, performing different surgeries
could have introduced a bias. It is hard to determine what percentage of reduction was
due to TORS and what percentage was due to other surgeries. Finally, we must consider
that the higher rate of complications we encountered may have been due to the surgeon’s
learning curve, which is why most complications appeared in the first operated patients.

5. Conclusions

In patients with OSA due to retrolingual collapse accompanied by a hyperplasic
lingual tonsil, confirmed by DISE, TORS is an effective measure in appropriately selected
patients. It is a safe technique if performed by an experienced surgeon, with a reduced
rate of complications if done correctly. Complications are infrequent and transitory. Post-
operative surveillance in an intensive care unit is critical to ensure the control of possible
adverse events.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcm11040990/s1, Video S1: Da Vinci Robotic lingual tonsil resection.
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Abstract: Background: Obstructive sleep apnea (OSA) is associated with dyslipidemia. However,
the effects of continuous positive airway pressure (CPAP) treatment on lipid profiles are unclear.
Methods: PubMed/Medline, Embase and Cochrane were searched up to July 2021. Randomized
controlled trials (RCTs) of CPAP versus controls with ≥4 weeks treatment and reported pre- and
post-intervention lipid profiles were included. Weighted mean difference (WMD) was used to
assess the effect size. Meta-regression was used to explore the potential moderators of post-CPAP
treatment changes in lipid profiles. Results: A total of 14 RCTs with 1792 subjects were included.
CPAP treatment was associated with a significant decrease in total cholesterol compared to controls
(WMD = −0.098 mmol/L, 95% CI = −0.169 to −0.027, p = 0.007, I2 = 0.0%). No significant changes
in triglyceride, high-density lipoprotein nor low-density lipoprotein were observed after CPAP
treatment (all p > 0.2). Furthermore, meta-regression models showed that age, gender, body mass
index, daytime sleepiness, OSA severity, follow-up study duration, CPAP compliance nor patients
with cardiometabolic disease did not moderate the effects of CPAP treatment on lipid profiles (all
p > 0.05). Conclusions: CPAP treatment decreases total cholesterol at a small magnitude but has no
effect on other markers of dyslipidemia in OSA patients. Future studies of CPAP therapy should target
combined treatment strategies with lifestyle modifications and/or anti-hyperlipidemic medications
in the primary as well as secondary cardiovascular prevention models.
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1. Introduction

Obstructive sleep apnea (OSA) is one of the most common sleep disorders in adults,
affecting nearly 1 billion individuals worldwide [1]. Obesity [2] and dyslipidemia [3]
frequently co-exist among patients with OSA. Findings from large cross-sectional stud-
ies show increased prevalence of dyslipidemia among OSA patients in a dose-response
manner [3]. Several pathological mechanisms including chronic intermittent hypoxia
(CIH) [4–7], sympathetic overactivation [8,9] and sleep fragmentation [10,11] may cause
lipid profile dysregulation in OSA. For example, consistent evidence from animal models
of OSA has shown that CIH induces fasting dyslipidemia due to activation of the transcrip-
tion factor sterol regulatory element-binding protein 1 (a master transcription factor that
controls lipid metabolism) and overexpression of stearoyl-CoA desaturase-1 (an important
downstream enzyme of triglyceride and phospholipid biosynthesis) [12]. Moreover, CIH
also impaired clearance of triglyceride-rich lipoproteins, inactivating adipose lipoprotein
lipase [13,14].

In theory, continuous positive airway pressure (CPAP), the first-line treatment for OSA,
eliminates CIH and therefore is expected to improve dyslipidemia. However, findings
of previous studies regarding CPAP effects on each lipid profile have been inconsistent.
A meta-analysis including 6 randomized controlled trials (RCTs) with 741 participants
showed that CPAP treatment decreased total cholesterol (TC) for 0.15 mmol/L, but no
changes in levels of low-density lipoprotein (LDL), high-density lipoprotein (HDL) nor
triglyceride (TG) [15] were observed. Another meta-analysis including 6 RCTs with 699 par-
ticipants showed that CPAP treatment decreased the levels of TC for 0.16 mmol/L, HDL
for 0.03 mmol/L and TG for 0.32 mmol/L respectively [16]. However, this meta-analysis
included an RCT [17], which was retracted later. Furthermore, these two meta-analyses
included crossover studies [17–20], and both included data from post crossover periods,
which is not recommended by the Cochrane Handbook [21], given that this may induce a
carry-over effect. Moreover, most RCTs included in these two meta-analyses have relatively
short follow-up durations, i.e., over 80% included RCTs with follow-up durations shorter
than 24 weeks. Another meta-analysis including 29 cohort studies with 1958 participants
showed that CPAP treatment decreased TC and LDL and increased HDL [22]. In addition,
findings from the three aforementioned meta-analyses may be influenced by potential pub-
lication bias since their article searches were performed using the specific keywords “lipid
profile” and might omit some eligible studies with negative findings of CPAP effects on
lipid levels. For example, the study by Nguyen et al. in 2010 [23] analyzed lipid profiles as
a secondary outcome, but no significant lipid-lowering effect of CPAP was observed. Taken
together, the effect of CPAP treatment on lipid profiles in OSA is yet not well understood.

After publication of the three aforementioned meta-analyses, new RCTs with longer
follow-up durations have been published. Because both OSA and dyslipidemia are highly
associated with cardiometabolic disease [24–26], here is a need for an update to address the
effect of CPAP on lipid profiles in OSA, which was the rationale for the current study.

2. Methods

Search Strategy and Selection Criteria

This meta-analysis was registered in the Prospective Register of Systematic Reviews
(CRD 42020201177) and conducted according to Preferred Reporting Items for Systematic
Review and Meta-analysis Protocols [27]. We searched PubMed/Medline, Embase and
Cochrane Central Register using the following key terms: “obstructive sleep apnea” AND
“continuous positive airway pressure” AND “randomized controlled trial”. The literature
search was up to July 2021 with no language restrictions. Table S1 presents the specific
search strategies for each database, Figure 1 shows the study selection process and Table S2
lists the included studies.
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Figure 1. Flow chart of literature search. CPAP = continuous positive airway pressure, OSA = obstructive
sleep apnea, RCT = randomized controlled trial.

The review of search results was conducted independently by two researchers (Guo M.
and Chen B.). Any inconsistency was adjudicated by the senior author (Li Y.). Studies
were eligible if they were: (1) studies recruiting adults with OSA (age ≥ 18 years), (2) RCTs
with CPAP and control groups (either sham-CPAP or usual care treatment) with at least
4-week follow-up duration, (3) trials reporting mean and standard deviation (SD)/standard
error of any of the 4 plasma lipid profiles (e.g., TC, TG, HDL or LDL) during pre- and
post-intervention periods and (4) of any language; there was no restriction. Submitted data
from one of the RCTs [28] were provided by the principal investigator of the main study [29].
We excluded studies if they: (1) were designed to examine the effects of anti-hyperlipidemic
medications on lipid profiles, (2) involved active weight loss interventions (i.e., vertical
banded gastroplasty), (3) included pregnant women, (4) were non-randomized designs or
crossover trials or (5) were reviews, editorials, letters or case reports.

3. Data Analysis

Two researchers (Guo M. and Chen B.) independently extracted key characteristics
(e.g., first author’s name, publication year, sample size, inclusion criteria, percentage of
males, percentage of patients on anti-hyperlipidemic medications, et al., Table 1) and target
outcomes (e.g., baseline, endpoint and delta values (endpoint minus baseline values) of TC,
TG, HDL or LDL) of each trial. Cardiometabolic disease was defined as resistant hyperten-
sion, coronary artery disease or diabetes. The Cochrane Collaboration Tool was used to
assess quality and risk of bias of included RCTs [30] (Table S3). In this study, we converted
all lipid profiles data from mg/dL to mmol/L for meta-analysis (Supplementary Text).
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4. Statistical Analysis

The mean value and SD of change in TC, TG, HDL or LDL for each group were
calculated according to the Cochrane Handbook [30]. The weighted mean difference
(WMD) was used to assess the effect size. The heterogeneity was assessed by I2. Random
or fixed effects model was conducted in the presence (I2 > 50%) or absence (I2 ≤ 50%)
of heterogeneity, respectively [30]. To explore the potential moderators of change in
lipid profiles after CPAP treatment, meta-regression models were performed by using
TC, TG, HDL and LDL as the outcomes and using age, male percentage, body mass
index (BMI), obesity (the studies in which mean BMI ≥ 30 kg/m2), Epworth Sleepiness
Scale (ESS), apnea–hypopnea index (AHI), follow-up duration, CPAP compliance and
studies that recruited only patients with cardiometabolic diseases patients as independent
variables, respectively, according to possible clinical relevance. Due to the limited numbers
of included studies, only one independent variable was meta-regressed at each time.
Publication bias was assessed by the inspection of funnel plot [31]. The trim and fill
method was used to assess the influence of potential publication bias in case of absence of
heterogeneity (I2 ≤ 50%) [21]. Sensitivity analyses were used to test the stability of results.
A level of p-value <0.05 was considered statistically significant. All statistical analyses were
conducted by using Stata (STATA 14.0, Stata Corp, College Station, TX, USA) and R Project
(R 3.4.2, R Foundation for Statistical Computing, Vienna, Austria).

5. Results

A total of 14 RCTs with 899 patients in the CPAP group and 893 patients in the control
group were included. The main characteristics of included studies are presented in Table 1.
Among the 1792 subjects included, the mean age was 55.3 ± 7.1 years, baseline BMI was
32.0 ± 5.4 kg/m2 and 78.2% were males. The median follow-up duration of included study
was 20 weeks (range: 4 to 48 weeks), and median CPAP compliance was 4.8 hours/night
(range: 1.9 to 6.0 hours/night).

A total of 11 studies with 1638 patients provided available data of TC levels at pre- and
post-CPAP treatment periods. Fixed-effects meta-analysis showed that CPAP treatment
resulted in a significant decrease in TC levels (WMD = −0.098 mmol/L, 95% CI = −0.169
to −0.027, p = 0.007, I2 = 0.0%, Figure 2). No significant publication bias was observed
by the inspection of funnel plot (Figure S1). After trim and fill methods, results were
similar (Figure S2 and Table S4). Sensitivity analysis confirmed the stability of result
that it was not violated after omitting any particular study (Table S5). Moreover, meta-
analyses showed no significant differences in changes in TG (14 studies, 1792 patients,
WMD = 0.074 mmol/L, 95% CI = −0.056 to 0.205, p = 0.264, I2 = 75.4%), HDL (13 studies,
1572 patients, WMD = −0.032 mmol/L, 95% CI = −0.108 to 0.044, p = 0.408, I2 = 92.3%)
and LDL (12 studies, 1492 patients, WMD = −0.064 mmol/L, 95% CI = −0.185 to 0.056,
p = 0.296, I2 = 86.0%, Figure 2) between the CPAP group and control group. No significant
publication bias of TG, HDL and LDL was observed by the inspection of funnel plot
(Figure S1). Sensitivity analyses confirmed the stability of results for TG, HDL and LDL
and that they were not violated after omitting any particular study (Table S5).

Meta-regression models were conducted to determine the potential moderators of
CPAP treatment effect on the changes in lipid profiles. However, no significant association
was found between each lipid profile and age, gender, BMI, obesity, ESS, AHI, follow-up
duration, CPAP compliance and studies that recruited only patients with cardiometabolic
diseases patients (all p-value > 0.05, Table S6). Furthermore, in the sub-group analyses of
follow-up duration with 12, 16 and 20 weeks as cut-off points, respectively, no significant
between-group difference of any lipid profile was observed (all p-value > 0.05). Moreover,
sub-group analyses by different diagnostic criteria for OSA (using AHI versus using oxygen
desaturation index) showed no significant differences between the two groups in each lipid
profile (all p-value > 0.1).
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Figure 2. Forest plots for changes in lipid profiles after CPAP treatment. CPAP = continuous
positive airway pressure, HDL = high-density lipoprotein, LDL = low-density lipoprotein, TC = total
cholesterol, TG = triglyceride, WMD = weighted mean difference. Panel (A) Change in TC. Panel
(B) Change in TG. Panel (C) Change in HDL. Panel (D) Change in LDL.

6. Discussion

This is an updated meta-analysis including 14 RCTs with a total of 1792 participants
(as many as twice the number of RCTs and participants compared to the previous ones).
Our findings indicate that CPAP treatment decreases TC in adults with OSA, though only
by at a relatively small magnitude. However, there is no effect of CPAP treatment on TG,
HDL and LDL levels in adults with OSA.

In 2014, two meta-analyses including RCTs examined the effect of CPAP treatment
on lipid profiles in OSA and found that CPAP treatment promoted decreased TC for 0.15
and 0.16 mmol/L, respectively [15,16]. In the current study, we have a similar finding of
decreased TC after CPAP treatment, but this effect was of a smaller magnitude. The lower
rate of decrease of TC in the current study may be partially interpreted by the fact that
we used a less restricted search strategy and included more studies reporting negative
findings of CPAP effects on changes in lipid profiles. As for other lipid profiles (i.e., TG,
HDL and LDL), no changes after CPAP treatment were observed, which is consistent
with the previous meta-analyses [15,16,22], suggesting CPAP therapy promotes limited
improvement of dyslipidemia in OSA.

The underlying mechanisms for reduction of TC levels after CPAP treatment in OSA
are unclear. First, it could be associated with the improvement of CIH by CPAP. CIH, one
of the main pathological conditions in OSA, upregulates the pathways of hepatic liver
biosynthesis in a fasting state [4] and delays post-prandial lipid clearance [5,13,14] through
inducing activation of the enzyme of triglyceride and phospholipid biosynthesis [12],
excessive production of reactive oxygen species [6] and low-grade inflammation [7], which
has been proposed as one of the main mechanisms for OSA-inducing hyperlipidemia. Since
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TC is one of the first components to respond to the reduction in oxidative stress associated
with OSA treatment [32], it is expected that TC levels decrease after CPAP treatment.
Second, decreased levels of sympathetic activity [33], cortisol [34] and insulin [35] after
CPAP treatment may result in decreased lipid levels. Increased levels of norepinephrine
and cortisol, as well as insulin resistance, have been noted to collectively stimulate lipolysis
in adipose tissue and induce syntheses of hepatic fatty acid and lipid profiles [8]. Third, it
could be associated with the improvement of sleep continuity by CPAP treatment because
dyslipidemia may result from sleep fragmentation [11] caused by apneic events. Finally, it
could be associated with improvement of fatigue and excessive daytime sleepiness after
CPAP treatment [36,37], which may result in increased levels of physical activity. However,
a 10-year follow-up cohort study among elderly suggested that worsening of nocturnal
oxygen desaturation was independent of changes in circulating lipids and not influenced
by lipid-lowering treatments [38]. However, the changes in blood pressure remained
associated with waist/hip and LDL/HDL ratios. Taken together, besides sleep apnea, other
factors such as age, blood pressure and central obesity may affect lipid levels. However,
our findings of meta-regression show that age, cardiometabolic diseases and obesity do
not moderate the effect of CPAP on lipid levels. Future studies should be conducted to
examine the underlying mechanisms for limited effects of CPAP on lipid levels in patients
with OSA.

In the previous two meta-analyses with RCTs examining CPAP effects on lipid profiles,
the findings of moderators for CPAP effects on lipid profiles are inconsistent. For example,
one reported that a better lipid-lowering effect was observed in studies with longer follow-
up duration [16], while the other reported an opposite finding [15]. In the current study,
meta-regression models show that post-CPAP treatment changes in TC, as well as other
lipid profiles, are not moderated by age, sex, BMI, daytime sleepiness, the severity of OSA,
follow-up duration or CPAP compliance, suggesting no single moderator influences the
main outcome for lipid profiles.

Our study has several clinical implications. The findings of a decrease in TC suggest
that CPAP treatment improves lipid metabolism in OSA. However, such relatively small
decrement of TC (−0.098 mmol/L; 3.793 mg/dL) could be the result of slightly decreased
LDL and HDL after CPAP treatment. Its clinical significance should be interpreted cau-
tiously. Future longitudinal studies should examine the clinical implications regarding
decreasing cardiovascular risk at the relatively small magnitude decrease in TC. Moreover,
our findings show no effects of CPAP treatment on HDL and LDL. Thus, it appears that
CPAP treatment alone does not improve the lipid profiles in OSA patients with dyslipi-
demia, and CPAP should be combined with lifestyle modifications and anti-hyperlipidemic
medications [39]. Of note, one of the RCTs addressed the effect of CPAP in patients with
OSA and coronary artery disease who were already on anti-hyperlipidemic medication
without any additional improvement [28,29]. Notwithstanding, the combined effect of
CPAP and anti-hyperlipidemic medication might be more effective among patients with
OSA free from cardiometabolic disease at baseline compared to the effects in patients
who already have developed a cardiometabolic disease. In addition, barbed repositioning
pharyngoplasty has been shown to improve chronic inflammation and cardiometabolic
disease, which may be regarded as one efficient intervention for obese OSA patients [40,41].

The current study has some strengths to be addressed. Comparing to the previous
two meta-analyses with RCTs [15,16], we included as many as twice the number of RCTs,
of which seven have relatively long follow-up durations (24-to-48 weeks). Some limita-
tions need to be acknowledged. Lipid levels are associated with diet, medications (i.e.,
anti-hyperlipidemic medications, insulin and beta-blockers), daily physical activity and
lifestyle [42]. Unfortunately, such confounders might not be well-controlled in the current
study since most of the included RCTs were not specifically designed to evaluate lipid
profiles and did not provide information regarding these confounders. Furthermore, some
participants using anti-hyperlipidemic medications were included, and only five studies
reported the percentage of using anti-hyperlipidemic medications, which does not allow us
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to eliminate its confounding effect. Future studies should fully consider the aforementioned
confounding effects when examining the effects of CPAP on lipid profile. Moreover, CPAP
compliance in this meta-analysis was based on the mean compliance for each study but
not for each patient. Therefore, the non-significant relationship between changes in lipid
profiles and CPAP compliance in meta-regression models should be interpreted cautiously
and be examined in future studies. Finally, since a great part of the included participants
were males (78.2%), sex-stratified designed studies are also needed.

7. Conclusions

CPAP treatment decreases TC at a small magnitude in adults with OSA. Since TC is a
strong predictor for cardiometabolic diseases, our findings indicate that CPAP combined
with lipid-lowering drugs are warranted for OSA patients with dyslipidemia. Future
studies should be conducted to explore the potential mechanisms for CPAP treatment
effects on lipid profiles.
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Abstract: Dyslipidaemia is a well-known risk factor for coronary artery disease (CAD), and reducing
lipid levels is essential for secondary prevention in management of these high-risk individuals. Dyslip-
idaemia is common also in patients with obstructive sleep apnea (OSA). Continuous positive airway
pressure (CPAP) is the first line treatment of OSA. However, evidence of a possible lipid-lowering
effect of CPAP in CAD patients with OSA is scarce. We addressed the effect of CPAP as an add-on
treatment to lipid-lowering medication in a CAD cohort with concomitant OSA. This study was a
secondary analysis of the RICCADSA trial (Trial Registry: ClinicalTrials.gov; No: NCT 00519597),
that was conducted in Sweden between 2005 and 2013. In total, 244 revascularized CAD patients
with nonsleepy OSA (apnea–hypopnea index ≥ 15/h, Epworth Sleepiness Scale score < 10) were
randomly assigned to CPAP or no-CPAP. Circulating triglycerides (TG), total cholesterol (TC), high-
density lipoprotein (HDL) and low-density lipoprotein (LDL) levels (all in mg/dL) were measured
at baseline and 12 months after randomization. The desired TG levels were defined as circulating
TG < 150 mg/dL, and LDL levels were targeted as <70 mg/dL according to the recent guidelines of
the European Cardiology Society and the European Atherosclerosis Society. A total of 196 patients
with available blood samples at baseline and 12-month follow-up were included (94 randomized to
CPAP, 102 to no-CPAP). We found no significant between-group differences in circulating levels of TG,
TC, HDL and LDL at baseline and after 12 months as well as in the amount of change from baseline.
However, there was a significant decline regarding the proportion of patients with the desired TG
levels from 87.2% to 77.2% in the CPAP group (p = 0.022), whereas there was an increase from 84.3%
to 88.2% in the no-CPAP group (n.s.). The desired LDL levels remained low after 12 months in
both groups (15.1% vs. 17.2% in CPAP group, and 20.8% vs. 18.8% in no-CPAP group; n.s.). In
a multiple linear regression model, the increase in the TG levels was predicted by the increase in
body-mass-index (β = 4.1; 95% confidence interval (1.0–7.1); p = 0.009) adjusted for age, sex and
CPAP usage (hours/night). CPAP had no lipid-lowering effect in this revascularized cohort with
OSA. An increase in body-mass-index predicted the increase in TG levels after 12 months, suggesting
that lifestyle modifications should be given priority in adults with CAD and OSA, regardless of
CPAP treatment.

Keywords: coronary artery disease; dyslipidaemia; obstructive sleep apnea; CPAP; randomized
controlled trial
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1. Introduction

Dyslipidaemia, especially low-density lipoprotein (LDL)–cholesterol, is a well-known
risk factor for coronary artery disease (CAD), and reducing lipid levels is essential for
secondary prevention in management of these high-risk individuals [1]. According to the
National Health and Nutrition Examination Survey, 11.7% of people between the ages
20–39, and 41.2% of adults between ages 40–64 have elevated levels of LDL [2].

Obstructive sleep apnea (OSA) is also an important public health problem in developed
countries, affecting 9% and 24% of middle-aged women and men, respectively [3]. Based
on the longitudinal Wisconsin Sleep Cohort study, published in 2013, the prevalence
estimates are even higher (17% of women, and 34% of men) age 30–70 [4]. Moreover,
dyslipidemia [5] and obesity [4] co-exist among adult OSA populations. Mechanisms,
such as chronic intermittent hypoxia [6–8], sleep fragmentation [9,10] and sympathetic
overactivation [11], have been suggested to contribute to dysregulation in lipid profiles
among patients with OSA.

OSA along with dyslipidemia has been independently associated with an increase
in all-cause mortality, vascular heart disease and stroke, further creating an important
demand for efficient treatment [12]. Continuous positive airway pressure (CPAP) is the
first line treatment of OSA [13]. An observational study over 30 years has shown that OSA
patients treated with CPAP for longer than 5 years were 5.6 times more likely to survive [14].
Notwithstanding, evidence of a possible lipid-lowering effect of CPAP in CAD patients
with OSA is scarce. Previous meta-analyzes showed smaller reductions in circulating
triglycerides (TG), total cholesterol (TC) and high-density lipoprotein (HDL)–cholesterol
levels [15,16], but none of the included studies in those meta-analyzes were conducted in
cardiac cohorts. A later study by Huang et al. [17] addressed the impact of CPAP in a small
sample of 65 non-obese adults with newly diagnosed CAD, and reported no effect of CPAP
on the circulating lipid levels.

In the current study, we addressed the effect of CPAP for 12 months as an add-on
treatment to lipid-lowering medication in a CAD cohort with concomitant OSA. We have
also examined whether or not the desired TG and LDL levels according to the recent
guidelines of the European Cardiology Society (ECS) and the European Atherosclerosis
Society (EAS) were reached in this cohort following CPAP treatment [1].

2. Materials and Methods

2.1. Study Population

The present study is a primary analysis of one of the secondary outcomes of the
Randomized Intervention with CPAP in Coronary Artery Disease and obstructive Sleep
Apnea (RICCADSA) trial, which was conducted in Sweden between 2005 and 2013. The
RICCADSA cohort has been previously described elsewhere [18]. In brief, adults with a
history of percutaneous coronary intervention (PCI) or coronary artery by-pass grafting
(CABG) within 6 months prior to study start were consecutively invited to participate.
The CAD patients were classified as having OSA (apnea–hypopnea index [AHI] ≥ 15/h)
and no-OSA (apnea–hypopnea index [AHI] < 5/h) based on the home sleep apnea testing
(HSAT). As previously described in detail [18,19], the Embletta® Portable Digital System
device (Embla, Broomfield, CO, USA) was used for the HSAT recordings, which included
a nasal pressure detector, two respiratory inductance plethysmography belts and pulse-
oximetry for recording heart rate and oxyhemoglobin saturation (SpO2). Apnea was
defined as at least 90% cessation of airflow, and the hypopnea definition was based on
the guidelines from 1999 as at least a 50% reduction in nasal pressure amplitude and/or
in thoraco–abdominal movement for at least 10 s [20]. For the current protocol, 196 CAD
patients with nonsleepy OSA (AHI ≥ 15/h, Epworth Sleepiness Scale (ESS) score < 10)
from the randomized controlled trial (RCT) arm were included (Figure 1). As previously
described [19], the 1:1 random assignment of the main trial was scheduled with a block
size of eight patients (four CPAP, four controls) stratified by gender and revascularization
type (PCI/CABG).

34



J. Clin. Med. 2022, 11, 273

Figure 1. Consort flow chart of the study population.

2.2. Epworth Sleepiness Scale

The ESS is a self-rating questionnaire, which includes eight items estimating the risk
of dozing-off under eight different conditions [21]. The subjects who scored less than 10
out of 24 points were categorized as nonsleepy.

2.3. Comorbidities

As previously described [19], anthropometrics, smoking habits, medical history of the
study population as well as medications, including the use of lipid-lowering agents were ob-
tained from the medical records. Participants with as a body-mass-index (BMI) ≥ 30 kg/m2

were categorized as obese [22].

2.4. Circulating Lipid Levels

Blood samples were collected after an overnight fasting using ethylenediaminete-
traacetic acid and serum tubes in the morning (07:00–08.00 am). Circulating total cholesterol
(TC), high-density lipoprotein (HDL), low-density lipoprotein (LDL) as well as triglycerides
(TG) levels (all in mg/dL) were measured at baseline and 12 months after randomization.
The desired TG levels were defined as circulating TG < 150 mg/dL, and LDL levels were
targeted as <70 mg/dL according to the recent guidelines of the ECS and the EAS [1].

2.5. Statistical Analysis

The study sample distribution of demographics and clinical characteristics at baseline
was examined using the descriptive statistics. The Shapiro–Wilk test was used to test
normality assumption of the current data for all variables. Continuous variables were
reported as median values with boundaries of the interquartile ranges (IQR), and the
categorical variables as numbers and percentages. Between-group differences were tested
by the Mann–Whitney U test for the continuous variables. The chi-square test was used to
compare the subgroups on the categorical variables. The within-group differences were
tested by Wilcoxon Signed-Rank test for the continuous variables and McNemar’s test
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for the categorical variables. All statistical tests were two-sided and a p-value < 0.05 was
considered significant. Statistical analyses were performed using SPSS® 26.0 for Windows®

(SPSS Inc., Chicago, IL, USA).

3. Results

3.1. Baseline Characteristics of the Study Population

A total of 196 patients with available blood samples at baseline and 12-month follow-
up, who were on lipid-lowering treatment were included (94 randomized to CPAP, 102
to no-CPAP). As shown in Table 1, demographic and clinical characteristics as well as
HSAT and circulating lipid levels at baseline were similar in participants allocated to CPAP
vs. no-CPAP. All patients were on statin-treatment at baseline as a part of the secondary
cardiovascular prevention guidelines at the time of the study period.

Table 1. Baseline demographic and clinical characteristics of the CAD patients with nonsleepy OSA
in the RCT arm.

CPAP
n = 94

No-CPAP
n = 102

p

Age, yrs 65.4 (60.4–70.6) 67.3 (61.0–72.7) 0.243
Male,% 84.0 84.3 0.959

BMI, kg/m2 28.1 (25.7–30.2) 28.7 (26.6–30.6) 0.395
Obesity,% 27.7 29.4 0.786

PCI,% 76.6 76.5 0.984
AHI, events/h 23.5 (17.9–37.0) 24.9 (18.9–32.2) 0.648
ODI, events/h 13.5 (8.5–20.8) 12.6 (6.8–21.1) 0.502

ESS score 6 (4.0–8.0) 5.5 (4.0–7.0) 0.659
Total Cholesterol, mg/dL 158.6 (146.0–181.8) 152.8 (131.5–181.8) 0.107

HDL, mg/dL 47.4 (37.4–55.0) 43.9 (38.7–51.8) 0.290
LDL, mg/dL 90.1 (77.5–107.0) 87.0 (72.1–105.4) 0.309

Triglycerides, mg/dL 112.5 (81.3–151.7) 101.0 (81.4–143.0) 0.422
Glucose, mg/dL 101.0 (90.1–115.3) 97.3 (90.1–104.5) 0.166

Current smoker, % 17.0 14.7 0.657
AMI, % 57.4 48.0 0.188

Hypertension, % 66.0 59.8 0.373
Diabetes, % 26.6 18.6 0.182

Stroke, % 7.4 10.9 0.406
Lung Disease, % 4.3 9.8 0.132
Depression, % 4.3 3.0 0.619

Continuous data are presented as median and 25–75% quartiles. Categorical data are presented as percentage.
Abbreviations: AHI, apnea hypopnea index; AMI, acute myocardial infarction; BMI, body mass index; CAD,
coronary artery disease; CPAP, continuous positive airway pressure; ESS, Epworth Sleepiness Scale; HDL, high-
density lipoprotein; LDL, low-density lipoprotein; OSA, obstructive sleep apnea; PCI, percutaneous coronary
intervention; RCT, randomized controlled trial.

3.2. Outcomes

All patients remained on the statin therapy at 1-year follow-up. As illustrated in Figure 2,
there were no significant between-group as well as within-group differences regarding the
circulating levels of the TG, TC, HDL and LDL levels at 12-month follow-up compared to
baseline across the CPAP and no-CPAP groups in the intention-to-treat population.

As shown in Figure 3, the desired TG levels at baseline were similar between the
groups. However, there was a significant between-group differences in proportion of
patients with the desired TG-levels after 12 months (p = 0.048). The significant within-
group difference was observed in the CPAP group (87.2% at baseline vs. 77.2% after
12 months; p = 0.022). The proportion of participants with the desired LDL levels remained
low after 12 months in both groups (15.1% vs. 17.2% in CPAP group, and 20.8% vs. 18.8% in
no-CPAP group, respectively) with no significant within- and between-group differences.
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Figure 2. Distribution of the circulating lipid levels at baseline and after 12 months in patients in the
CPAP and no-CPAP groups.

 

Figure 3. Proportion of participants with the desired triglyceride and low-density lipoprotein levels
at baseline and after 12 months.

As illustrated in Figure 4, there was a linear association between the changes in TG
levels and BMI at 1-year follow-up. In a multiple linear regression model, the increase
in the TG levels was predicted by the increase in BMI (β = 4.1; 95% confidence interval
(1.0–7.1); p = 0.009) adjusted for age, sex and CPAP usage (hours/night).

In the entire study population randomized to CPAP, the median CPAP usage was
3.8 h/night (IQR 0.0–6.1 h/night), and 47 out 94 (50%) were classified as CPAP adherent.
The adherence was defined as at least 4 h/night, corresponding all nights during the 1-yr
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period. Post-hoc analyzes of the patients stratified by CPAP adherence did not change the
main findings of the study (data not shown).

Figure 4. Multiple linear regression line for the association between change in body-mass-index and
change in circulating triglyceride levels after 12 months.

4. Discussion

The current study found no additional effect of CPAP therapy on the circulating levels
of lipids after 12 months in CAD patients with OSA who were already on lipid-lowering
medication. The desired LDL levels remained low in both CPAP and no-CPAP groups, and
this was unrelated to OSA severity at baseline and/or CPAP adherence. Moreover, we
observed a decrease in the proportion of patients with the desired TG levels, indicating
a worsening. However, in a multiple linear regression model, the increase in BMI was
the only significant predictor of the increase in TG levels independent of age, sex, AHI at
baseline and CPAP adherence.

To the best of our knowledge, this study is the first RCT evaluating the effect of CPAP
intervention as an add-on treatment to lipid-lowering medication in revascularized CAD
patients with nonsleepy OSA. Previously, Huang et al. [17] addressed the impact of CPAP in
a small sample of 65 non-obese adults with newly diagnosed CAD, who were on standard-
ized lipid-lowering medication. The authors reported no effect of CPAP on the circulating
lipid levels, which is in line with our results. We additionally showed no improvement
regarding the proportion of patients with the desired TG and LDL levels after CPAP treat-
ment. The decrease in the proportion of patients with the desired TG levels after CPAP
treatment and its association with the increase in BMI is clinically relevant, and should be
taken into consideration in the management of CAD patients with concomitant OSA.

The RCTs in non-cardiac cohorts with concomitant OSA [23–28] have also demonstrated no
significant changes in circulating lipid levels except for the study by Phillips et al. [28], in which
reductions in the total cholesterol and triglyceride levels have been demonstrated after 2 months
of CPAP treatment. Moreover, a previous meta-analysis by Xu et al. [15] included six RCTs with
741 individuals and showed a significant but modest decrease in TC without any changes in the
other parameters. Another meta-analysis Lin et al. [16] including 699 participants demonstrated
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smaller reductions in TG and HDL in addition to the decreased levels of TC following CPAP
treatment. Thus, no impact has been shown on the circulating LDL levels, which is the most
important target, especially in the secondary cardiovascular prevention models [1].

Chronic intermittent hypoxia is considered to be the main mechanism via systemic in-
flammation, oxidative distress, endothelial dysfunction and atherosclerosis in the previous
literature [29]. It has also been suggested that increased sympathetic system activation may
modulate the hormone-sensitive lipoprotein activity in the adipose tissue, which triggers
lipolysis [30]. Moreover, Trammell et al. [31] showed in a mice model that sleep frag-
mentation is related with impaired lipid mechanism. Recently, Martinez-Ceron et al. [32]
demonstrated a significant association between dyslipidemia and severe OSA, which might
be due to sleep fragmentation and increased sympathetic activity. Although these proposed
mechanisms constitute a relevant rationale to expect positive effects of the treatment of OSA
by CPAP, our study does not show any significant impact on the circulating lipid levels as
an add-on treatment to lipid-lowering medication. A slight decrease in the proportion of
patients with the desired TG levels, explained by the increase in BMI at the 1-yr follow-up,
as well as the remaining low proportion of patients with the desired LDL levels in spite of
medication, strongly emphasizes that lifestyle modifications should be given priority in
adults with CAD and OSA, regardless of CPAP treatment.

Lifestyle interventions on the severity of OSA as well as on the metabolic abnormalities
in adults with OSA are still being studied, and have been showing promising results [33].
Moreover, although CPAP is recommended as the first therapeutic choice for patients with
OSA, there is also data suggesting that pharyngoplasty with barbed sutures may improve
the metabolic profile of patients with OSA [34,35].

Of note, our results apply to the CAD patients with the nonsleepy OSA phenotype.
The reason for not including the patients with the “sleepy” phenotype in the current anal-
ysis was to evaluate the effect of CPAP on circulating levels of lipids in a more scientific
manner, since randomization of individuals with the “sleepy phenotype” would not be
ethical (risk for traffic and work accidents). Whether or not the response to CPAP treat-
ment regarding the lipid profiles differs between OSA patients with the “sleepy” versus
“nonsleepy” phenotype is indeed interesting, and will be further analyzed in the entire
RICCADSA population.

The current study has three main limitations. First, the power estimate for the main
RICCADSA trial was conducted for the primary outcomes (composite of major cardiovas-
cular and cerebrovascular events) [19] and not for the secondary outcomes, and thus, the
sample size may not be sufficient to validate the additional effect of CPAP on the lipid
profiles. Second, our results are not generalizable to individuals with OSA in general popu-
lation or other clinical cohorts. Third, categorization of patients as “nonsleepy” was based
on an ESS score less than 10, which may not be precise in a CAD population. However,
this questionnaire is a generally accepted tool used in clinical cohorts [21], and objective
measurements, such as the Multiple Sleep Latency Test [36], are time consuming, expensive
and not realistic to use in large-scale trials in cardiac populations.

5. Conclusions

CPAP had no lipid-lowering effect in this revascularized cohort with OSA. An increase
in BMI predicted the increase in TG levels after 12 months, suggesting that lifestyle modifica-
tions should be given priority in adults with CAD and OSA, regardless of CPAP treatment.
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Abstract: Background: Heart rate variability (HRV) and electrocardiogram (ECG)-derived respiration
(EDR) have been used to detect sleep apnea (SA) for decades. The present study proposes an SA-
detection algorithm using a machine-learning framework and bag-of-features (BoF) derived from
an ECG spectrogram. Methods: This study was verified using overnight ECG recordings from
83 subjects with an average apnea–hypopnea index (AHI) 29.63 (/h) derived from the Physionet
Apnea-ECG and National Cheng Kung University Hospital Sleep Center database. The study
used signal preprocessing to filter noise and artifacts, ECG time–frequency transformation using
continuous wavelet transform (CWT), BoF feature generation, machine-learning classification using
support vector machine (SVM), ensemble learning (EL), k-nearest neighbor (KNN) classification, and
cross-validation. The time length of the spectrogram was set as 10 and 60 s to examine the required
minimum spectrogram window time length to achieve satisfactory accuracy. Specific frequency
bands of 0.1–50, 8–50, 0.8–10, and 0–0.8 Hz were also extracted to generate the BoF to determine
the band frequency best suited for SA detection. Results: The five-fold cross-validation accuracy
using the BoF derived from the ECG spectrogram with 10 and 60 s time windows were 90.5% and
91.4% for the 0.1–50 Hz and 8–50 Hz frequency bands, respectively. Conclusion: An SA-detection
algorithm utilizing BoF and a machine-learning framework was successfully developed in this study
with satisfactory classification accuracy and high temporal resolution.

Keywords: sleep apnea; time–frequency transformation; bag-of-features; support vector machine;
k-nearest neighbor algorithm; ensemble learning

1. Introduction

Sleep apnea (SA) is a sleep disorder with high prevalence, particularly among middle-
aged and elderly subjects. SA prevalence in the overall population ranges from 9% to
38% [1]. Frost and Sullivan (2016) estimated the annual medical cost of undiagnosed SA
among U.S. adults to be nearly USD 149.6 billion per year [2]. To reduce the number of
undiagnosed SA patients, sleep examinations with fewer channels of physiological signals,
such as type III home sleep testing (HST), have received increasing attention in recent
years. Facco et al. demonstrated that HST has relatively high intraclass correlation and
unconditional agreement with in-lab polysomnography (PSG) testing in SA diagnosis [3].
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Dalewski et al. estimated the usefulness of employing modified Mallampati scores (MMP)
and the upper airway volume (UAV) to diagnose obstructive SA among patients with
breathing-related sleep disorders compared to the more expensive and time-consuming
PSG [4]. Philip et al. showed that self-reported sleepiness at the wheel is a better predictor
than the apnea hypopnea index (AHI) for sleepiness-related accidents among obstructive
SA patients [5]. Furthermore, Kukwa et al. determined that there was no significant
difference in the percentage of supine sleep between in-lab PSG and HST. However, women
presented more supine sleep with HST than with PSG [6]. Thus, the development of sleep
technologies such as type III or type IV monitors may be beneficial for the development of
sleep medicines due to the convenience of such medicines compared to PSG.

SA episodes are generally accompanied by abnormal breathing [7] and relative sym-
pathetic nervous system hyperactivity [8]. Several studies attempted to utilize electrocar-
diogram (ECG) technology to develop automatic SA-detection algorithms since ECG can
yield both electrocardiogram-derived respiration (EDR), representing breathing activity [9],
and heart rate variability (HRV), representing autonomous nervous function indexes [10].
Most existing automatic SA-detection algorithms using ECG can be categorized into EDR-,
HRV-, and cardiopulmonary coupling (CPC)-related approaches.

Many studies have shown that EDR is correlated with respiratory variation [11–14].
EDR is used to estimate respiration based on changes in the morphology of the ECG.
Varon et al. proposed a method to detect SA by using an EDR signal derived from a
single-lead ECG [12]. In this study, the ECG was transformed into EDR signals in three
different ways; moreover, two novel feature sets were proposed (principal components
for QRS complexes and orthogonal subspace projections between respiration and heart
rate) and compared with the two most popular features in heart rate variability analysis.
The accuracy was 85% for the discrimination of both apnea and hypopneas together.
An algorithm based on deep learning approaches for automatically extracting features and
detecting SA events in an EDR signal was proposed by Steenkiste et al. [14]. The authors
employed a balanced bootstrapping scheme to extract efficient respiratory information and
trained long short-term memory (LSTM) networks to produce a robust and accurate model.

Several studies have investigated the association between HRV and SA, and many SA-
detection algorithms were developed using the HRV parameter [15–20]. HRV assesses the
variability in periods between consecutive heartbeats, which change under the control of the
autonomic nervous system. Quiceno-Manrique et al. [16] transformed an HRV signal into
the time–frequency domain using short-time Fourier transform (STFT) and extracted indices
including spectral centroids, spectral centroid energy, and cepstral coefficients to detect SA
with 92.67% accuracy. However, these approaches required the collection of at least 3 min of
ECG signals to include low-frequency components. Martin-Gonzalez et al. [19] developed a
detection algorithm using machine-learning methods to characterize and classify SA based
on an HRV feature selection process, focusing on the underlying process from a cardiac-rate
point of view. The authors generated linear and nonlinear variables such as Cepstrum
coefficients (CCs), Filterbanks (Fbank), and detrended fluctuation analysis (DFA). This
algorithm achieved 84.76% accuracy, 81.45% sensitivity, 86.82% specificity, and 0.87 area
under the receiver operating characteristic (ROC) curve AUC value. Singh et al. [20]
implemented a convolutional neural network (CNN) using a pre-trained AlexNet model in
order to improve the detection performance of obstructive SA based on a single-lead ECG
scalogram with accuracy of 86.22%, sensitivity of 90%, specificity of 83.8%, and an AUC
value of 0.8810.

One of the classic analysis tools for SA disorders is electrocardiogram-derived CPC
sleep spectrograms using RR interval and EDR coupling characteristics. Thomas et al. [21]
used CPC to evaluate ECG-based cardiopulmonary interactions against standard sleep
staging among 35 PSG test subjects (including 15 healthy subjects). Spectrogram features
included normal-to-normal sinus inter-beat interval series and corresponding EDR signals.
However, using the kappa statistic, agreement with standard sleep staging was poor, with
62.7% for the training set and 43.9% for the testing set. Meanwhile, the cyclic alternating
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pattern scoring was higher, with 74% for the training set and 77.3% for the testing set.
Guo et al. [22] found that CPC high frequency coupling (HFC) proportionally reduced
sleep disorder behavior and that HFC durations were negatively correlated with the nasal-
flow-derived respiratory disturbance index. Liu et al. [23] developed a CPC method based
on the Hilbert–Huang transform (HHT) and found that HHT-CPC spectra provided better
temporal and frequency resolution (8 s and 0.001 Hz, respectively) compared to the original
CPC (8.5 min and 0.004 Hz, respectively).

Previous studies showed that HRV, EDR, and CPC features can be used to develop
automated SA-classification algorithms. However, the RR interval and EDR need a rela-
tively longer time to collect the data; hence, the temporal resolution is poor for algorithms
based on HRV or EDR features. Sleep CPC is a good visualization tool for RR interval
and EDR coupling since it can indicate sleep quality or sleep-based breathing disorders.
However, CPC’s temporal resolution for sleep is also poor, as breathing- disorder patterns
present large variance, making automated classification difficult. Thus, developing an
automated SA algorithm with high temporal resolution was taken as the main research
aim of the present study. In this work, we used ECG spectrogram features to develop an
algorithm that employs bag-of-features (BoF) techniques and machine-learning classifiers
to identify various patterns in SA episodes from ECG spectrograms. Penzel et al. [24]
initially exhibited different patterns on the ECG time–frequency spectrogram between
normal and SA episodes. However, the authors did not develop automatic classification
for SA episodes. Thus, the aim of this study was to develop automatic SA classification
based on ECG time–frequency spectrograms.

2. Materials and Methods

2.1. Sleep Apnea ECG Database

Two datasets, the National Cheng Kung University Hospital Sleep Center Apnea
Database (NCKUHSCAD) and Physionet Apnea-ECG Database [25] (PAED), were used in
this study. NCKUHSCAD was used to observe differences in the apnea and normal periods
of the ECG spectrogram. PAED was used to validate the proposed algorithm, as PAED
is a public database, which enabled us to compare our results with the existing literature.
NCKUHSCAD included information collected from patients who underwent overnight
PSG in the Sleep Center of NCKU Hospital (Taiwan) between December 2016 and August
2018. Patients with the following conditions were excluded: PSG recordings for continuous
positive airway pressure ventilation titration, the use of hypnotic medicine during the test,
and missing data. The study protocol was approved by the Institutional Review Board of
NCKUH (protocol number: B-ER-108-426). The database included 50 recordings sampled
at 200 Hz, with annotations provided for 10 and 60 s as either normal breathing, hypopnea,
or apnea disordered breathing. Hypopnea was defined as a ≥30% reduction in baseline
airflow for at least 10 seconds combined with either arousal in an electroencephalogram for
≥3 seconds or oxygen desaturation ≥ 3%. Apnea was defined as a ≥90% decrease in airflow
over a 10-second period with concomitant respiratory-related chest wall movement for
obstructive apnea [26]. In this study, ECG recordings with hypopnea and apnea annotations
were merged together as the apnea group.

The 50 recordings from NCKUHSCAD were rearranged into three groups (APEG-A,
APEG-B, and APEG-C) (APEG is the abbreviation of APnEa Group) to fulfill different
purposes during algorithm performance evaluation.

• NCKUHSCAD-APEG-A included 11 participants who provided severe SA recordings
(30 < AHI ≤ 45), with an average ± standard deviation AHI of 39.25 ± 5.78/h.

• NCKUHSCAD-APEG-B included 35 participants who suffered from SA (AHI ≥ 10),
with an average ± standard deviation AHI of 39.83 ± 23.08/h.

• NCKUHSCAD-APEG-C included the whole database, with an average ± standard
deviation AHI of 29.02 ± 25.49/h.

PAED [25] was adopted to develop and verify the proposed algorithm’s performance.
The ECG recordings of PAED were sampled at 100 Hz, and sleep recording durations ranged
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between 7 and 10 h depending on the participant. The database included 35 recordings, with
SA annotations provided on a minute-by-minute basis—i.e., each minute of ECG recording
was annotated as either N (normal breathing) or A (disordered breathing including the
occurrence of an apnea episode).

PAED included three participant groups: A: apnea, B: borderline, and C: healthy (the
control), with 20, 5, and 10 participants, respectively. Those in Group A were known
to be related to people definitely suffering from obstructive SA and had total apnea
durations > 100 min for each recording. The range of ages among subjects in this group
was 38–63, and the AHI of this group’s subjects ranged between 21 and 83; those in Group
B were borderline and had total apnea episode durations of 10–96 min. The age range
within this group was 42–53, and the AHI ranged between 0 and 25; those in Group C had
no obstructive SA or very low levels of disease and total apnea durations between 0 and
3 min [27]. Recordings b05 from Group B and c05 from Group C were excluded because
recording b05 contained a grinding noise, and c05 was identical to c06. Therefore, only
33 recordings were ultimately included in this study [28].

The remaining 33 recordings from the PAED [28] were also regrouped into three
categories:

• PAED-APEG-A included 8 participants with severe SA recordings from group A
(30 < AHI ≤ 45, average ± standard deviation AHI: 39.14 ± 3.60/h, age 51.38 ± 6.43 years,
and weight 87.88 ± 9.42 kg).

• PAED-APEG-B included participants who suffered from SA—i.e., all of group A
(21 < AHI < 83) and group B (0 < AHI < 25, except b05). Thus, APEG-B included
1 female and 23 males, with an average ± standard deviation AHI of 41.55 ± 23.45/h,
an age of 51.42 ± 6.50 years, and a weight of 93.04 ± 16.67 kg.

• PAED-APEG-C included the whole database (excluding b05 and c05). Thus, APEG-
C included 4 females and 29 males, with an average ± standard deviation AHI of
30.23 ± 27.35/h, an age of 46.85 ± 9.80 years, and a weight of 86.67 ± 18.23 kg. This
group featured the same arrangement of participants used in [12,16–18,20,29,30].

Table 1 presents the ECG spectrogram results counted for the different groups after
dividing the nocturnal ECG signals into 1 min time windows. The ECG signals were
divided into 1 min time window because the sleep expert labelled the ECG signal event
(normal vs. apnea) based on a 1 min time window, and some previous studies also
employed this database from PhysioNet and used 1 min time window divisions to separate
ECG signal events [12,17–19]. Contaminated window ECG spectrograms in PAED (but not
in NCKUHSCAD) were removed, which was also done in [12,14,16], since raw ECG signals
could contain a wide range of noise caused by the patient’s movement, poor patch contact,
electrical interference, measurement noise, or other disturbances.

Table 1. General apnea group subject patterns for the proposed frequency bands.

Frequency Band
Normal Breathing Data * Apnea Data *

APEG-A APEG-B APEG-C APEG-A APEG-B APEG-C

0.1–50 Hz 4990/1778 11,236/4883 16,941/8383 1638/1799 5173/5886 5538/5895
8–50 Hz 4990/1819 11,236/4985 16,941/8665 1638/1820 5173/5902 5538/5908

0.8–10 Hz 4990/1776 11,236/4803 16,941/8568 1638/1802 5173/5775 5538/5778
0–0.8 Hz 4990/1804 11,236/5060 16,941/8526 1638/1801 5173/5931 5538/5993

* Data are given in order: algorithm performance evaluation databases NCKUHSCAD/PAED. The number before
“/” is for the NCKUHSCAD dataset, and the number after “/” is for the PAED dataset.

2.2. Sleep Apnea Detection Algorithm Using a Machine-Learning Framework and Bag-of-Features
Derived from ECG Spectrograms

This study proposes an SA-detection algorithm using a machine-learning framework
and BoF derived from ECG spectral intensity differences between SA and normal breathing.
Figure 1 shows the proposed algorithm flowchart. Single-lead ECG data were input and
then divided into consecutive 60 s ECG windows. The time–domain ECG for each window
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was transformed into the time–frequency spectrogram to obtain ECG spectrograms as the
main feature. The BoF technique was then used to obtain features to discriminate ECG
spectrograms for SA and normal breathing. Finally, machine-learning classifiers, including
support vector machine (SVM), ensemble learning (EL), k-nearest neighbor (KNN), and
cross-validation were used to obtain the classification results.

 

Figure 1. Proposed sleep apnea detection algorithm using machine learning framework and bag -of-
features derived from ECG spectrograms (SVM: Support Vector Machine; KNN: k-nearest neighbor).

2.3. Data Preprocessing

In this study, data preprocessing consisted of zero means computation and windowing
preprocessing parameters. In this method, the zero-means subtract the mean from the ECG
signals to eliminate trend-variation effects, and then nocturnal ECG spectra are segmented
into consecutive 60 s windows (to match the database annotation), where windows with
large noise are excluded for algorithm development. The PAED [25,28] and NKCUHSCAD
utilized in this study labeled every 60 s window as containing an apnea episode or not.

2.4. Time–Frequency Transformation of ECG

The time–domain ECG for each window after data preprocessing was transformed
into the time–frequency domain to facilitate better SA-episode classification. Continuous
wavelet transform (CWT) [31] was used due to its high-resolution time–frequency compo-
nents. CWT uses different time lengths to adaptively optimize the resolution in different
frequency ranges. A CWT wavelet is a small wave compared to a sinusoidal wave—i.e.,
a brief oscillation that can be dilated or shifted according to the input signal. Common
wavelet types include Meyer, Morlet, and Mexican hat. We selected the Morlet wavelet
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regime for this study to specify the extraction of several prominent frequency bands. Thus,
the CWT regime can be expressed as

Xw(s, τ) =
1√

s

∞∫
−∞

x(t)ψ∗
(

t − τ

s

)
dt

where x(t) ∈ L2(R) is a time series function, ψ∗(t) is the wavelet function, and s ∈ R
+ (s > 0)

is a scaling or dilation factor.
To observe the differences between SA episodes and normal breathing (i.e., periods

with no SA episode), we used clinical data from the National Cheng Kung University
Hospital sleep center for ECG spectrogram observation. Figure 2 shows example benchmark
data that include an SA episode, followed by a return to normal breathing and then a
subsequent SA episode. ECG spectrogram differences between apnea onset and normal
breathing, derived by continuous wavelet transform (CWT), were significant. The power
spectrum intensity for normal breathing was much stronger than that for SA episodes in
the 5–10 Hz band.

Figure 2. Airflow, electrocardiogram (ECG), and ECG spectrograms from apnea to non-apnea,
followed by apnea again.

To achieve high-temporal-resolution pattern visualization, the different spectrogram
frequency bands were extracted to classify SA based on other authors’ observations and
findings [21,22,31]: (1) overall frequency 0.1–50 Hz, (2) high frequency 8–50 Hz, (3) mid-
dle frequency 0.8–10 Hz, and (4) low frequency 0–0.8 Hz. Thomas et al. [21,32] and
Guo et al. [22] verified that certain frequency bands were associated with periodic respi-
ration during sleep-disorder breathing (0.01–0.1 Hz), as well as physiologic respiratory
sinus arrhythmia and deep sleep (0.1–0.4 Hz). As shown in Figure 3, the frequency range
definitions of Thomas et al. and Guo et al. do not offer good pattern visualization features
between normal ECG and apnea ECG events.
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2.5. Feature Extraction Using Bag-of-Features

To extract features that best discriminate the spectrogram with apnea onset and
normal breathing, we used the bag-of-features (BoF) or bag-of-visual-words [33], a visual
classification approach commonly employed for image classification. The BoF corresponds
to the frequency histogram of a particular image pattern occurrence in a given image and
was also successfully used for text classification. Figure 4 shows the BoF flowchart used in
this study.

Figure 4. Codebook and feature vector generation for the proposed bag-of-features method.

The two main steps in this process were codebook generation and BoF feature-vector
extraction. Codebook generation extracted representative features (visual words) to de-
scribe an image. ECG spectrograms were then regarded as images, with visual words being
generated as follows. Key points (points of interest) were extracted from training images
using a speeded-up robust features (SURF) detector [34], and 64-dimensional descriptors
were used to describe the key points. Descriptors were then clustered by k-means clustering,
and the resulting clusters were compacted and subsequently separated based on similar
characteristics. Each cluster center represented a visual word (analogous to vocabulary),
thereby producing a codebook (analogous to a dictionary) [33]. The codebook was then
used to obtain the BoF for each ECG spectrogram image. Then, image key points were
extracted, and image descriptors were obtained. Here, each descriptor corresponded to
the closest visual word, and visual word occurrences in an image were counted to produce
a histogram representing the image. Figure 4 shows how these feature vectors were then
directly input to machine-learning classifiers for SA classification.

Figures 5 and 6 show the key points automatically extracted by the BoF in the ECG
spectrogram algorithm for normal breathing and SA, respectively. Each green circle repre-
sents a key point able to best discriminate breathing patterns for each ECG spectrogram.
Key points were similar for normal breathing but varied significantly for SA spectrograms.
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Figure 5. Key points extracted from an ECG spectrogram of normal breathing for a 60 s window and
8–50 Hz band.

Figure 6. Key points extracted from the sleep apnea ECG spectrogram for a 60 s window and
8–50 Hz band.

2.6. Machine-Learning classifiers

Support vector machine (SVM) is a supervised learning model for classification and
regression. The core concept of SVM is to find the hyperplane that best separates data into
two classes. In binary classification, generally, p-dimensional data can be separated by
a (p-1)-dimensional hyperplane. The best hyperplane is defined as that with the largest
margin between the two classes, and the closest point on the hyperplane boundary is
considered the support vector [35].
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The k-nearest neighbor (KNN) classifier is a simple supervised learning method and
uses the nearest distance approach in deciding the group of the new data in the training set.
During the training phase, the feature space is split into several regions and the training
data are mapped into the similar groups of feature space. The unlabeled testing data
are then classified into a certain group of feature space based on the minimum distance.
Distance is an important factor for the model and can be determined, e.g., by Euclidean,
Mahalanobis, and cosine-distance metrics [36,37].

Ensemble learning (EL) combines multiple learning algorithms and weight sets to con-
struct a better classifier model. Prediction using an ensemble algorithm requires extensive
computation compared to using only a single model. Therefore, ensembles can compensate
for poor learning algorithms by performing extra computations. EL methods generally use
fast algorithms, although slower algorithms can also benefit from ensemble techniques.
Many different ensemble models have been proposed, including the Bayes optimal classifier
and boosting and bootstrap aggregating (bagging) techniques [38]. EL bagged trees and
subspace KNN were employed in this study. The bagged trees method established a set of
decision tree models trained on randomly selected portion of data; then, the predictions
are merged to achieve final predictions using averaging [38]. Meanwhile, subspace KNN
was designed using majority vote rule, where the random subspace ensemble method was
used with nearest neighbor learner type of 30 learners [39,40].

2.7. k-Fold Cross-Validation

k-fold cross-validation is a well-developed validation technique [41]. The first step is
to divide the data samples into k subgroups. Subsequently, each subgroup can be selected
as the testing set with the remaining (k-1) subgroups as the training set. In this way, k-
fold cross-validation repeats training and testing k times, and the final accuracy is the
average of the k accuracy values for each iteration. In this study, the k-fold cross-validation
with k = 5 was performed at the spectrogram-level instead of the participant-level, as some
studies have done [16,42–44]. As evaluation criteria, the accuracy, sensitivity, and specificity
parameters were computed for classification performance metrics. The definitions of these
metrics can be found in Table 2 [45].

Table 2. Confusion matrix and evaluation parameter equations.

Confusion Matrix
Actual Class

Accuracy = TP+TN
P+N Specificity = TN

TN+FPA B

Predicted
Class

A TP FP

B FN TN
Sensitivity = TP

TP+FNTotal P N
Note: A = condition positive set; B = condition negative set; TP = true positive; FP = false positive; FN = false
negative; TN = true negative; P = TP + FN; N = FP + TN.

3. Experimental Results

The experiments were executed using MATLAB R2020a software on several com-
puters with 24 GB installed RAM, Intel® Core™ i5-8400 CPU @2.80 GHz, and NVIDIA
GeForce GTX 1060 6 GB mounted graphic card. The Classification Learner toolbox from
MATLAB was utilized to perform the machine-learning classification. Hyperparameter
optimization was performed using nested five-fold cross-validation and grid search using
a 60 s time window based on the best frequency range, 8~50 Hz, and machine-learning
model construction, SVM (see Table 3). Tables 4 and 5 compare the selected APEGs from
NCKUHSCAD and PAED for the frequency bands (overall frequency, 0.1–50 Hz; high
frequency, 8–50 Hz; middle frequency, 0.8–10 Hz; and low frequency, 0–0.8 Hz) along with
SVM, KNN, and EL classifiers using a time-window length of 60 s and five-fold validation.
The best classification accuracy for NCKUHSCAD-APEG-A, NCKUSCAD-APEG-B, and
NCKUHSCAD-APEG-C was 84.4%, 80.8%, and 83.8% at 8–50 Hz, 8–50 Hz, and 8–50 Hz,
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respectively, using SVM, EL, and SVM. Conversely, the best classification accuracy for
PAED-APEG-A, PAED-APEG-B, and PAED-APEG-C was 88.2%, 88.3%, and 91.4% at 8–50,
8–50, and 8–50 Hz using SVM, EL, and EL, respectively. The PAED-APEG-C classification
accuracy for the 0.8–10 Hz band using EL was 89.1%, which was only 2.3% less than the
best accuracy (91.4%). Hence, we selected the 8–50 Hz band and EL classifier to classify all
SA episodes in the remaining work.

Table 3. Nested five-fold cross-validation training and validation performance using a 60 s time
window based on 8~50 Hz frequency range and SVM classifier of PAED and NCKUHSCAD.

Database
Accuracy (%) Sensitivity (%) Specificity (%)

APEG-A APEG-B APEG-C APEG-A APEG-B APEG-C APEG-A APEG-B APEG-C

PAED 87.35 88.06 90.43 89.70 90.40 88.72 85.01 85.32 91.55
NCKUHSCAD 83.40 80.15 83.54 56.78 63.48 57.17 92.14 87.82 92.16

Table 4. Five-fold cross-validation classification performance using a 60 s time window for NCKUHSCAD.

Frequency Band
Accuracy (%) Sensitivity (%) Specificity (%)

APEG-A APEG-B APEG-C APEG-A APEG-B APEG-C APEG-A APEG-B APEG-C

SVM

0.1–50 Hz 81.6 77.7 81 50.2 45.4 32.4 91.9 92.5 96.9
8–50 Hz 84.4 # 80.5 83.8 # 57.3 60.6 51.6 93.3 89.6 94.3

0.8–10 Hz 83.3 79.6 82.6 53.8 56.6 42.9 93 90.1 95.5
0–0.8 Hz 79.9 70.9 76.8 18.9 22 6 100 93.4 100

KNN

0.1–50 Hz 81 77.8 81.6 49.6 57 47.1 91.3 87.3 92.8
8–50 Hz 83.6 79.3 82.6 56.7 62.5 54.6 92.4 87.1 91.7

0.8–10 Hz 82.7 78 81.3 52.4 53.7 44.6 92.6 89.1 93.4
0–0.8 Hz 78.8 69.9 76.3 29.6 11.4 9 95 96.8 98.2

EL

0.1–50 Hz 82.2 78.4 82.5 60.2 61.1 52.2 89.4 86.3 92.4
8–50 Hz 84 80.8 # 83.7 63.7 70.6 65.3 90.6 85.5 89.7

0.8–10 Hz 82.5 78.6 82 60.5 60.8 48.8 89.7 86.8 92.9
0–0.8 Hz 78.8 70.8 76.6 41.1 36.5 20.5 91.2 86.6 95

Note: # denotes the highest accuracy in APEG-A/APEG-B/APEG-C.

SA detection in a short time window was an important consideration for this study.
Therefore, we also investigated a shorter window length (10 s). For example, eleven subjects
from NCKUHSCAD-APEG-A were selected, and different frequency bands were compared
via five-fold cross-validation. The time window length was too short to provide variation in
the lower frequency band; hence, that band was not considered in this comparison. Table 6
shows that the 10 s time window provided greater accuracy than the 60 s time window,
with the best accuracy reaching 95% for the 8–50 Hz band using SVM.
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Table 5. Five-fold cross-validation classification performance using a 60 s time window for PAED.

Frequency Band
Accuracy (%) Sensitivity (%) Specificity (%)

APEG-A APEG-B APEG-C APEG-A APEG-B APEG-C APEG-A APEG-B APEG-C

SVM

0.1–50 Hz 77.2 82.8 86.5 78.8 81.3 79.1 75.5 84.5 91.3
8–50 Hz 88.2 # 88.3 90.9 90.1 90.7 89.1 86.3 85.6 92.1

0.8–10 Hz 88.2 87.8 90.1 89.8 90.9 87.2 86.7 84.2 92.1
0–0.8 Hz 65.7 68.0 71.4 63.5 73.4 52.4 68.0 61.7 83.8

KNN

0.1–50 Hz 75.2 81.5 84.9 66.8 77.2 72.2 83.5 86.4 93.3
8–50 Hz 86.1 86.5 89.5 82.3 85.4 82.6 90.0 87.7 94.0

0.8–10 Hz 88.0 86.1 88.5 84.3 83.6 79.7 91.8 89.1 94.3
0–0.8 Hz 59.3 62.5 66.0 52.1 62.1 35.0 66.5 62.9 86.5

EL

0.1–50 Hz 75.7 81.8 85.6 71.1 81.9 78.0 80.2 81.8 90.7
8–50 Hz 86.9 88.3 # 91.4 # 88.9 90.7 89.8 84.8 85.5 92.4

0.8–10 Hz 87.2 86.5 89.1 87.8 88.6 85.5 86.5 84.0 91.4
0–0.8 Hz 65.2 69.5 69.5 64.7 45.9 45.9 65.8 85.1 85.1

Note: # denotes the highest accuracy in APEG-A/APEG-B/APEG-C.

Table 6. Five-fold cross-validation classification performance using a 10 s time window for NCKUHSCAD.

Frequency Band
Accuracy (%) Sensitivity (%) Specificity (%)

APEG-A APEG-B APEG-C APEG-A APEG-B APEG-C APEG-A APEG-B APEG-C

SVM

0.1–50 Hz 92.7 93.2 93.9 79.4 80.4 77.4 97 97.4 97.5
8–50 Hz 95 # 93.3 # 94.9 # 84.3 79.2 77.7 98.5 97.8 98.6

0.8–10 Hz 80.1 81.5 85.9 38 40.3 37.3 93.8 94.8 96.5

KNN

0.1–50 Hz 81.7 84.2 87.3 45.8 53.5 45.5 93.4 94 96.5
8–50 Hz 87.1 85.1 88.2 59.2 52.4 47.3 96.3 95.6 97.1

0.8–10 Hz 76.8 79 84.2 10.8 36 28.8 98.3 92.9 96.2

EL

0.1–50 Hz 91.3 91.9 92.8 70.5 73.3 64.1 98 97.9 99
8–50 Hz 94 91.8 93.3 79.6 78.4 66.8 98.7 96.1 99.1

0.8–10 Hz 79.3 80.8 85.3 29.6 35.3 29.1 95.5 95.4 97.5

Note: # denotes the highest accuracy in APEG-A/APEG-B/APEG-C.

4. Discussion

To the best of our knowledge, our study is the first to use an ECG spectrogram for SA
detection. This proposed algorithm used high-temporal resolution feature visualization of
the ECG spectrogram in differentiating normal and SA breathing. Using this high-temporal
resolution pattern visualization, the proposed algorithm was able to achieve high accuracy,
sensitivity, and specificity in SA detection.

4.1. ECG Variation during Rapid Eye Movement (REM) and Non-REM Sleep Stages

Sleep is a dynamic situation of consciousness characterized by rapid changes in auto-
nomic activity that regulates coronary artery tone, systemic blood pressure, and heart rate.
In the analysis of 24-hour heart rate variability (HRV), a nocturnal increase in the standard
deviation of mean RR intervals commonly occurrs. In the study by Zemaityte et al. [46]
and Raetz et al. [47], they observed that, when compared to the wakefulness stage, non-
REM sleep stage was associated with lower overall HRV and during REM sleep stage,
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the opposite phenomenon was observed, an increase in overall HRV. Otherwise, some
studies examined the highest nocturnal activity during REM sleep due to the peripheral
sympathetic nerve activity with no difference in heart rates between the sleep stages [48–50].

In this study, by investigating the REM and non-REM partitions on the SA classification
using PAED 60 s time window based on the best frequency range (8~50 Hz) and machine-
learning model (SVM), it was concluded that the ECG variation (HRV) did not significantly
affect the SA classification performance. Both REM and non-REM partitions of imbalanced
and balanced datasets generated for PAED-APEG-A, PAED-APEG-B, and PAED-APEG-C
groups presented a good classification performance with the average accuracy was up to
81.42% for REM stage and 79.2% for non-REM stage (see Table 7). The balancing data were
randomly performed in order to address more imbalanced apnea and normal events as a
consequence of partitioning the datasets into REM and non-REM.

Table 7. The REM and Non-REM classification performance using a PAED 60 s time window based
on 8~50 Hz frequency range and SVM classifier.

Sleep Stage
Accuracy (%) Sensitivity (%) Specificity (%)

APEG-A APEG-B APEG-C APEG-A APEG-B APEG-C APEG-A APEG-B APEG-C

Imbalanced Dataset

REM 83.1 78.7 75 90.5 78.5 84.7 61.3 78.8 59.1
Non-REM 74.8 81.4 77.8 72.3 81.6 78.7 77.1 81.1 77

Balanced Dataset

REM 89.6 78.7 83.4 90 78.5 85.3 89.2 78.8 81.5
Non-REM 75.5 86.6 79.1 74.5 86.8 80.8 76.4 86.4 77.5

4.2. Per Subject Classification (Leave-One-Subject-Out Cross-Validation)

A more realistic scenario to the medical application, which is required to classify a
new unseen subject into the model, is the so-called per-subject classification. Leave-one-
subject-out cross-validation (LOSOCV) was used in this study to perform the per-subject
classification. In LOSOCV, one subject is set aside for the evaluation (testing) and the model
is trained on remaining subjects. The process is repeated each time with a different subject
for evaluation and results are averaged over all folds (subjects).

Results from k-fold cross-validation PAED 60 s time window based on 8~50 Hz
frequency range and SVM classifier experimental setting demonstrates that the model
almost certainly can detect subjects with disease if training and testing sets are not separated
in terms of subjects, leaving data related to a subject in both sets. As the result shows, it can
achieve a high level of accuracy (89.13%). With all other experimental settings remaining
the same, except PAED-APEG-C group as some subjects in the Group C were excluded
since they did not experience anapnea event, when the LOSOCV was applied the accuracy
decreased significantly to 70% (Tables 8–10). This probably means that in the case of k-fold
cross-validation where subject data are in both training and testing sets, the algorithm is
learning the subject rather than the disease condition.

Table 8. Leave-one-subject-out cross-validation classification performance using a PAED-APEG-A
60 s time window based on 8~50 Hz frequency range and SVM classifier.

Evaluation
Parameter

APEG-A Subject
Average

a03 a05 a08 a13 a16 a17 a19 a20

Accuracy 75.0 54.3 76.5 85.2 73.3 67.2 80.2 52.1 70.48
Sensitivity 98.6 70.1 57.8 77.4 68.4 95.7 66.5 26.4 70.11
Specificity 54.7 32.4 88.4 92.7 83.1 49.5 88.8 93.0 72.83
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Table 9. Leave-one-subject-out cross-validation classification performance using a PAED-APEG-B
60 s time window based on 8~50 Hz frequency range and SVM classifier.

Evaluation
Parameter

APEG-B Subject

a01 a02 a03 a04 a05 a06 a07 a08 a09 a10 a11 a12 a13

Accuracy 92.35 20.83 84.17 58.54 81.90 65.42 72.71 75.83 83.75 77.08 65.95 52.08 81.46
Sensitivity 100 0.26 93.24 56.69 91.80 28.96 85.37 59.36 86.89 87.95 32.97 52.85 65.11
Specificity 21.05 100 76.36 79.49 68.18 87.88 52.69 86.35 73.68 74.81 91.18 43.90 97.14

Evaluation
Parameter

APEG-B Subject
Average

a14 a15 a16 a17 a18 a19 a20 b01 b02 b03 b04

Accuracy 81.88 75 76.04 78.06 84.38 84.79 73.13 90.63 47.92 63.57 28.81 70.68
Sensitivity 99.74 80.62 72.50 93.48 89.04 68.11 65.08 10.53 88.17 84.62 90.0 70.14
Specificity 11.34 58.87 83.13 68.47 45.10 95.25 85.95 93.93 38.24 59.72 27.32 67.50

Table 10. Leave-one-subject-out cross-validation classification performance using a PAED-APEG-C
60 s time window based on 8~50 Hz frequency range and SVM classifier.

Evaluation
Parameter

APEG-C Subject

a01 a02 a03 a04 a05 a06 a07 a08 a09 a10 a11 a12 a13

Accuracy 89.80 21.46 83.96 69.17 76.90 64.58 70.83 78.54 79.58 76.25 57.38 44.79 81.25
Sensitivity 94.92 1.0 77.48 67.80 77.05 16.39 85.71 61.50 78.69 79.52 2.75 43.96 65.96
Specificity 42.11 100 89.53 84.62 76.70 94.28 47.31 89.42 82.46 75.57 99.16 53.66 95.92

Evaluation
Parameter

APEG-C Subject

a14 a15 a16 a17 a18 a19 a20 b01 b02 b03 b04 c02 c06

Accuracy 81.46 73.96 73.33 78.61 88.75 78.96 56.25 93.96 63.54 72.38 41.67 98.54 91.90
Sensitivity 98.43 78.93 70.31 65.94 92.31 57.84 38.98 0 74.19 70.77 50.0 0 0
Specificity 14.43 59.68 79.38 86.49 58.82 92.20 83.78 97.83 60.98 72.68 41.46 98.75 92.12

Evaluation
Parameter

APEG-C Subject
Average

c07 c09 c10

Accuracy 95.48 90.71 47.86 73.17
Sensitivity 25.0 0 0 50.88
Specificity 96.15 91.15 47.97 76.02

4.3. Performance Comparison with the Existing Literature

Table 11 compares the proposed algorithm with various current best-practice algo-
rithms from the literature using PAED. Quinceno-Manrique et al. [16], Nguyen et al. [17],
Sannino et al. [18], and Hassan [29] used HRV-extracted features in the time domain
and frequency domain along with non-linear methods, such as features from spectral
centroids, spectral centroid energy, recurrence statistics, and wavelet transform, while
Varon et al. [12] used EDR as the feature (84.74% accuracy, 84.71% sensitivity, and 84.69% speci-
ficity). Singh et al. [20] proposed a CNN-based deep learning approach using the time–
frequency scalogram transformation of an ECG signal (86.22% accuracy, 90% sensitivity, and
83.8% specificity). Surrel et al. [30] used RR intervals and RS amplitude series (85.70%
accuracy, 81.40% sensitivity, and 88.40% specificity). The proposed method achieved sig-
nificantly better performance in accuracy, sensitivity, and specificity compared to all other
considered methods for 1 min time windows and also achieved comparable accuracy to
the compared methods (90.5%) for the 10 s time windows, indicating that the proposed
method offers higher temporal resolution.

Quinceno-Manrique et al. (89.02% accuracy) [16], Nguyen et al. (85.26% accuracy,
86.37% sensitivity, and 83.47% specificity) [17], Sannino et al. (85.76% accuracy, 65.82% sen-
sitivity, and 66.03% specificity) [18], Hassan (87.33% accuracy, 81.99% sensitivity, and
90.72% specificity) [29], and Surrel et al. [30] used HRV features to analyze ECG signals,
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which had two major disadvantages. First, the HRV frequency band was low, meaning
that the time windows had to be extended to ensure that signal variation was properly
expressed (e.g., Quinceno-Manrique et al. used 3 min time windows, and HRV features
required 5 min windows [16]). OSA onsets and offsets could occur several times within win-
dows of these lengths, significantly limiting the practical applications of these approaches.
Second, HRV features use simplified information from the original ECG (QRS complexes),
so considerable physiological information, such as ECG signal morphology, could be lost.
The same situation occurs for EDR [12], as EDR was derived from the R-wave amplitude,
which also used simplified ECG information. Conversely, the proposed algorithm directly
used ECG spectrograms to classify SA and normal breathing. Hence, the main advantage
of the proposed method is the identification of significant variations in the occurrence of
apnea episodes.

Similar to the proposed method, Singh et al. [20] also employed time–frequency
transformation using CWT to obtain the scalogram of an ECG signal. The deep learning
layers of CNN-pre-trained AlexNet were used for feature extraction. At the final layer,
the decision fusion of some machine-learning approaches (SVM, KNN, EL, and Linear
Discriminant Analysis (LDA)) was utilized for classification. However, the main difference
and advantage of this study algorithm is the application of a more sophisticated time–
frequency transformation using the Morlet wavelet in order to observe significant variations
between several frequency ranges and obtain high temporal resolution. Moreover, the
use of bag-of-features in the proposed method enables robust features called SURFs to be
generated and outperformed the Singh et al. study performance with 91.4% accuracy and
92.4% specificity.
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4.4. Limitations and Future Developments

Although the proposed algorithm exhibited excellent performance, there were several
limitations in this study. First, a limited sample size from PAED was used to validate the
proposed algorithm. Second, in PAED, insufficient physiological data and subject disease
history was available for further analysis since such information was not provided. Mass
data collection from the Sleep Center NCKUH could be a solution for these drawbacks.
Third, the proposed algorithm could not be applied to patients with cardiovascular disease
complications since their ECG spectrograms tended to be somewhat irregular and not
affected only by SA.

Future works could identify physiological meanings for the OSA features automati-
cally extracted from the AI algorithm, test a large-scale group of participants from the sleep
center database, and develop an algorithm to discriminate SA and cardiovascular disease
using ECG data.

5. Conclusions

This paper proposed a new algorithm to classify SA patterns from ECG spectrograms.
Four different frequency bands were considered along with three classifiers. High accuracy
was obtained when applying time–frequency spectrograms to SA, and the features extracted
by visual classification revealed previously unknown physiological significance, such that
SA detection was feasible.

The algorithm provided superior accuracy compared to current common-practice
approaches over generally shorter time windows (60 s) compared to those used in ear-
lier models. Acceptable accuracy was also derived for very short time windows (10 s),
highlighting the considerable flexibility in potential applications for this algorithm.
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Abstract: The genioglossus is a major upper airway dilator muscle. Our goal was to assess the efficacy
of upper airway muscle training on Obstructive Sleep Apnea (OSA) as an adjunct treatment. Sixty-
eight participants with OSA (AHI > 10/h) were recruited from our clinic. They fall into the following
categories: (a) Treated with Automatic Positive Airway Pressure (APAP), (n = 21), (b) Previously failed
APAP therapy (Untreated), (n = 25), (c) Treated with Mandibular Advancement Splint (MAS), (n = 22).
All subjects were given a custom-made tongue strengthening device. We conducted a prospective,
randomized, controlled study examining the effect of upper airway muscle training. In each subgroup,
subjects were randomized to muscle training (volitional protrusion against resistance) or sham group
(negligible resistance), with a 1:1 ratio over 3 months of treatment. In the baseline and the final
visit, subjects completed home sleep apnea testing, Epworth Sleepiness Scale (ESS), Pittsburgh Sleep
Quality Index (PSQI), SF-36 (36-Item Short Form Survey), and Psychomotor Vigilance Test (PVT).
Intervention (muscle training) did not affect the AHI (Apnea-Hypopnea Index), (p-values > 0.05).
Based on PSQI, ESS, SF-36 scores, and PVT parameters, the changes between the intervention and
sham groups were not significant, and the changes were not associated with the type of treatment
(p-value > 0.05). The effectiveness of upper airway muscle training exercise as an adjunct treatment
requires further study.

Keywords: obstructive sleep apnea; adjunctive treatment; genioglossus muscle; continuous positive
airway pressure; mandibular advancement splint

1. Introduction

Obstructive sleep apnea (OSA) is defined by repetitive episodes of pharyngeal col-
lapse during sleep [1,2]. OSA leads to excessive daytime sleepiness because of sleep
fragmentation and other factors. Continuous positive airway pressure (CPAP) therapy
reduces daytime sleepiness and the risk of cardiovascular morbidity and mortality, and
it is known as the most effective intervention for sleep disordered breathing in severely
affected patients [3,4]. Of note, incomplete adherence to CPAP treatment in some patients
results in sub-optimal treatment outcomes. Oral appliances (mandibular advancement
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splints) are also considered to be a modality of treatment, but efficacy is variable and
unpredictable [5,6].

The genioglossus muscle has a crucial role in the pathogenesis of OSA and is a
major upper airway dilator. Studies evaluating genioglossus (GG) muscle activity at sleep
onset suggest that patients with OSA have a marked reduction in activity in comparison
with healthy individuals [7,8]. Mandibular advancement splints (MAS) pull the patient’s
mandible in a forward and downward position to increase the airway patency in OSA
patients [6,9].

The biomechanical behavior of the upper airway muscles is complicated [10,11].
Although using various modalities of increasing upper airway muscle tone has been
controversial in the treatment of OSA [12], oropharyngeal exercises have shown promising
results in some previous studies [13].

To our knowledge, there have been no controlled studies assessing the adjunct effect
of tongue-muscle training on CPAP or MAS treatment, as a combination therapy. Therefore,
we performed a randomized, double-blind, sham-controlled study to evaluate the efficacy
of tongue-muscle training on Automatic Positive Airway Pressure (APAP) treatment, MAS
treatment, or Untreated groups in OSA patients. We assessed the effectiveness of the
intervention on the objective sleep measurements (e.g., polysomnography), as well as
subjective sleep symptoms, including daytime sleepiness, sleep quality, and quality of life.

2. Materials and Methods

2.1. Participants

In this randomized clinical trial, patients previously diagnosed with obstructive sleep
apnea (Apnea Hypopnea Index (AHI) > 10/h) were recruited from our sleep laboratory.
The University of California San Diego Institutional Review Board approved all protocols
and methods described adhered to the tenets of the Declaration of Helsinki and the Health
Insurance Portability and Accountability Act. Written informed consents were obtained
from all participants after the procedure had been explained. Our trial was registered on
Clinical Trials (service of NIH): http://www.clinicaltrials.gov/NCT02502942 (accessed on
25 August 2021).

The inclusion criteria were the diagnosis of OSA with AHI > 10 events/h in patients
18–79 years of age. The exclusion criteria were patients with medically unstable status,
pregnant women, current smokers, use of alcohol >3 oz/day or illicit drugs, consuming
>10 cups of beverages with caffeine per day, and untreated sleep apnea with Epworth
Sleepiness Scale (ESS) >18.

Participants were recruited from three subgroups of patients who were (a) Treated
with APAP (n = 21), (b) Previously failed or refused CPAP therapy (Untreated), (n = 25), (c)
Currently being treated with an oral appliance (MAS) who still have residual OSA (n = 22).

In the APAP group, participants were on APAP treatment for at least 3 months with
good compliance (at least 4 h a day on average). In the “Untreated” group, untreated
participants with OSA who have previously tried but were not currently using PAP therapy
or an oral appliance. In “MAS” group, OSA patients had residual AHI > 10 events/h
during oral appliance therapy. Participants in each group were randomized to upper
airway muscle training group or sham group with ratio of 1:1 (35 patients received muscle
training and 33 patients received a sham).

2.2. Procedure and Measurements

OSA patients who were interested in participating in our study were asked to review
the informed consent at the sleep clinic for screening home sleep apnea testing (HSAT) to
determine their eligibility. Our home sleep apnea test was Apnea Link (ResMed, Inc, San
Diego, CA, USA). If they agreed to proceed and sign the informed consent for pre-screening
HSAT, the patient was given a standard HSAT device with instructions to conduct one-
night home sleep apnea testing. Apneas and hypopneas were defined according to the
American Academy of Sleep Medicine (AASM) criteria [14]. Participant eligibility was
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determined based on their pre-screening HSAT results or a prior sleep study. If the patients
were eligible, we then explained the study activities and obtained informed consent for
the main study. The eligible patients had a known diagnosis of sleep apnea and were
either untreated or on Automatic Positive Airway Pressure for at least 3 months or using
Mandibular Advancement Splint (MSA) for at least 3 months.

At the baseline visit, the informed consent was obtained prior to the experimental
visits. The anthropomorphic characteristics (height; weight; body mass index (BMI); neck,
waist, and hip circumferences), sleep questionnaires (Epworth Sleepiness Scale (ESS) [15],
Pittsburgh Sleep Quality Index (PSQI) [16], Short form 36 health survey questionnaire
(SF-36) [17], and Psychomotor Vigilance Test (PVT) [18] were assessed at baseline and after
110 (±34) days of intervention.

The following OSA parameters were evaluated in first HSAT and the follow up HSAT
for all patients: Apnea Hypopnea Index (AHI), Apnea Index (AI), Hypopnea Index (HI),
and Oxygen Desaturation Index (ODI). Our primary outcomes defined in our clinical
trial were changes in OSA, measured by AHI following intervention, and for the APAP
group, changes in OSA pharyngeal mechanics as measured by change in the 95th percentile
pressure level.

2.3. Upper Airway Muscle Training
2.3.1. Pharyngeal Exercise Device

Following dental screening by a dentist, standard impressions were made for labora-
tory fabrication of a novel dental device that was designed to guide strength exercise to the
lingual and pharyngeal muscles. The device is comprised of an acrylic-based plate worn
on the palate, similar to a simple retainer, and secured to the upper arch using traditional
orthodontic clasps, (Figure 1). The active device differs from the inactive device by having
a hinge-related anterior palatal “flap” with orthodontic elastics, which provide resistance
to pushing upwardly to contact the anterior portion of the palate. The control group was
provided a sham device palatal plate without a hinge; they were told simply to clench on
the occlusal acrylic periodically.

 

Figure 1. Oral muscle training device.

2.3.2. Mode of Action (Intervention)

Depressing the hinge flap upward against the anterior palate for 10 min, twice a day,
and meanwhile using 1–2 s compression bursts was one of the two active exercises. The
second exercise required the participant to hold the flap up and then raise to posterior
part of the tongue to reach a Target “bump” (shown) for a count of 2 s. In combination,
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these exercises engage the genioglossus muscle and then the lateral pharyngeal muscles,
respectively [19].

2.4. Statistics

All statistical analysis was conducted at a confidence level of 95% using the software
Stata version 15.0 (Stata Corp., College Station, TX, USA). We based power calculation on
detecting a significant difference between AHI after intervention or sham. Assuming a
final sample size of 34 patients in each group. We had an 80% power at the 0.05 significance
level to detect a difference with an effect size as subtle as 0.7.

The distribution of numeric variables was assessed by inspecting histograms and
using Shapiro–Wilk W tests of normality. Categorical variables were compared using the
χ2 test. Test of significance was performed using Student’s t-test to compare the mean
values of normally distributed variables: independent t-test for differences between the
two study groups and paired t-test for changes of baseline to final IOP. Non-parametric
tests such as Mann–Whitney U test and Wilcoxon signed-rank test were used whenever
the variables were not normally distributed. The effect of the intervention on AHI, ODI,
ESS subjective sleepiness ratings, PVT performance, and PSQI score were assessed with
linear mixed model using time, intervention, and their interaction as factors. Subject ID
was included as a random effect to account for individual differences. The models were
also adjusted for age, gender, and treatment group and the effect of intervention in each
treatment group was explored.

The models were refitted with possible confounders (that were borderline significant
predictors (p-value < 0.1) of measurement magnitude in univariate models) to adjust for
the effect of these variables.

3. Results

From the 121 patients who were recruited initially, 68 patients were included in the
final analysis (Figure 2). The demographic characteristics of the patients are presented in
Table 1. In the sham group, the participants were significantly younger (63.2 ± 9.1 versus
56.0 ± 13.1 years, p-value, 0.038). The changes of snoring were not different between the
intervention and sham groups (p-value, 0.505) (Table 1).

Table 1. Characteristics of participants according to allocation to intervention and Sham groups.

Intervention/Sham (No.) Intervention (n = 35) (Mean ± SD) Sham (n = 33) (Mean ± SD) p-Value

Age (mean ±SD) 63.2 ± 9.1 56.0 ± 13.1 0.038 *
Gender (M: F) 26:9 17:16 0.052 †

Group of Treatment
APAP 11 10 0.986 †

MAS 11 11
Untreated 13 12
Initial BMI 30.0 ± 4.5 30.9 ± 7.1 0.930 *
Final BMI 30.1 ± 4.5 30.8 ± 6.8 0.979 *

p value of Change 0.681 ‡ 0.750 ‡ 0.615 §

Initial neck circumference 40.1 ± 3.5 39.3 ± 4.5 0.411 *
Final neck circumference 40.3 ± 4.1 39.3 ± 4.5 0.823 *

p value of Change 0.431 ‡ 0.975 ‡ 0.674 §

Initial Heart Rate 71.2 ± 14.5 72.1 ± 9 0.411 *
Final Heart Rate 68.3 ± 14.6 69.9 ± 12.5 0.823 *

p value of Change 0.591 ‡ 0.046 ‡ 0.935 §

Initial Snoring (total number) 1056.4 ± 1093.7 1021.2 ± 1266.6 0.619 *
Final Snoring (total number) 1014 ± 1070.2 784.4 ± 1554.1 0.103 *

p value of Change 0.869 ‡ 0.028 ‡ 0.505 §

* Student’s t-test or Mann–Whitney U test for normally or non-normally distributed variables, respectively. † Chi-squared test is used for
categorized variable. ‡ Paired t-test or Wilcoxon signed-rank test for normally or non-normally distributed variables, respectively. § Linear
mixed model. Bold fonts indicate significant differences.
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Figure 2. Enrollment flowchart.

Intervention (muscle training) did not affect the change in AHI, AI, and HI (Table 2),
but the changes in AHI were different between the treatment groups (p-value, 0.006).
A greater decrease in AHI was found in the APAP group compared to the MAS and
Untreated groups (p-value, 0.023) (Figure 3A). Intervention (muscle training) did not affect
the changes in the 95% APAP level (Table 2). Moreover, intervention (muscle training)
was not associated with the changes in ODI (Table 2). The changes in ODI and OD-total
were different among the treatment groups (p-value, 0.001 and 0.041, respectively), with a
greater decrease in ODI and OD-total in the APAP group (Figure 3B). The results for the
factors contributing to the change of AHI over time and tested in the multivariable mixed
model are presented in Table 3.

Table 2. Polysomnography results in intervention and Sham groups.

Intervention/Sham Intervention (n = 35) (Mean ±SD) Sham (n = 33) (Mean ±SD) p-Value

Initial AHI 23.8 ± 21.3 17.9 ± 17.6 0.250 *
Final AHI 19.9 ± 18.3 17.7 ± 16.2 0.611 *

Change 0.475 † 0.728 † 0.682 ‡

Initial AI 9.8 ± 13 5.5 ± 11.4 0.070 *
Final AI 8 ± 13.4 6.2 ± 9.3 0.865 *
Change 0.106 † 0.585 † 0.555 ‡

Initial HI 14 ± 13.1 12.4 ± 9.6 0.787 *
Final HI 11.9 ± 9.9 11.9 ± 11.7 0.621 *
Change 0.982 † 0.522 † 0.863 ‡

Initial AHI4 20 ± 14.8 19.6 ± 17.4 0.741 *
Final AHI4 17.9 ± 13.9 18 ± 12.8 0.844 *
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Table 2. Cont.

Intervention/Sham Intervention (n = 35) (Mean ±SD) Sham (n = 33) (Mean ±SD) p-Value

Change 0.637 † 0.820 † 0.749 ‡

Initial ODI 20.7 ± 17.2 16 ± 13.1 0.401 *
Final ODI 18.1 ± 15.3 15.9 ± 12.3 0.788 *
Change 0.788 † 0.788 † 0.764 ‡

Initial OD total 150.7 ± 135.6 118.4 ± 109.1 0.455 *
Final OD total 129.5 ± 116.5 99.8 ± 78.6 0.674 *

Change 0.674 † 0.506 † 0.488 ‡

Initial APAP 95p 10.7 ± 2.6 11.9 ± 2.6 0.506 *
Final APAP 95p 10.5 ± 2.5 10.8 ± 2 0.772 *

change 0.593 † 0.177 † 0.649 §

* Student’s t-test or Mann–Whitney U test for normally or non-normally distributed variables, respectively. † Paired t-test or Wilcoxon
signed-rank test for normally or non-normally distributed variables, respectively. ‡ Linear mixed model adjusted for treatment, age, and
gender. § Linear mixed model adjusted for age and gender.

Figure 3. (A) Change in Apnea Hypopnea Index (AHI) across treatment groups. (B) Change in
Oxygen Desaturation Index (ODI) across treatment groups.
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Table 3. Factors Contributing to the Change of AHI over time by Mixed Model Analysis.

Variables
Univariable Model

β, 95% CI p-Value

Age −0.19 (−0.57, 0.19) 0.243
Gender: Female −3.33 (−12.28, 5.63) 0.466

Group (baseline: Untreated)
APAP −5.11 (−14.65, 4.43) 0.294
MAS 7.97 (−1.72, 17.67) 0.107

Intervention (Muscle training) −1.75 (−10.13, 6.63) 0.682

ESS tended to decrease in both the intervention and sham groups (p-values, 0.072
and 0.084, respectively). However, the change was not significantly different between
the intervention and sham groups (p-value, 0.397) (Table 4). The change in ESS was not
different across the treatment groups (p-value, 0.850), (Figure 4A). The PSQI score in the
sham group was significantly decreased (p-value, 0.004), but the changes between the
intervention and sham groups were not significantly different (p-value, 0.056) (Table 4).
While the change in the PSQI score was not different across the treatment groups (p-value,
0.590), in the APAP group, the decrease in the PSQI score was greater in the sham group
compared to the intervention group (p-value, 0.022), (Figure 4B).

Table 4. Subjective sleep measurements and PVT (Psycho-motor Vigilance Test) results in intervention and Sham groups.

Intervention/Sham Intervention (n = 35) (Mean ± SD) Sham (n = 33) (Mean ± SD) p-Value

Initial ESS Score 7.9 ± 5 8.8 ± 5.2 0.506 *
Final ESS Score 6.8 ± 4.4 7.5 ± 5.4 0.926 *

Change 0.072 † 0.084 † 0.397 ‡

Initial PSQI score 6.9 ± 3.5 8.1 ± 4 0.405 *
Final PSQI score 6.9 ± 3.5 6.4 ± 3.8 0.538 *

Change 0.476 † 0.004 † 0.056 ‡

Initial PVT_RT 334.4 ± 48.8 329.7 ± 43.1 0.689 *
Final PVT_RT 317.1 ± 36.2 310.5 ± 31.6 0.450 *

Change 0.111 † 0.003 † 0.653 ‡

Initial PVT_slow10 431.4 ± 44.6 426.6 ± 39.2 0.655 *
Final PVT_slow10 423.2 ± 32 402.2 ± 41.6 0.030 *

Change 0.413 † 0.003 † 0.058 ‡

Initial PVT lapses 3.8 ± 5.8 3.2 ± 5.7 0.640 *
Final PVT lapses 1.8 ± 2.9 1.3 ± 1.2 0.3051 *

Change 0.013 † 0.060 † 0.272 ‡

Initial PVT false starts 0.5 ± 0.7 0.3 ± 0.4 0.220 *
Final PVT false starts 1 ± 1.1 0.4 ± 0.9 0.043 *

Change 0.003 † 0.404 † 0.213 ‡

* Student’s t-test or Mann–Whitney U test for normally or non-normally distributed variables, respectively. † Paired t-test or Wilcoxon
signed-rank test for normally or non-normally distributed variables, respectively. ‡ Linear mixed model adjusted for treatment, age, and
gender. Bold fonts indicate significant differences.

Generally, the PVT parameters improved at the final visit compared to the initial visit
in both the intervention and sham groups. However, the changes between the intervention
and sham groups were not significant (PVT_RT mean, PVT_slow10 mean, PVT lapses mean,
and PVT false start); (p-values, 0.653, 0.058, 0.272, and 0.213, respectively) (Table 4). PVT
lapses decreased significantly in the intervention group (p-value, 0.013). Improvements in
PVT_RT mean, PVT_slow10 mean, PVT lapses mean, and PVT false start were not different
among the treatment groups (p-values, 0.864, 0.894, 0.836, and 0.529, respectively). Changes
in the PVT lapses were not different between the treatment groups.
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Figure 4. (A) Change in Epworth Sleepiness Scale (ESS) across treatment groups. (B) Change in
Pittsburgh Sleep Quality Index (PSQI) across treatment groups.

In Table 5, the changes of subscales scores of the SF-36 questionnaires between initial
and final visits are shown. “Energy/fatigue” increased significantly in the sham group
(p-value, 0.037). Although “emotional well-being” increased significantly in the interven-
tion group (p-value, 0.040), it was also increased in the sham group (p-value, 0.040). In
addition, “Role limitations due to physical health” increased significantly in the sham
group (p-value, 0.020) and the change between the intervention and sham groups was not
significant (p-value, 0.078). However, none of the nine subscales show significant changes
between the intervention and sham groups (Table 5).
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Table 5. Short form survey (SF-36) scoring results in intervention and Sham groups.

Intervention/Sham Intervention (n = 35) (Mean ± SD) Sham (n = 33) (Mean ± SD) p-Value

Initial “Physical functioning” 76.6 ± 27.8 76.5 ± 24.2 0.673 *
Final “Physical functioning” 78.7 ± 23.7 79.2 ± 22.9 0.994 *

Change 0.370 † 0.426 † 0.457 ‡

Initial “Role limitations due to
physical health” 75.7 ± 38.6 60.6 ± 42.9 0.130 *

Final “Role limitations due to
physical health” 74.2 ± 41.7 79.7 ± 35 0.571 *

Change >0.99 † 0.020 † 0.078 ‡

Initial “Role limitations due to
emotional problems” 81 ± 35.5 71.7 ± 39.2 0.311 *

Final “Role limitations due to
emotional problems” 85.9 ± 31.2 80.2 ± 33.7 0.486 *

Change 0.280 † 0.324 † 0.834 ‡

Initial “Energy/fatigue” 55.5 ± 20.9 48.7 ± 25.3 0.228 *
Final “Energy/fatigue” 57 ± 24.4 56.9 ± 24.3 0.987 *

Change 0.671 † 0.037 † 0.635 ‡

Initial “Emotional well-being” 73.1 ± 19.8 73.2 ± 18.3 0.993 *
Final “Emotional well-being” 80.2 ± 17.2 79.1 ± 16.5 0.790 *

Change 0.040 † 0.040 † 0.561 ‡

Initial “Social functioning” 80.7 ± 25.4 73.9 ± 27.5 0.294 *
Final “Social functioning” 83.3 ± 25.5 79.3 ± 25.9 0.527 *

Change 0.287 † 0.120 † 0.793 ‡

Initial “Pain” 72.9 ± 24.3 73.3 ± 24.5 0.990 *
Final “Pain” 74.3 ± 22.2 73.3 ± 26.4 0.884 *

Change 0.330 † 0.620 † 0.505 ‡

Initial “General health” 63.3 ± 21.5 64.2 ± 22.4 0.857 *
Final “General health” 63.6 ± 21.7 66.9 ± 21.3 0.538 *

Change 0.733 † 0.388 † 0.901 ‡

Initial “Health change” 57.1 ± 19.7 51.5 ± 22.5 0.275 *
Final “Health change” 57.6 ± 23 53.9 ± 22.1 0.514 *

Change 0.275 † 0.441 † 0.908 ‡

* Student’s t-test or Mann–Whitney U test for normally or non-normally distributed variables, respectively. † Paired t-test or Wilcoxon
signed-rank test for normally or non-normally distributed variables, respectively. ‡ Linear mixed model adjusted for treatment, age, and
gender. Bold fonts indicate significant differences.

4. Discussion

In the present study, pharyngeal muscle training was not associated with improve-
ments in the objective and subjective sleep measurements in OSA patients. In the sham
group, compared to the intervention group, the quality of life was decreased to a greater
extent during the time of the follow-up period, demonstrated by increased role limitations
and increased fatigue. Our results indicate that this particular training device was not
effective for OSA treatment, and these results may inform future device designs as well as
future studies regarding pharyngeal muscle training.

A systematic review evaluating new strategies targeted to increase upper airway
patency in OSA patients assessed the studies that explored the effects of oropharyngeal ex-
ercises, as a complementary technique for treating OSA, and identified them to be effective,
especially when the severity of the disease is moderate [2]. Although the effectiveness of
hypoglossal nerve stimulation (HNS) is promising and has been accepted as a modality
of treatment [20], the process is more invasive compared to oropharyngeal exercises. In
turn, the attainment of more successful protocols of oropharyngeal exercises could be
more beneficial.

The most extensive oropharyngeal exercises were described by Guimarães et al. In
their study, patients had a significant decrease in neck circumference, snoring, daytime
sleepiness, sleep quality, and OSA severity. The patients performed 30 min of daily exercise
for 3 months [13]. Another study reported apnea-hypopnea index, snoring index, and
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minimum oxygen saturation improvements after oropharyngeal exercises in post-stroke
apnea patients. Additionally, their exercise protocol improved subjective measurements
of sleep quality, daily sleepiness, and performance [21]. The results of our study are in
contrast with them, as we could not see any improvement in the apnea-hypopnea index
and oxygen saturations. The different timing of therapy between the protocols and the
specific muscles activated could be an explanation for the discrepancies.

In another study, the researchers instructed patients to perform oropharyngeal ex-
ercises three times a day, including six mastication patterns for approximately 8 min.
Oropharyngeal exercises were effective in reducing objective measures such as snoring [19].
This was in contrast with our results, as we did not find any effects on snoring. Although
their exercise protocol was similar to ours, their patients performed it three times a day in
contrast with our twice a day protocol.

In a study assessing the effect of didgeridoo playing, daytime sleepiness and apnea-
hypopnea index improved significantly. There was no effect on the quality of sleep and
the health-related quality of life (SF-36) was not different between groups [22]. However,
woodwind instrument methods may not be a fair comparison for isolated oropharyngeal
training, given their concurrent role as a means of breathing exercise. One of the challenges
in the treatment of OSA is poor compliance. In the present study, the exercises were selected
based on previous studies, with a goal to improve the compliance [19]. During the experi-
mental period, the subjects were assessed weekly to evaluate compliance. Convenience of
use for the patient is a key factor for compliance. The other reason to choose this protocol
with shorter time is that, in our study, the myofunctional therapy of oropharyngeal muscles
was adopted as an adjunct therapy, and we tried to evaluate the combination of treatments.
The device was built to mimic existing techniques deployed by Myo-functional therapy
(MT), supported by previous studies [13,19,22].

In a recent meta-analysis evaluating the benefits of myofunctional therapy for the
treatment of OSA, the authors concluded that myofunctional therapy may reduce daytime
sleepiness and may increase sleep quality in the short term, and the certainty of the
evidence ranges from moderate to very low, due to a lack of blinding, incomplete data and
imprecision [23].

Although continuous positive airway pressure (CPAP) is considered the most efficient
treatment for OSA [3], studies aiming to document the neurobehavioral outcomes of
patients treated by CPAP have shown diverse results, and, of the SF-36 subscales, only
the vitality subscale has shown significant improvement in more-adherent patients [24].
Patel and colleagues performed a meta-analysis showing that CPAP reduced the Epworth
Sleepiness Scale (ESS) score in patients with OSA. The patients with moderate to severe
OSA had a greater fall in ESS compared to those with mild OSA [25]. OSA severity might
be a reason we did not see a significant effect of intervention in our patients, as most of
our participants had mild or moderate OSA. Moreover, some studies suggest that OSA
might lead to permanent structural brain abnormalities that contribute to neurobehavioral
deficits in patients. Thus, cognitive symptoms and function may not be reversible with
treatment, even if adherence is optimal [26]. This notion of irreversibility of some OSA
consequences might be an explanation we could not see significant improvements of PVT
parameters in the intervention group compared to the sham group.

Moreover, there is a study that has shown that the physiological traits that cause
OSA also influence long-term CPAP adherence among those with OSA and coronary
artery disease. A lower arousal threshold was associated with a marked reduction in
CPAP use. Additionally, both high and low pharyngeal muscle compensation are linked
to poor CPAP adherence. Therefore, identifying patients who are likely to benefit from
genioglossus muscle strengthening, and future studies on more efficient genioglossus
muscle strengthening protocols, might help the CPAP adherence in OSA patients [27].

Our study had certain limitations. First, the sample size was modest. Although we
had a sufficient sample size for detecting the differences between the intervention and
sham groups, we are not powered for the subgroups (APAP/MAS/Untreated). Second,
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our intervention was not universally tolerated, and our conclusions are limited to the
population studied. Third, we did not examine dose–response relationships for the duration
and frequency of pharyngeal muscle-training time in OSA patients as the intervention
group only followed one protocol. Fourth, we acknowledge that most of our participants
had mild or moderate OSA and patients with severe OSA may differ regarding the effect
of genioglossus muscle strengthening on ESS or other parameters.

5. Conclusions

In the present study, we failed to prove the efficiency of upper airway muscle training
exercise as an adjunct treatment in OSA. The exercise device might not adequately target
the muscles important to airway patency. It is also possible that the dose (frequency,
duration) of the exercise was not sufficient to strengthen the oropharyngeal muscles to
reduce airway obstruction. Further research is recommended to determine the efficacy and
the best modality for oropharyngeal muscle strengthening in OSA.
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Abstract: Patients with sleep apnea are usually treated with continuous positive airway pressure
(CPAP). This therapy is very effective if the patient′s adherence is satisfactory. However, although
CPAP adherence is usually acceptable during the first months of therapy, it progressively decreases,
with a considerable number of patients accepting average treatment duration below the effectiveness
threshold (4 h/night). Herein, our aim was to describe and evaluate a novel telemedicine strategy for
rescuing CPAP treatment in patients with low adherence after several months/years of treatment.
This two-week intervention includes (1) patient support using a smartphone application, phone
and voice recorder messages to be answered by a nurse, and (2) daily transmission and analysis of
signals from the CPAP device and potential variation of nasal pressure if required. On average, at
the end of the intervention, median CPAP adherence considerably increased by 2.17 h/night (from
3.07 to 5.24 h/night). Interestingly, the procedure was able to markedly rescue CPAP adherence: the
number of patients with poor adherence (<4 h/night) was considerably reduced from 38 to 7. After
one month, adherence improvement was maintained (median 5.09 h/night), and only 13 patients
had poor adherence (<4 h/night). This telemedicine intervention (103€ per included patient) is a
cost-effective tool for substantially increasing the number of patients with CPAP adherence above
the minimum threshold for achieving positive therapeutic effects.

Keywords: obstructive sleep apnea; sleep breathing disorders; nasal pressure; patient adherence;
compliance; telemedicine interventions

1. Introduction

The obstructive sleep apnea (OSA) syndrome is a highly prevalent chronic disorder
associated with substantial morbidity, resulting in considerable healthcare costs [1–3].
Continuous positive airway pressure (CPAP) is by far the most widespread and effective
therapy for OSA and is thus the gold standard treatment for this sleep breathing disor-
der [4]. However, suboptimal patient adherence to CPAP is common [5,6] despite using
conventional interventions to increase it [7]. Regarding the clinical effectiveness of CPAP,
it is important to mention that treatment adherence of 4 h per night is currently consid-
ered the minimum required. However, data in the literature describing the dose-response
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relationship between CPAP usage and improved clinical outcomes (including sleepiness,
functional status, and hypertension) strongly suggest setting an adherence threshold of
>5 h/night [8–10]. Therefore, it is of crucial importance to increase CPAP adherence as
much as possible to achieve optimal treatment effectiveness.

Telemedicine is a strategic approach to address public health challenges in chronic
diseases, offering potential cost-effective management options [11]. In the case of sleep
medicine, and particularly in OSA, multiple telemedicine modalities can be used, including
telediagnosis, teleconsultation, and telemonitoring of patients being treated with CPAP.
However, it is crucial to carefully select clinical outcomes and adequately target those pa-
tients who may benefit from telemedicine interventions [12–14]. Currently, and especially
after experiencing a global pandemic with COVID-19, the use of telemedicine has been
markedly increased. Telemetric monitoring of OSA patients allows remote CPAP titra-
tion [14,15]. Moreover, telemedicine allows that most patients can be remotely contacted
(by phone or video-visits) for satisfactorily managing OSA [14,16]. Recently described
telemedicine interventions focused on improving CPAP adherence are applied during
the first weeks/months after CPAP is prescribed, when adherence is relatively accept-
able [15,16]. However, it is well known that the patient’s adherence with this treatment
decreases [16–22] over time. Therefore, novel interventions addressed to improve CPAP
adherence in patients already in long-term treatment are required.

Hence, the aim of this research was to set a specific telemedicine procedure for rescuing
CPAP adherence in patients already on treatment who, regardless of being conventionally
followed up by hospital or CPAP provider staff, are poorly compliant as indicated by a low
number of hours per night on CPAP. The primary end-point was to increase the percentage
of rescued patients presenting at baseline treatment adherence lower than 4 h/night
(considered poor). The secondary end-point was to also improve the percentage of patients
who achieve optimal adherence among those with acceptable adherence (4–5.5 h/night).

2. Materials and Methods

2.1. Patients

This was a prospective, pre-post intervention, single-arm study that evaluated patients
(18–75 years old) that had a CPAP prescription from September 2016 to June 2020. The
research and analysis of the telemedicine application was performed from November 2020
to April 2021 on patients who did not comply with either a minimum (<4 h) or suboptimal
(4–5.5 h/night) CPAP treatment despite careful follow-up by the hospital and the service
provider. To this end, the value of CPAP adherence registered in the home CPAP device
used by the patient was considered.

Before entering the study, the patients were followed up according to our usual
protocol. Briefly, before starting CPAP treatment, patients participated in a 1.5-h educational
and training session (theoretical and practical use of CPAP and selection of an adequate
mask). After starting with CPAP treatment, the first visit was at 15–30 days, the second
one after 3 months, the third visit was after 6 months, and finally a fourth visit 1 year
after prescription. If treatment was satisfactory, the patient was visited alternately by the
specialized nurse and the provider each year. Patients attended their regular medical visits
depending on medical needs and problems about CPAP. According to nurse or physician
criteria, patients with inadequate adherence were visited (individually or in a group),
usually every 3 months. If required, the CPAP provider company increased the number of
patient visits.

Patients who met the inclusion criteria and signed the informed consent were in-
cluded. The exclusion criteria were severe associated comorbidities or coexisting severe
psychiatric disease, central apneas, pregnancy, regular use of sedatives or narcotics, uvu-
lopalatopharyngoplasty, incapacity to carry out questionnaires, and any contraindication
for CPAP therapy. Importantly, low experience in the use of smartphones or internet appli-
cations was not an exclusion criterion. Thus, only patients with no previous experience in
using these communication tools were excluded.
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2.2. Intervention

The intervention was based on the following three components: (1) Each patient
received an automatic-CPAP device (Dreamstation, Respironics) which was able to remotely
transmit data on CPAP pressure, breathing flow, air leaks, treatment adherence, and
residual respiratory events to a commercially available web server providing remote
monitoring to the health care provider. The setting also allowed remotely changing the
value of CPAP pressure applied, thus performing home accurate titration/retitration if
required [15]. The patient was asked to use a specially designed smartphone application
(APPnea) [12] to promote patient self-monitoring of CPAP treatment. APPnea asked the
patient simple questions on adherence, sleep improvement, CPAP side effects, and general
lifestyle perception each other day. This questionnaire is provided as a Supplementary File
Table S1. All answers were sent to a web server and evaluated by a specialized nurse who
contacted the patient if required [12]. The patient was invited to use a voicemail available
24 h to collect the patient’s questions or problems. Patients were encouraged to leave
voicemail messages to be checked and eventually answered by a specialized nurse.

The nurse communicated with the patient if data transmitted by the CPAP device
showed problems (air leaks, high residual events, or poor adherence). The telemedicine
intervention using the described procedure lasted 15 days. CPAP adherence was measured
immediately after the intervention and after a 30-day subsequent period. Moreover, the
costs of the intervention as well as the patient’s satisfaction were assessed.

2.3. Data Analysis

A per-protocol analysis of improvement in CPAP adherence after the intervention
(pre-post analysis) was carried out. Data were characterized by mean (SD) for continuous
variables with normal distribution, median (Q1; Q3) for those with nonnormal distribution,
and number and percentage of patients for categorical variables. Ninety-five percent con-
fidence intervals for overall incidence in adherence rate and mean change from baseline
in adherence measured in hours were computed. Paired adherence data before the inter-
vention (PRE), after the intervention (POST), and 1 month after the end of intervention
(1-MONTH) was analyzed with nonparametric ANOVA using the Friedman test followed
by Dunn’s multiple comparisons test (Prism, GraphPad, CA, USA). If the Friedman test
was significant, post hoc paired comparison was made using the Wilcoxon signed-rank test.
The McNemar–Bowker test was used to determine differences on a categorical variable
between two related groups. All tests were two-tailed, and significance was set at 0.05.
All analyses were performed with IBM SPSS Statistics version 26.0 (Armonk, New York,
NY, USA).

2.4. Cost Analysis

The cost of the different steps followed in the intervention were considered: before
the start of the intervention, a total cost of 3000 € corresponding to the APPnea application
was distributed among the 56 patients. Change to an automatic-CPAP was also necessary
for 17 patients. Both items resulted in a baseline cost of 4330.25 € (3000 + 78.25 × 17), 77 €
per-protocol patient. The other costs include the remote monitoring time (in minutes) by a
specialized nurse; the cost of the first phone visit (in minutes), and the other contacts with
a specialized nurse through voice mail messages, emails (assumed 5 min per message) and
phone calls (in minutes); and time (in minutes) of the two visits of the service company
providing CPAP equipment plus additional visits for mask replacements. Unit costs
were the same used in similar recent studies [11,15]: 16.2 €/hour for a specialized nurse,
19 €/hour for a technician of the provider company, and 24 € for mask replacement.

3. Results

Table 1 shows the patient’s characteristics and their mild comorbidities (patients with
severe comorbidities were excluded). Sixty-one patients participated in the study, of which
five dropped out from the protocol because they voluntarily abandoned the telemedicine
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procedure, thus 56 patients completed the study as indicated by the flow chart in Figure 1.
Only 7% of patients required CPAP retitration and, in that case, nasal pressure was remotely
adjusted, 23% of patients used the nurse call line and only one patient needed a new mask.

 

Figure 1. Flow chart of the study.

Table 1. Patient characteristics.

Number 56

Gender (male; %) 78.6

Age (yr; m ± SD) 57.9 ± 8.9

Apnea-hypopnea index (events/h; m ± SD) 45.8 ± 20.1

Time on CPAP therapy (yr; m ± SD) 2.46 ± 0.90

Main Comorbidity:

Cardiovascular (%) 41.1
Metabolic (%) 39.3

Neurological (%) 1.8
Respiratory (%) 19.6
Depression (%) 12.5

Neurological (%) 1.8

Figure 2 shows the CPAP therapy adherence quantified as the number of hours per
night. By considering all patients, on average, the telemedicine intervention considerably
increased median treatment adherence by 2.17 h/night (from 3.07 to 5.24 h/night). Among
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the group of patients with baseline adherence < 4 h/night, the median increase was even
higher: 3.79 h/night (from 1.44 to 5.23 h/night). Even patients with already acceptable
adherence (4–5.5 h/nigh) experienced an increase of 0.72 h/night (from 4.55 to 5.27 h/night).
All these changes were statistically significant. Most interestingly, the general pattern of
increase in adherence observed just at the end of the intervention did not significantly
change after 1 month: median adherences were 4.55, 5.27, and 5.21 h/night in the three
groups respectively (Figure 2). Full raw data on CPAP adherence are provided in a
Supplementary File Table S2.

Figure 2. Adherence of CPAP is expressed as the number of hours per night on treatment (median,
25–75% percentiles and smallest and largest values). Data are shown for the whole group of patients
(red), for those patients with preintervention (PRE) adherence of <4 h/night (blue), and for those
with preintervention adherence between 4 and 5.5 h/night (green). Labels “POST” and “1-MONTH”
indicate values measured immediately at the end of the intervention and 1 month later, respectively.
All changes from PRE to POST and from PRE to 1-MONTH were statistically significant, and none
of the minor changes from POST to 1-MONTH were statistically significant. ***, **, and * indicate
p < 0.001, p < 0.01 and p < 0.05, respectively.

The marked increase in adherence (Figure 2) resulted in a considerable number of
patients with rescued CPAP treatment.

Figure 3 shows, for each time (preintervention, postintervention and 1 month later)
what was the number of patients exhibiting three different levels of adherence: poor
adherence (<4 h/night), good adherence (4–5.5 h/night) and excellent adherence (>5.5
h/night). Remarkably, the most important result is that the number of patients with poor
adherence (<4 h/night) was considerably reduced from 38 to 7 and 13 after the intervention
and after a subsequent month, respectively. In addition to markedly reducing the number
of patients with poor adherence, the intervention increased the number of patients with
good adherence (4–5.5 h/night) from 18 to 27 and 26, respectively. Finally, whereas before
the intervention no patient had optimal adherence (>5.5 h/night), after the intervention
and 1 month later the number increased to 22 and 17, respectively. The number of patients
within three different levels of adherence when comparing PRE vs. POST and PRE vs.
1-MONTH was significantly different (p < 0.001 in both cases; Figure 3).
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Figure 3. Number of patients within three different levels of adherence: poor and thus poor adherence
(<4 h/night) (red), good adherence (4–5.5 h/night) (yellow) and excellent adherence (>5.5 h/night)
(green) at three different time points: prior to the telemedicine intervention (Pre), after the intervention
(Post) and one month later (1 month). The p values refer to differences in the number of patients
within three different levels of adherence when comparing PRE vs. POST and PRE vs. 1-MONTH.

Patients showed considerable satisfaction with the intervention: they answered that
the questions periodically posed to them by the smartphone App were partially (39%) or
totally (60%) useful, with only one patient answering negatively (Figure 4). Interestingly,
82% of patients would recommend the application to other patients and, 85% would like to
regularly use the application to control their CPAP therapy (Figure 4).

Figure 4. Patient satisfaction with the telemedicine intervention. Left section (A) shows the percent-
age of patient’s responses when asked whether the App was totally, partially or not useful. (B) and
(C), on the right, show the percentage of patients who would recommend using the App to other
patients and who would like to use the App regularly along their CPAP treatment, respectively.
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The total cost of the intervention was on, average 103 €, per included patient. Figure 5
shows the cost distribution among the different intervention actions. No differences in in-
dividual costs were observed between patients with and without rescued CPAP adherence.

 

Figure 5. Cost distribution of the proposed telemedicine intervention.

4. Discussion

In this study, we report that noncompliant CPAP treatment in patients with OSA
who are under long-term therapy (average 2.5 yr) can be markedly rescued by means
of a two-week telemedicine intervention which is based on two different points. First,
personal support by using a smartphone application [12], phone and voice recorder where
the patients could leave messages that were answered by a nurse. Second, CPAP device
signal transmission from the patient’s home (e.g., pressure, residual events, adherence, air
leaks) which allows remotely adjusting the nasal pressure applied if required. As shown in
Figures 2 and 3, the intervention was able to considerably increase the time that patients
were on CPAP and thereby improving the level of adherence, in many cases above the
threshold for therapeutic effectiveness (4 h/night).

Several previous publications have raised the clinical problem of poor adherence of
CPAP in OSA. Pepin et al. [22] analyzed the CPAP therapy of OSA patients from a French
nationwide database analysis (n: 480,000 subjects) and found that overall CPAP termination
rates after 1, 2 and 3 years were 23.1, 37.1 and 47.7% respectively and raised the importance
of phenotyping and personalized care approaches that determine the most appropriate. In
the SAVE study, McEvoy et al. [6] found that CPAP adherence at the beginning of the study
was 5.3 h/night, and after 24 months of follow-up, it was reduced to 3.4 h/night (n:1121,
5 different countries). In a similar study, Peker et al. [23] described that cardiovascular
improvement was found only in subjects with good adherence. Bakker et al. [24] raised
two important points: how many hours of CPAP use per night are necessary to improve
symptoms and to reduce cardiovascular risk, and what strategies could be implemented
to optimize adherence in clinical settings. The main conclusions were that combining
theory-driven behavioral approaches with telemedicine technology could hold the answer
to increasing real-world CPAP adherence rates, although randomized studies are still
required, and socioeconomic barriers to telemedicine will need to be addressed to promote
health equity. Accordingly, there is ample consensus on the need to improve the adherence
of CPAP treatment to levels higher than the commonly observed in clinical practice.

Given the importance of the problem of poor CPAP adherence, different telemedicine
interventions have been proposed to diminish or solve it. Aardoom et al. performed a
meta-analysis [21] designed to investigate the effectiveness of a broad range of eHealth
interventions in improving CPAP treatment adherence. The main conclusions were that
eHealth interventions for adults with OSA could improve adherence to CPAP at the initial
weeks/months after the start of treatment, increasing the mean nightly duration of usage
by about half an hour. Uncertainty still exists regarding the timing, duration, intensity,
and specific types of health interventions that could be most effectively implemented
by health care providers [18]. In a recent randomized study, the effect of telemedicine
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applied after 3 months of regular treatment was analyzed. After 6 months of follow-up, the
telemedicine group improved adherence [25]. However, to the best of our knowledge, data
in the literature do not describe any procedure that, similar to the one presented herein,
successfully rescues CPAP therapy adherence in patients with no recent prescription of
CPAP but on therapy for a long period.

In the performed cost analysis, we estimated 103 € per-protocol patient, resulting in a
cost per recovered patient of 152 €. It is noteworthy that these costs are overestimated since
we divided the total cost of the smartphone application used in the intervention (APPnea)
(3000 €) among the only 56 patients of the study. If this intervention was implemented for
much more patients, the distributed cost of the App (which in this study was the most
expensive contribution in total cost, as shown in Figure 5), would become negligible and
then would virtually disappear. Therefore, the effective cost of the intervention per patient
would be considerably reduced. To more precisely evaluate whether this intervention is
cost-effective, it would be required to also consider that the associated increase in patient’s
health represents fewer costs to the society, which seems to be proven in the literature.
Indeed, Rossi et al. [26] showed that untreated OSA used more medical services and more
medicines. Specifically, Guest et al. [27] and Kapur et al. [28] estimated that untreated
OSA leads to a twofold increase in medical expenses in Europe and the USA, and Knauert
et al. [29] obtained a similar conclusion by reviewing the topic.

The current study has limitations. One of them is that, although being multicentric, the
number of patients is relatively reduced. The reason is that patients who were acceptable
according to the inclusion criteria were very difficult to recruit since the protocol was
carried out during the COVID-19 pandemic. This fact explains why 380 patients were
excluded (Figure 1). However, under these conditions the telemedicine approach was
tested in a realistic scenario characterized by severely reduced possibility of in person
interaction between patients and health care staff. Another limitation is that the time of the
follow-up after the intervention (one month) was reduced. However, in this pilot study we
have demonstrated that the intervention is feasible and useful, and as such it can be easily
reproduced to rescue CPAP treatment in patients poorly complying with the treatment.
Regardless of the specific limitations of this study, it should be considered that telemedicine
per se has limitations and cannot be applied without previously considering its potential
drawbacks and requirements, specifically in the field of CPAP for OSA patients [30]. For
instance, the requirement of training the health care professionals involved, the need
of phenotyping which patients should be included in a telemedicine program, or better
defining not only the cost for the health system but the social and labor costs saved by
correctly treated patients.

5. Conclusions

To our knowledge, this is the first study that deals with the CPAP adherence rescue
concept in patients under long-term treatment. The results obtained demonstrate that it is
possible that a significant proportion of patients with poor, and thus inefficient, adherence
achieve the minimum threshold of 4 h/night on CPAP. Moreover, patients already on
an adherence range which was satisfactory but not optimal (4–5.5 h/night) increased
adherence to optimal values (>5.5 h/night). The fact that the procedure is cost-effective
and the very positive patient satisfaction strongly suggests that the proposed telemedicine
intervention will be a powerful tool for improving CPAP usage in the clinical arena of
OSA treatment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jcm10184123/s1, Table S1: Follow up patient questionnaire with 9 single-choice questions
(Yes/No) concerning: (a) CPAP use and effectiveness (1–3), (b) common side effects (4–6), c) exercise,
diet (7–9) and a final question to write down current weight (10). Table S2: CPAP compliance
(h/night).
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Abstract: Surgical techniques for obstructive sleep apnea syndrome (OSAS) constantly evolve.
This study aims to assess the effectiveness and safety of a new surgical approach for an OSAS
pharyngoplasty with a dorsal palatal flap expansion (PDPFEx). A total of 21 participants (mean age
49.9; mean BMI 32.5) underwent a type III sleep study, an endoscopy of the upper airways, a filled
medical history, a visual analog scale for snoring loudness, an Epworth Sleepiness Scale, and a Short
Form Health Survey-36 questionnaire. A follow-up re-evaluation was performed 11 ± 4.9 months
post-operatively. The study group (4 with moderate, 17 with severe OSAS) showed an improvement
in all measured sleep study characteristics (p < 0.05), apnea-hypopnea index (pre-median 45.7 to
29.3 post-operatively, p = 0.009, r = 0.394), oxygen desaturation index (pre-median 47.7 and 23.3
post-operatively, p = 0.0005, r = 0.812), mean oxygen saturation (median 92% pre-operatively and
median 94% post-operatively, p = 0.0002, r = 0.812), lowest oxygen saturation (p = 0.0001, r = 0.540)
and time of sleep spent with blood oxygen saturation less than 90% (p = 0.0001, r = 0.485). The
most commonly reported complications were throat dryness (11 patients) and minor difficulties in
swallowing (5 patients transient, 3 patients constant). We conclude that a PDPFEx is a promising
new surgical method; however, further controlled studies are needed to demonstrate its safety and
efficacy for OSAS treatment in adults.

Keywords: obstructive sleep apnea; sleep surgery; pharyngoplasty; dorsal palatal flap expansion

1. Introduction

Obstructive sleep apnea syndrome (OSAS) is a nocturnal disorder of multifactorial
causes characterized by recurrent episodes of upper airway obstruction during sleep
associated with oxygen desaturation and sleep fragmentation with a variety of methods
to diagnose and treat. As a frequent and increasingly prevalent condition associated with
serious comorbidities, it poses a great impact on public health [1].

1.1. Importance of OSAS

OSAS is a highly prevalent disorder estimated to be 9–38% in the general adult
population; 13–33% in men and 6–19% in women [2]. Patients with untreated OSAS are at
an increased risk of obesity, hypertension, diabetes mellitus, cardiovascular disease, heart
failure, metabolic dysregulation, daytime sleepiness, depression, accidents, strokes, and
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death [3–6]. Obesity is also one of the major risk factors for OSAS and there has been a
colossal increase in rates of obesity over the past decades around the world; therefore,
the prevalence of OSAS could increase further in the coming years [7–9]. Therefore, it is
important to identify and treat nocturnal breathing disorders early and effectively.

1.2. Management Options

The suspicion of OSAS arises from the symptoms of patients, such as snoring and
apnea events observed by a bed partner, and frequent arousals assessed by a medical
examination and by various questionnaires that measure daytime sleepiness, snoring, and
the quality of life. OSAS is diagnosed with a sleep study that measures sleep parameters
such as the apnea-hypopnea index (AHI), mean oxygen saturation, and the percentage of
time spent with oxygen saturation below specified thresholds [3].

All the treatment methods aim to decrease the obstructive events, to improve the
blood oxygen saturation of the patients during sleep, and to enhance the quality of life of
both patients and their partners [10].

Treatment of OSAS includes non-surgical and surgical methods. The first-line man-
agement is a non-surgical approach involving the education of patients, which is the
cornerstone of treatment for any medical condition. This should include a discussion of the
pathophysiology, risk factors, and clinical consequences. The patient should be informed
of the benefits of weight loss and behavior modification such as avoiding modifiable risk
factors (e.g., tobacco smoking, drinking alcohol, sleeping pill administration). Conservative
treatment is not successful for a large percentage of patients [11]. The primary treatment
modality for OSAS is positive airway pressure therapy (PAP). Alternative or adjunct non-
invasive methods that modify the position of the mandible, move the tongue forward, and
widen the retrolingual airway, such as oral appliances including mandibular advancement
devices, may be offered as per the anatomy, type, and severity of the OSAS of the patient
as well as patient preferences. Additional, less established, non-operative management
strategies include positional therapy (PT), transcutaneous electrical stimulation (TES), and
drug therapy with steroids and leukotriene receptor antagonists [12].

In patients who are not compliant with or fail the PAP therapy, a variety of surgical
methods have been used in the past decades. Of those, several surgical approaches are
currently being utilized for the most common site of obstruction—the soft palate. Surgical
techniques that aim to alter the lateral pharyngeal wall and soft palate at the level of the
velopharynx and oropharynx include an expansion sphincter pharyngoplasty, a lateral
pharyngoplasty, a relocation pharyngoplasty, a modified uvulopalatopharyngoplasty with
uvula preservation, and a suspension palatoplasty [13].

1.3. Aim of This Study

The aim of this study is to assess the effectiveness and safety of a new technique
of a surgical approach for an OSAS treatment pharyngoplasty with a dorsal palatal flap
expansion (PDPFEx).

2. Materials and Methods

2.1. Ethical Approval and Informed Consent

The study was approved by the local Bioethics Committee. Participation in the study
was voluntary. The participants were informed of the study and the data being collected. A
written informed consent form (ICF) was obtained from each participant. The participants
could withdraw their consent at any point of the study.

2.2. Study Design

This was a single-center prospective study with a case series study design for a
modification of an expansion sphincter pharyngoplasty described by Puccia and Woodson
as a pharyngoplasty with a dorsal palatal flap expansion [14].
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2.2.1. Study Protocol

The study was conducted at the Department of Otolaryngology in a tertiary care
hospital between May 2019 and June 2020. Patients with OSAS were enrolled based on
inclusion and exclusion criteria. Surgeries for all cases were performed by the first author
(EO).

The inclusion criteria were: (a) adult patients; (b) a moderate or severe OSAS (defined
as an apnea-hypopnea index (AHI) of 15–29.9 and ≥30 events/h of sleep); (c) a body mass
index (BMI) less than 40; (d) significant snoring with a visual analog scale (VAS) for snoring
of 1–10 higher than 8 and (e) a failed PAP therapy.

We excluded patients with severe obesity (BMI ≥ 40), central sleep apnea syndrome,
a sleep apnea treatment within the six months preceding the study, previous surgeries
involving the hypopharynx and oropharynx areas, a history of rheumatic diseases, a
respiratory infection within the previous four weeks, coagulation disorders, chronic or
acute kidney failure (defined as serum creatinine > 2.0 mg/dL), the occurrence of other
respiratory disorders including chronic obstructive pulmonary disease (diagnosis based on
chest radiography and clinical history) or asthma, systemic inflammatory diseases, severe
cardiovascular diseases, diabetes, comorbidities affecting systemic inflammation including
cancer and collagen vascular disease, chronic rhinosinusitis or receiving medical treatment
such as immune suppressors, hormones, free radical scavengers or cytotoxins.

All patients underwent the same procedures according to the study protocol based on
a modified SLEEP-GOAL protocol [4]: a medical history, Epworth Sleepiness Scale (ESS)
questionnaire, body mass index (BMI), an endoscopy of the upper airways, a sleep study
type III polygraph (PG) and a surgical procedure. ESS is a self-conducted questionnaire
consisting of eight questions involving the likelihoods of falling asleep in various situations
such as sitting and reading, watching TV, sitting inactive in a public place, riding in a car
for an hour without a break as a passenger, lying down in the afternoon to rest, sitting and
talking to someone, sitting silently after a lunch without alcohol and sitting in a car stopped
for a few minutes in traffic [15]. The patient assesses these options on a scale of 0 to 3
(0: never doze; 3: high chance of dozing). The total score can range from 0 to 24. In healthy
adults, the normal range of sleepiness differs from 0 to 10. A higher score is associated with
increased sleepiness [16]. Patients were asked to fill in the Short Form Health Survey-36
questionnaire (SF-36), which measures the subjective quality of life in both physical and
mental health aspects by eight scales: physical functioning (PF), role physical (RP), bodily
pain (BP), general health (GH), vitality (VT), social functioning (SF), role emotional (RE)
and mental health (MH). Component analyses have shown that there are two distinct
concepts measured by the SF-36 questionnaire: a physical dimension represented by the
physical component summary (PCS) and a mental dimension represented by the mental
component summary (MCS), all summarized as an SF-36 overall score.

2.2.2. Sleep Study

A PG was performed in each case using a type III sleep study device (SOMNOtouch,
SOMNOmed). During the PG, the following parameters were evaluated for this study:
mean oxygen saturation (MOS) and lowest oxygen saturation (LSAT), time of sleep spent
with blood oxygen saturation less than 90% (SpO2 < 90), and the apnea-hypopnea index
(AHI).

The AHI is described as the total number of apnea and hypopnea events per hour of
sleep recorded in an overnight sleep study. Apneas are defined as at least a 90% decrease
in airflow for at least 10 s and hypopneas as reduction of respiratory signals for at least
10 s associated with a minimum of 3% of oxygen desaturation [17]. MOS is estimated as
normal varies between 94% and 98% during sleep [3].

2.3. Description of the Surgical Procedure

The surgical procedure was a further modification of an expansion sphincter pharyn-
goplasty, which was previously developed by Pang and Woodson to mitigate a fairly
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low success rate with a traditional uvulopalatopharyngoplasty in OSAS patients [18].
The current modification, hereby referred to as a pharyngoplasty with a dorsal palatal
flap expansion (PDPFEx), was first described in print in 2020 by Puccia and Woodson
(Figure 1) [14].

Figure 1. Cont.
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Figure 1. (a) Endoscopic view. 1: Surgery site with markings at the left and right pterygomandibular raphes, the base of the
uvula and the hard palate; 2: palatal tonsils removed and ventral palate triangles of mucosa removed; 3: supratonsillar fat
tissue removed and palatopharyngeus muscle dissected from the superior constrictor muscle; 4: dorsal palatal flaps rotated;
left flap sutured in place and right flap prepared for suturing and 5: bilateral suturing of the dorsal flaps. (b) On the left:
the retropalatal space before the surgery and the assessment of the length of the uvula for excising the tip. On the right: a
significantly increased retropalatal space after the surgery and a view after removal of the enlarged uvula.

The surgical steps of a PDPFEx are: (1) the removal of the triangle (base of the triangle
at the free edge of the palate on both sides of the uvula with the apex of the triangle
extending anteriorly approaching the hard palate) of mucosa at the ventral palate to expose
the surgical field; (2) the removal of supratonsillar fat tissue; (3) the dissection, incision
and separation of the palatoglossal muscle and to expose the palatopharyngeus muscle;
(4) dissection of the freeing of the palatopharyngeus muscle from the superior constrictor
muscle; (5) a vertical incision on the dorsal palatal mucosa immediately lateral to the uvula
and (6) the anterolateral rotation of this dorsal palatal mucosal flap, suturing it to the lateral
edge of the ventral palatal mucosa.

2.4. Study Assessments

After surgery, the subjects were invited to a follow-up visit 4–6 months after the
surgery. During the visits, the patients were examined by a medical professional and
asked about complications regarding the post-surgery period, given the modified SLEEP-
GOAL protocol (patient data, blood pressure, ESS score, snoring VAS, comorbidities, ENT
examination results, SF-36 questionnaire). A post-surgery type III sleep study was given to
the patients to obtain the sleep parameters.

2.5. Post-Operative Patient Care

The patients were closely monitored in hospital conditions for a median of 2 days
after the procedure and were administered intravenous pain medications (paracetamol and
metamizole; tramadol when the reported pain VAS was 6 or higher) and dexamethasone (to
decrease the soft tissue edema). After they were discharged, the patients were prescribed
all three pain medications to be taken orally for as long as the pain persisted.

2.6. Study Outcomes

The primary study outcomes consisted of differences in the AHI, ESS, and blood
oxygen saturation characteristics established in sleep studies at the baseline and the follow-
up.
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2.7. Statistical Analysis

The statistical analysis was performed using GraphPad Prism 9. The results are
presented as mean ± SD or a number of patients and a percentage of the whole study
group. The categorical variables are presented as percentages. For a comparison of
the results, the Wilcoxon signed-rank test was used. p-values < 0.05 were accepted as
statistically significant.

3. Results

3.1. Study Group

A total of 21 patients (adult men) with an average age of 49.9 ± 12.2 (range 26–72 years
old) were included in the study between May 2019 and June 2020. By polygraphy, 4 moder-
ate OSAS (15 ≤ AHI < 30) and 17 severe OSAS (AHI ≥ 30) patients were identified. The
biometrics of the patients (including the mean age (49.9 ± 12.2), mean weight (101.9 ± 10.2),
and mean BMI (32.5 ± 3.4)) were taken; the blood pressure was measured and the mean
arterial blood pressure was 105.4 ± 8.4. The MAP was calculated using the formula (Sys-
tolic+2(Diastolic)/:3. A total of 15 patients had existing comorbidities and cardiovascular
complications including 5 patients with more than one comorbidity. The palatal anatomy
of patients was assessed during an otorhinolaryngological examination; the Friedman
Tongue Scale and the Friedman Palatine Tonsils Scale were used. Most of the patients were
classified as Friedman Tongue position 3. The patients were asked to fill in ESS and snoring
VAS questionnaires. The baseline group characteristics are provided in Table 1.

Table 1. Baseline characteristics of the study group (n = 21 male subjects).

Characteristic Mean (SD)/n% Min Max

Biometrics
Age (y) 49.9 (12.2) 26 72

Weight (kg) 101.9 (10.2) 85 120
Body Mass Index (kg/m2) 32.5 (3.4) 26.3 39.7

BMI group I * 6–28.6%
BMI group II * 10–47.6%
BMI group III * 5–23.8%

Mean Blood Pressure (mmHg) 105.4 (8.4) 90.7 121.3

Comorbidities 15–71.4%
Hypertension 15–71.4%

Diabetes Mellitus Type 2 4–19%
Heart Disease 2–9.5%

Anatomy and OSAS
Friedman Tongue Position 2 4

Friedman Tongue Position 2 3–14.3%
Friedman Tongue Position 3 16–76.2%
Friedman Tongue Position 4 2–9.5%

Friedman Palatine Tonsils Scale 1 3
Friedman Palatine Tonsils Scale 1 9–42.9%
Friedman Palatine Tonsils Scale 2 7–33.3%
Friedman Palatine Tonsils Scale 3 5–23.8%

Epworth Sleepiness Scale 10.8 (5.7) 1 22
Apnea–Hypopnea Index 45.2 (15.9) 15.2 71.6

Moderate OSAS (15 ≤ AHI < 30) 4–19%
Severe OSAS (AHI > 30) 17–81%

Snoring Visual Analog Scale 9.4 (0.9) 8 10

* BMI range in this study: group I (normal weight or overweight) 18.5 to 29.9, group II (class I obesity) 30 to 34.9, group III (class II obesity)
35 to 39.9. Heart disease included arrhythmias, heart failure, heart valve disease, cardiomyopathy, and congenital heart disease.
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3.2. Study Outcomes

The follow-up visits were held between May 2020 and December 2020, with a follow-
up period that ranged from 4 to 21 months (median 11 months). All 21 patients completed
their follow-up; however, the planned 4–6 month period was elongated by the COVID-19
global pandemic. The biometric characteristics of the study group (body weight, BMI,
mean arterial blood pressure) did not change during the post-operative period. (Table 2).

Table 2. Study outcome results.

Median Pre (IQR) Median Post (IQR) Significance Effect Size r

Biometric
Characteristics

Weight 100.0 (92–111.5) 100.0 (93.5–109) 0.275 0.168
BMI 32.6 (29.7–34.8) 32.3 (30.1–34.1) 0.278 0.167
MAP 103.7 (98–111.4) 101.7 (93–109.7) 0.251 0.177

Questionnaires
Snoring VAS 10 (8.5–10) 5 (4–6) <0.0001 0.738

ESS 9.0 (7–17) 7.0 (2.5–9.5) 0.0025 0.442
SF-36 41.0 (27.5–58) 35.0 (19–53.3) 0.715 0.056

IQR: interquartile range; BMI: body mass index; MAP: mean arterial blood pressure; VAS: visual analog scale; ESS: Epworth Sleepiness
Scale; SF-36: the Short Form Health Survey-36. The results were compared using the Wilcoxon signed-rank test.

There was an improvement in the subjective daytime sleepiness of patients as ranked
by the ESS questionnaire score; there was a change in the ESS from a median of 9.0 (IQR
7–17) to 7.0 (IQR 2.5–9.5). No significant difference was observed in the self-reported
quality of life assessed by the SF-36 questionnaire in any of the subscales, in the physical
and mental component summary nor the SF-36 overall score (Figure 2).

Figure 2. Pre- and post-operative comparison of the Epworth Sleepiness Scale and the SF-36 overall
score. The exact p-value is shown above the columns.

Most patients in our study group reported a decrease in snoring loudness and incon-
venience assessed with the snoring visual analog scale. The snoring VAS changed from a
median of 10 (IQR 8.5–10) to 5 (IQR 4–6) (Figure 3).
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Figure 3. Pre- and post-operative comparison of the reported visual analog scale score for snoring
loudness and inconvenience by the patients.

All subjects had a post-operative PG as well. When comparing the pre-operative and
post-operative PG characteristics, we observed significant improvements in the AHI from
a median of 45.7 (IQR 31.5–58.4) to 29.3 (IQR 15.5–46.9) and in the ODI from a median of
47.7 (IQR 34.7–57.1) to 23.3 (IQR 12.5–44.4) (Figures 4 and 5). There was a decrease in the
AHI of 76.1% and a decrease in the ODI in 85.7% of the patients in the study group.

Figure 4. Individual pre- and post-operative AHI distribution. AHI: apnea-hypopnea index.
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Figure 5. On the left side: a pre- and post-operative comparison of the apnea-hypopnea index and
the oxygen desaturation index median and interquartile range values. The median values are shown
inside the columns and the p-value is shown above the columns. The effect size (r-value) is shown
above the columns. On the right side: differences plot for the AHI and ODI of individual patients.
AHI: apnea-hypopnea index; ODI: oxygen desaturation index.

Our results showed a lower median of the pre-operative ODI than the pre-operative
AHI (45.7 and 47.7, respectively) yet a Wilcoxon signed-rank test gave no statistical dif-
ference between the compared values (p = 0.8986). We observed a significant correlation
between the two variables, as shown in Figure 6.

Figure 6. Correlation between the pre-operative AHI and ODI. AHI: apnea–hypopnea index; ODI:
oxygen desaturation index; r: Spearman’s rank correlation coefficient.

Additionally, we observed an improvement in the MOS from a median of 92.0 (IQR
90.3–94.0) to 94.0 (IQR 93.0–95.0), the LSAT from a median of 74.0 (IQR 68.5–81.5) to 82.0
(IQR 74.0–88.0) and the SpO2 < 90% from a median of 19.8 (IQR 5.9–45.8) to 4.6 (IQR
0.3–17.3) (Figure 7).

93



J. Clin. Med. 2021, 10, 3746

Figure 7. A pre- and post-operative comparison of the median and interquartile range values of the mean oxygen saturation,
lowest oxygen saturation, and time of sleep spent with blood oxygen saturation less than 90%. The median values are shown
inside the columns and the p-value is shown above the columns. The effect size (r-value) is shown above the columns.

3.3. Post-Operative Complications

After the hospital stay, patients were asked about post-operative pain (duration of
pain in days, pain level described on the VAS scale, painkiller intake with a total of three
recommended drugs and usage duration) and other symptoms such as throat dryness
(prevalence, time of symptom onset and duration), palate hematoma (prevalence, time
of symptom onset and duration), post-operative secondary hemorrhage (early (less than
10 days post-operative) and late (10 days or more post-operative)), difficulty in swallowing
(prevalence, time of symptom onset and duration), impaired taste (prevalence, time of
symptom onset and duration) and other post-operative remarks.

The post-operative pain persisted for a median of 14 days (IQR 10–21) with a median
VAS of 8 (IQR 6–9). A total of 18 patients took all 3 medicaments and for 3 patients the pain
was manageable without the opioid. The median drug use duration of the patients was a
total of 14 days (IQR 14–21). In 63.2% of cases, the pain lasted for less than 14 days.

The most commonly reported complications were throat dryness and minor difficulties
in swallowing. Figure 8 shows a graph of the occurrence of reported complications.
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Figure 8. Post-operative symptom occurrence graph showing the number of patients with a post-operative complication.

Throat dryness was reported by 11 patients. In 9 cases, the symptom appeared
immediately after the surgery, and 2 patients noticed the dryness a few days after. A total
of 7 patients complained about the symptom for more than three months, 1 up to three
months, 2 up to three weeks, and in 1 case the dryness lasted three days. Only 1 patient
reported a palatal hematoma that appeared two days after the surgery and persisted for
two weeks. No primary post-operative hemorrhage was observed but secondary bleeding
occurred in 6 cases. A total of 8 patients described a difficulty in swallowing that appeared
immediately after the surgery. Of those, 3 patients reported the difficulty for more than
three months after; in 2 patients it lasted up to two months, 1 up to one month, and in
2 cases it lasted for two weeks. An impaired taste was noted by 2 patients and, in both
cases, it lasted for more than three months. Other mentioned symptoms included a sense
of thick mucus in the throat (3 cases), tongue numbness (2 cases), small amounts of blood
in nasal discharge (1 case), cough (1 case), a sense of foreign body in the throat (1 case)
and a gag reflex (1 case). No major post-operative complications, e.g., major bleeding or
palatopharyngeal insufficiency, were noted.

4. Discussion

The goal for all pharyngoplasties is to widen the retropalatal airspace in both the
anterior-posterior dimension and between the lateral pharyngeal walls and stiffen the
tissues. Interrupting and re-directing the sphincteric action of palatopharyngeal muscles
contributes to the widening of the space between the palate and the posterior pharyngeal
wall and the lateral dimension of the pharynx. A pharyngoplasty with a dorsal palatal
flap expansion has distinct steps that are contributory to each other. Each step is necessary
for and facilitates the next. The removal of the anterior triangle of mucosa exposes the
surgical field to remove the supratonsillar fat tissue, which exposes the palatoglossus and
palatopharyngeus muscles and facilitates their dissection and manipulation. The removal
and relocation of these intravelar tissues expose the mirror image of the anterior palatal
mucosal triangle at the dorsal palatal mucosa. This dorsal palatal mucosal triangle is freed
up by cutting at the medial limit to freely rotate anterolaterally along the axis of the lateral
edge of this triangle to cover the lateral palatal space.

This new modification (PDPFEx) has distinct differences compared to the previous
technique (ESP): (1) there is enhanced dissection and mobilization of the palatopharyngeus
muscle to facilitate (provide space) for the creation and rotation of the dorsal palatal flap;
(2) the preservation of the mucosa of the nasopharyngeal surface of the soft palate; (3)
the use of this mucosa to cover the anterolateral raw surgical dissection field; (4) the
shortening of the medial portion of the soft palate lateral to the uvula resulting in an
increased anteroposterior dimension of the nasopharynx; (5) the repositioning of the uvula
slightly more anteriorly; (6) the shortening of the elongated uvula due to the medial cuts
for the dorsal palatal flap; (7) as a result of these same cuts lateral to the uvula that form the
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dorsal palatal flap, there is a reduction of the sphincter function of the transverse bundle of
the palatopharyngeus muscle.

The success of pharyngoplasties depends on an accurate diagnostic assessment,
good patient selection, a well-performed surgical technique, and an uncomplicated post-
operative period. Here, we presented our experience with the new modification of the
expansion sphincter pharyngoplasty technique for OSA treatment described by Wood-
son [14]. Having followed the described surgical protocol, we assessed the effectiveness
and reported the promising outcomes as improvements in sleep parameters such as the
AHI, ODI, MOS, LOS, and T < 90%. This correlation is consistent with the available litera-
ture, e.g., as reported by Hussain Basheer et al. who reported a similarly strong correlation
between the ODI and AHI [19]. In all assessed sleep parameters, a significant improvement
was observed at the final follow-up visit. Although our results were generally similar to
those obtained by other authors, we observed a higher degree of improvement compared to
the literature in several parameters such as the change in the percentage of lowest oxygen
saturation post-operatively [10,20]. Our study may be limited by the number of patients;
however, it was adequately powered to establish efficacy and statistical differences. On
the other hand, this could partly be a sign of the “regression to the mean” or by random
due to the small study sample. Plaza et al. conducted a prospective non-comparative
multicenter study of patients who underwent an expansion sphincter pharyngoplasty
procedure as a treatment for OSAS and showed a significant improvement in the AHI and
ESS post-operatively; however, other sleep parameters were not presented [21]. El-Ahl and
El-Anwar described that the lowest oxygen saturation increased significantly in a group
of 24 patients with Friedman stage II and III of OSAS [22], which was consistent with
our study. In all three publications mentioned above, there was no statistical difference
between BMI before and after the surgery, which was similar to our results [10,20,21].

In our study, we compared the mean arterial pressure before and at the final follow-up
visit and observed no change. Blood pressure also remained unchanged in the MacKay
study [20]. Another parameter evaluated in our study group was the snoring loudness
that changed after the surgical treatment. The VAS scale for snoring loudness showed a
statistically significant difference. It may mean that this modified technique results in a
decrease in pharyngeal tissue vibration.

Our results showed a relatively high percentage of pain on day 14 post-operatively.
However, this was in part due to the patients who did not follow the pain management
protocol strictly. Moreover, improved sleep parameters and favorable patient satisfaction
outcomes may justify the relatively prolonged pain experience.

Pang et al. in their meta-analysis on the effectiveness of palatal surgery showed
the superiority of more innovative, anatomically targeted surgical procedures over a
traditional uvulopalatopharyngoplasty [23]. This conclusion was consistent with the
research conducted by El-Ahl and El-Anwar [22]. Other studies have also shown good
results after expansion techniques as a treatment for OSA but more information is needed
to modify and improve the sleep surgery methods [24].

Although this current study was not controlled, comparing it to other techniques, we
are in the process of expanding our series and designing future controlled studies with
additional pre-and post-operative assessments to test the effectiveness of this technique.
When the COVID-19 pandemic started in March 2020, several patients refused to submit to
a post-operative follow-up in the scheduled time, which further increased the mean group
follow-up period. Second, this study included a select population of individuals of white
European origin only. Third, primal differences in the characteristics among patients—
especially age, with the youngest participant at age 27—could affect the regeneration
process and thus have an impact on the progress. Additionally, women were underrep-
resented in the trial. Therefore, the generalization of findings to sex, populations with a
low prevalence of obesity, or people from other ethnic backgrounds was limited. Although
the study was limited by the number of patients, it did establish efficacy and statistical
differences in several variables. Another limitation involved the diagnosis of OSAS. In this
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case, we used study type III. We are aware of the limitations that this type of sleep study
creates in quantifying the AHI and identifying arousals and in its inability to assess the
sleep structure. However, in all participants, we conducted two-night sleep studies, which
have advantages compared to one-night polysomnography (PSG). The first-night effect of
the sleep study may be a limitation in the single-night PSGs. To reduce the negative impact
of home sleep studies, the participants enrolled in our study were thoroughly instructed
on how to put them on and how to use the device. Any individuals with comorbidities
were excluded from the study. The Academy of Sleep Apnea approves the performance of
a sleep study type III when the patient is free from significant comorbid conditions and
for a pre-operative clinical evaluation [3,25]. Other studies have indicated that a home
portable monitoring device showed a high level of diagnostic agreement between the home
diagnostic sleep studies and a simultaneous PSG, especially when manually scored [26].
The difference between the home study and the AHI from the reference PSG as demon-
strated by the authors was similar to the difference between the PSGs. Bibbins-Domingo
et al. demonstrate that a home sleep study is recommended for the diagnosis of OSAS
in uncomplicated patients with an increased risk of moderate-to-severe OSAS as a viable
alternative to a PSG in selected circumstances [27]. In the current study, the sleep study
was read manually by the first author.

Based on our previous experience and outcomes, we believe that the technique allowed
for better control of the muscle tension and sphincteric activity of the palatopharyngeal
muscle. Single-arm studies on a specific surgical technique may show better outcomes in
a few variables compared to other techniques [18]. However, many potential variables
related to the subject characteristics in these studies avoid the comparison of the outcomes
between the techniques to draw conclusions. Randomized clinical trials that stratify the
important subject factors facilitate such comparisons [10,28,29]. More studies are needed
with larger sample sizes and control groups to better demonstrate the differences between
the expansion techniques as well as to compare the effectiveness of a PDPFEx and non-
surgical treatment for OSA. Preliminary case series such as this may provide outcome data
that may serve to assess the magnitude of the effect and the sample size calculation for a
randomized clinical trial. On the other hand, comparing a PDPFEx to another technique
with a similarly favorable outcome may not be feasible due to the required large sample
size.

5. Conclusions

A better understanding of the palatal anatomy has been applied to reconstructive
palatal surgery for the treatment of OSAS. The palatopharyngeus muscle is a major defin-
ing element of the palate and lateral pharyngeal wall. This muscle is the key to many
current reconstructive pharyngoplasty techniques. This prospective single-center work
on a new modification of a pharyngoplasty—a pharyngoplasty with dorsal palatal flap
expansion—shows that this technique can provide good outcomes in patients with OSAS.
This modification in the technique appears to have advantages in not only changing palatal
muscle vectors and reducing the mass of tissues that vibrate and/or collapse but also by
expanding the retropalatal space. However, this presumed mechanism remains speculative
in the absence of objective measurements such as an MRI or DISE. Further studies should
be conducted to adequately compare a PDPFEx with other surgical approaches regarding
an improvement in sleep study characteristics and an increase in the quality of life and
safety of patients.
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Abstract: Background: Successful surgery outcomes are limited to moderate to severe obstructive
sleep apnea (OSA) syndrome. Multilevel collapse at retropalatal and retroglossal areas is often found
during the drug-induced sleep endoscopy (DISE). Therefore, multilevel surgery is considered for
these patients. The aim of our study was to survey surgical outcomes by modified uvulopalatoplasty
(UPPP) plus transoral robotic surgery tongue base reduction (TORSTBR) versus barbed repositioning
pharyngoplasty (BRP) plus TORSTBR. Methods: The retrospective cohort study was performed at
a tertiary referral center. We collected moderate to severe OSA patients who were not tolerant to
positive pressure assistant PAP from September 2016 to September 2019; pre-operative–operative
Muller tests all showed retropalatal and retroglossal collapse; pre-operative Friedman Tongue
Position (FTP) > III, with the tonsils grade at grade II minimum, with simultaneous velum (V > 1)
and tongue base (T > 1), collapsed by drug-induced sleep endoscopy (DISE) under the VOTE grading
system. The UPPP plus TORSTBR (n = 31) and BRP plus TORSTBR (n = 31) techniques were offered.
We compare the outcomes using an Epworth sleepiness scale (ESS) questionnaire, and measure the
patients’ apnea–hypopnea index (AHI), lowest O2 saturation, cumulative time spent below 90%
(CT90), and arousal index (AI) by polysomnography six months after surgery; we also measure their
length of hospital stay and complications between these two groups. Results: Comparing BRP plus
TORSTBR with UPPP plus TORSTBR, the surgical success rate is 67.74% and 38.71%, respectively. The
significantly higher surgical success rate in the BRP plus TORSTBR group was noted. The surgical
time is shorter in the BRP plus TORSTBR group. The complication rate is not significant in pain,
bleeding, dysgeusia, dysphagia, globus sensation, and prolonged suture stay, even though the BRP
plus TORSTBR rendered a higher percentage of globus sensation during swallowing and a more
prevalent requirement of suture removal one month after surgery. The length of hospital stay is not
significantly different between the two groups. Conclusion: In conclusion, BRP plus TORSTBR is a
considerable therapy for moderate to severe OSA patients with DISE showing a multi-level collapse
in velum and tongue base area. The BRP technique might offer a better anterior–posterior suspension
vector for palate level obstruction.

Keywords: obstructive sleep apnea; uvulopalatoplasty; barbed repositioning pharyngoplasty; tran-
soral robotic surgery tongue base reduction
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1. Introduction

Patients with obstructive sleep apnea (OSA) often have breathing problems in their
sleep due to partial or complete upper airway obstruction. In clinical research, the incidence
of symptomatic OSA in male patients was higher than that in females, and the male to
female prevalence ratio of OSA was 8:1 [1]. OSA often accompanied circulatory system
diseases, such as coronary heart disease, hypertension, and heart failure [2]. There were
also reported correlations of OSA to diabetes, Parkinsonism, Alzheimer’s disease, or
dementia [3–6]. In fact, olfactory disorders were demonstrated as being associated with
OSAS, with a significant linear correlation of threshold, discrimination, and identification
(TDI) parameters and apnea–hypopnea index (AHI) [7]. Sleep surgery is important to
improve life quality and decrease the symptoms of OSA patients [8]. Surgical treatment
is one strategy to reduce the obstruction in OSA. Sleep surgery removes the obstructive
tissue and enhances the cross-sectional airway area [8]. Surgeries for OSA focus on the
management of the tongue base, which is an anatomic target, and remove the retroglossal
airway and oropharyngeal obstructions in OSA patients [9]. Transoral robotic surgery
(TORS) is a novel surgical technique for OSA patients and provides a visual assistant
in targeted tissue operation for surgeons [10]. In addition, it also provides access to the
retrolingual area, allowing the removal of the results of recurrent lingual tonsillitis, which,
in patients who previously underwent tonsillectomies, can considerably reduce the air
space [11].

Uvulopalatopharyngoplasty (UPPP) is a commonly performed surgery for OSA. Un-
dergoing UPPP, the OSA patients had their tonsils resected and their uvula and soft palate
removed [12]. A previous study presented that UPPP with transoral robotic tongue base
reduction (TORSTBR) had the same rate of success as other surgical techniques, i.e., cobla-
tion tongue base resection and upper airway stimulation, and had clinical effects on the
improvements in AHI, lowest O2 saturation, and the Epworth sleepiness scale (ESS) for
OSA [13]. Lan et al. recommended that TORSTBR combined with UPPP could effectively
reduce disease severity in patients with moderate to severe OSA [14]. However, UPPP
demonstrated important fibrotic and stenotic complications secondary to the method;
therefore, the procedure should be considered carefully for OSAS treatment. The tongue
base is currently a crucial factor for moderate and severe OSA and could be effectively
treated by TORSTBR. TORSTBR combined palatal surgery is also widely accepted by sleep
surgeons all around the world, which provides better surgical results [15,16]. The barbed
repositioning pharyngoplasty (BRP) is a recent surgical technique, and using a barbed
suture allows for uninterruption of the muscular and mucosal structures [17]. BRP is
a quick surgical procedure and is considered safe, feasible, and effective for OSA [17].
However, the surgical outcome is limited in moderate to severe OSA patients, since most
of them have multilevel obstructions, including simultaneous retropalatal and retrolingual
obstructions [18]. The appropriate surgical treatment should be multilevel, and there is
still a lack of suitable surgical techniques for UPPP or BRP with TORSTBR in moderate
to severe OSA patients. Therefore, we performed two kinds of multilevel surgery for
moderate to severe OSA patients, including transoral robotic tongue base reduction with
simultaneous different palatal surgeries by BRP or UPPP plus TORSTBR, and we compared
the functional outcome and success rate in the patients with moderate to severe OSA.

2. Methods

2.1. Study Procedures

We conducted a retrospective case series with two comparative groups (UPPP plus
TORSTRB, BRP plus TORSTBR) to survey these two surgical outcomes for patients with
moderate to severe sleep apnea syndrome. This study was registered with the Research
Ethics Committee of China Medical University and Hospital. Clinically, all of the patients
were enrolled because of sleep apnea with loud snoring and symptoms of daytime sleepi-
ness. Patients included in the study were 20 years or older, had an AHI over 15, and
had more than three months postoperative polysomnography to diagnose their OSA as
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moderate to severe. All the PSG was performed overnight in a CMUH sleep center (Level
I sleep study). Physical examinations revealed at least grade II enlarged tonsils, Grade
III Mallampati score, and a thick soft palate with an elongated uvula [19]. Drug-induced
sleep endoscopy was performed for all the patients. All patients revealed vellum anterior–
posterior collapse over 50% and oropharyngeal lateral 50% collapse, reaching the Friedman
grade II of lingual tonsils hypertrophy without epiglottic collapse by drug-induced sleep
endoscopy (DISE) under the VOTE grading system [20]. In addition, all patients under-
went PSG, which revealed at least moderate and severe OSA. The patients without a
bulky tongue or those who were diagnosed to have mild sleep apnea were excluded from
our study. Following diagnosis, all patients underwent multilevel surgery for managing
multilevel obstruction by TORSTBR surgery with simultaneous palatal surgery by barbed
suspension pharyngoplasty or modified UPPP in CMUH from September 2016 to Septem-
ber 2019. All patients who underwent either UPPP plus TORSTBR or BRP plus TORSTBR
were enrolled. Informed consent for surgery was signed by both the sleep surgeon and
patients.

2.2. Participants

The 109 charts of OSA patients undergoing BRP or UPPP plus TORSTBR from Septem-
ber 2016 to September 2019 were reviewed. The included participants (n = 62) were
informed of the study process, and informed consent for a retrospective review of their
medical records was obtained before the study. We retrospectively reviewed patients who
underwent BRP plus TORSTBR (n = 31) and UPPP plus TORSTBR (n = 31) groups. All
of the tongue base volume resected was at least over 3 mL in both groups. (Figure 1).
All participants and one researcher, a statistician, who analyzed the outcomes data, were
unaware of the two surgical methods in this study.

 

Figure 1. The flow chart of the current study. OSA, obstructive sleep apnea; AHI, apnea–hypopnea
index; BRP, barbed repositioning pharyngoplasty; TORSTBR, transoral robotic tongue base reduction;
UPPP, uvulopalatopharyngoplasty.

2.3. Surgical Technique of BRP and UPPP

In the BRP plus TORSTBR group (Figure 2A,B), barbed suspension pharyngoplasty
was performed using a barbed suture V-Loc™ wound closure device in the soft palate for
increasing anterior–posterior and lateral space velum and stiffness of the soft palate. We
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used two V-Loc sutures and started bidirectional suturing after tonsillectomy from the
posterior nasal spine (midline of the junction of the soft palate and hard palate) through
to the posterior pillar and back to the soft palate, reintroducing the needle close to the
point of exit toward to pterygomandibular raphe near maxillary tuberosity, and then the
lateral pharyngeal wall, and repeatedly anchoring to the pterygomandibular raphe [17].
The procedure was repeated on the other side. The palatopharyngeal muscle was neither
divided nor repositioned.

 

Figure 2. Before (A) and after (B) barbed suspension pharyngoplasty in the BRP plus TORSTBR
group; before (C) and after (D) modified UPPP in the UPPP plus TORSTBR group.

In the UPPP plus TORSTBR group (Figure 2C,D), the surgery was under general
anesthesia, and the patient was put in a supine position with a shoulder roll for neck
extension. The Crowe–Davis mouth gag was applied for mouth opening. After a good
surgical view is gained, the same was secured for the bilateral. Tonsillectomy was per-
formed first by incising a 1 cm anterior tonsillar pillar cut above the upper pole of the
palatine tonsil using a #15 blade and then dissecting the tonsillar capsule off the underlying
palatal pharyngeal muscles [21]. A cold knife instrument was used, and the bleeder was
stopped by bipolar electrocautery. Then, we preserved the posterior tonsillar pillar for less
tension by suturing the posterior tonsillar pillar to the anterior tonsillar pillar by 3-0 vicryls
sutures interruptedly from the upper tonsillar fossa towards the tongue. The uvulectomy
was not routinely performed, except in instances where there was a longer uvula that was
redundant to the tongue base. Most of the uvulas were not resected and preserved in our
UPPP group patients.
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2.4. TORSTBR

All patients underwent TORSTBR under general anesthesia by nasotracheal intu-
bation [22,23]. The tongue base was exposed by a laryngeal advanced retractor system
(Fentex, Tuttlingen, Germany) using the proper size of tongue blade in order to expose the
tongue base. Then, the lingual tonsillectomy, including partial trimming of the tongue base
musculature, was performed under a 30-degree 3D camera endoscope by the monopolar
electrode. The resection area was 1.5 cm posterior to the foramen cecum. The width of
resection was 3 cm (1.5 cm apart from mid-line tongue base bilaterally), and the depth of
resection was 1.5 cm from the surface of the tongue base. The resection was performed
until the epiglottis was visible, without injury to the epiglottis mucosa.

2.5. Assessments

Following the normal medical care process, all OSA patients were assessed using
polysomnography (PSG) and ESS by the same otolaryngologist before and after the opera-
tions. The assessments were conducted in a sleep medicine center of CMUH.

2.5.1. Polysomnography

The standard PSG was used to analyze the patients in accordance with the American
Academy of Sleep Medicine (AASM) guidelines [24]. All OSA patients were assessed using
PSG and ESS by the same otolaryngologist before and at least six months after surgery. The
AHI, minimum SpO2%, cumulative time spent below 90% (CT90), and arousal index (AI)
were analyzed. AHI was calculated using the sum of apneas and hypopneas by sleep hours
and classified as mild (AHI = 5–15), moderate (AHI = 16–29), and severe (AHI ≥ 30) [25].
Surgical success has been traditionally defined as a reduction in the AHI by 50% and
AHI < 20 after surgery. The criteria for a treatment cure are defined as an AHI < 5 after
treatment.

2.5.2. Epworth Sleepiness Scale

The ESS is a self-administered questionnaire with eight items. A 4-point scale was
used to measure the falling asleep probability. The total score of ESS was a range from 0 to
24, and a higher ESS represented the higher daytime sleepiness [26].

2.5.3. Follow-Up Assessments

In the follow-up of clinical care, the patients in both BRP plus TORSTBR and UPPP
plus TORSTBR groups were monitored for adverse events, such as post-surgical pain, com-
plications, and removal suture after the surgeries. At the 3-day and 14-day postoperative
visits, the post-surgical pain was measured by the Visual Analogue Scale (VAS), scoring
from 0 (no pain) to 10 (severe pain) [27]. The records of removal suture 1 month after
surgery were collected. The complications of bleeding, dysgeusia, dysphagia, and globus
were monitored within one month by one physician.

2.6. Statistical Analysis

Statistical analyses were performed using SPSS 25 software (SPSS Inc., Chicago, IL,
USA). Data were expressed as mean ± standard deviation. The categorical variables were
analyzed by the chi-square test, and continuous variables were compared using the t-test.
For comparisons of variables before and after interventions, the paired t-test was used for
analysis. Effect size (d) was calculated in both groups and was classified according to the
study of Cohen et al. into very small (d < 0.2), small (0.2 ≤ d < 0.5), medium (0.5 ≤ d < 0.8),
and large (d ≥ 0.8) [28]. A p < 0.05 was considered statistically significant.

3. Results

Among the 62 patients in this analysis, 31 patients received the surgery of BRP plus
TORSTBR and 31 patients received the surgery of UPPP plus TORSTBR. There were no
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significant differences in demographic data between the two groups before the surgery (all
p > 0.05, Table 1).

Table 1. Demographic data of the two groups.

BRP Plus TORSTBR Group
(n = 31)

UPPP Plus TORSTBR Group
(n = 31)

p

Age 37.51 ± 9.42 39.61 ± 11.63 0.59
Male/female 26/5 24/7 0.52

Body mass index 28.22 ± 3.19 28.20 ± 3.62 0.88
Preop ESS 9.02 ± 4.57 11.02 ± 4.58 0.28

Tonsil grade 1.93 ± 1.14 2.11 ± 1.38 0.55
FTP 2.92 ± 0.66 3.01 ± 0.55 0.22

Preop AHI 46.35 ± 21.76 48.24 ± 21.18 0.69
UPPP, uvulopalatoplasty; BRP, barbed repositioning pharyngoplasty; TORSTBR, transoral robotic surgery tongue
base reduction; FTP, Friedman Tongue Position; AHI, apnea–hypopnea index.

In Table 2, after undergoing the operation of BRP plus TORSTBR, the BRP plus
TORSTBR group had significantly improved the outcomes of ESS, AHI, minimum SpO2%,
CT90, and AI (all p < 0.05, effect size d = 0.68–1.12). Similarly, in the UPPP plus TORSTBR
group, significant improvements in all variables were found after the operation (all p < 0.05,
effect size d = 0.52–0.97).

Table 2. Within-group comparison of the treatment outcomes.

BRP Plus TORSTBR Group
(n = 31)

UPPP Plus TORSTBR Group
(n = 31)

Pre-Op Post-Op p Effect Size Pre-Op Post-Op p Effect Size

ESS 9.03 ± 4.52 6.60 ± 3.82 0.02 * 0.58 11.01 ± 4.52 7.82 ± 3.45 0.01 * 0.79
AHI 46.21 ± 22.03 21.60 ± 21.54 0.001 * 1.12 45.13 ± 19.31 28.75 ± 23.09 0.04 * 0.76

Minimum
SpO2% 76.44 ± 7.63 80.51 ± 7.33 0.02 * 0.54 75.12 ± 7.66 82.56 ± 7.64 0.02 * 0.97

CT90 16.32 ± 17.13 6.95 ± 10.46 0.001 * 0.66 14.24 ± 14.65 7.54 ± 10.37 0.03 * 0.52
AI 31.66 ± 23.53 14.39 ± 18.34 0.001 * 0.81 33.3 ± 19.24 16.5 ± 17.57 0.01 * 0.91

* p < 0.05. CT90, cumulative time spent below 90%; AI, arousal index; UPPP, uvulopalatoplasty; BRP, barbed repositioning pharyngoplasty;
TORSTBR, transoral robotic surgery tongue base reduction; AHI, apnea–hypopnea index.

Before the operations, there were no significant differences in the patients with differ-
ent levels of AHI (p > 0.05, Table 3). The numbers of patients with normal and abnormal
AHI also did not show a significant difference (p > 0.05). Compared to the UPPP plus
TORSTBR group, the higher increases in AHI reduction, AHI reduction rate, and surgical
success were noted in the BRP plus TORSTBR group (all p < 0.05). However, there was no
significant difference in cure after the operation between the two groups.

For postoperative visits, there were no significant differences in pain VAS between
the BRP plus TORSTBR and UPPP plus TORSTBR groups at the 3-day (5.31 ± 3.76 versus
5.74 ± 4.21, p = 0.67) and 14-day marks (3.78 ± 2.87 versus 4.32 ± 3.56, p = 0.51). The
length of hospital stay was not significantly different between the two groups. Within one
month, one patient had bleeding (3.22%), one patient had dysgeusia (3.22%), five patients
(16.12%) had dysphagia, and seven patients had globus (22.58%) in the BRP plus TORS
group. In the UPPP plus TORSTBR group, two patients had bleeding (6.45%), one patient
had dysgeusia (3.22%), six patients (19.35%) had dysphagia, and three patients had globus
(9.67%). However, there were no significant differences in symptoms of bleeding, dysgeusia,
and globus between the two groups (all p > 0.05). The records of removal suture after one
month were found that eleven patients (35.48%) in BRP plus TORSTBR were needed, and
three patients (9.67%) in UPPP plus TORSTBR were needed. No significant difference in
records of removal sutures between the two groups was noted (p = 0.07).

106



J. Clin. Med. 2021, 10, 3169

Table 3. Between-group comparison of the treatment outcomes.

BRP Plus TORSTBR
Group
(n = 31)

UPPP Plus
TORSTBR Group

(n = 31)
p

Pre-op AHI
Mild (AHI 5–15) (n, %) 0 (0%) 0(0%) 0.75
Moderate (AHI 16–30)(n, %) 11 (35.48%) 10 (32.25%)
Severe (AHI > 30)(n, %) 20 (64.51%) 21 (67.74%)

Postop AHI
Normal (AHI < 5)(n, %) 6 (19.35%) 8 (25.80%) 0.54
Abnormal(AHI ≥ 5) (n, %) 25 (80.64%) 23 (74.19%)

AHI reduction 24.73 ± 10.46 17.34 ± 14.82 0.04 *
AHI reduction rate (%) 62.01 ± 3.03 43.07 ± 9.06 0.01 *
Outcome

Cure (n, %) 6 (19.35%) 5 (16.12%) 0.69
Surgical success (n, %) 21 (67.74%) 12 (38.71%) 0.02 *

Comorbidities
Bleeding (n, %) 1 (3.22%) 2 (6.45%) 0.55
Dysgeusia (n, %) 1 (3.22%) 1 (3.22%) 1.00
Dysphagia (n, %) 5 (16.12%) 6 (19.35%) 0.73
Globus (n, %) 7 (22.58%) 3 (9.67%) 0.16

* p < 0.05. UPPP, uvulopalatoplasty; BRP, barbed repositioning pharyngoplasty; TORSTBR, transoral robotic
surgery tongue base reduction; AHI.

4. Discussion

The incidences of OSA syndrome have increased threefold in the last 20 years [29].
Single-level surgery had a limited number of successful surgical results in the last two
decades [29]. UPPP with or without tonsillectomy could not only improve the respiratory
events during night sleep but also improve sleep quality, depression, sexual function,
ventricular function, and promote safe driving in OSA patients [30]. However, the surgery
for moderate and severe OSA by UPPP base therapy produced a limited successful outcome.
The BMI, AHI severity, age of patient, pattern of airway collapse, experience of the surgeon,
and even the patient’s choice all affect the treatment outcome [31]. In addition, the tongue
base is addressed more by sleep physicians in moderate and severe OSA patients in the
practice of drug-induced sleep endoscopy. Therefore, managing the tongue base could
result in further treatment for surgical failure by palatal surgery only. Vicini et al. applied
the robotic tongue base surgery combined with ESP to treat OSA patients and reported a
higher surgical success rate [15]. Besides, various palatal surgeries that are combined with
TORS produce a higher surgical success rate, as found by Cammaroto et al. [16].

Managing the tongue is not only a diagnostic issue, it also affects the surgical treatment
strategy. The unresolved sleep apnea forces the sleep physicians to apply the drug-induced
sleep endoscopy to find out the anatomic obstruction site of the upper airway to surgically
solve the OSA. In the current study, we compared the effects on ESS, AHI, minimum
SpO2%, CT90, and AI in BRP plus TORSTBR and UPPP plus TORSTBR treatment groups.
Significant improvements after BRP or UPPP plus TORSTBR were found in the patients
with moderate to severe OSA, and medium to large effect sizes in the BRP plus TORSTBR
group (d = 0.54–0.81) and UPPP plus TORSTBR group (d = 0.52–0.97) were revealed. In
the recent literature, simultaneous retropalatal and retroglossal collapse or obstruction are
frequently found in 25–33% of OSA cases [32–34]. Therefore, multilevel surgery for patients
with OSA should be considered to achieve more effective outcomes than single-level
surgery. Multilevel surgery rendered a 66% surgical success rate offered by Lin et al. [35].
Our results revealed that the surgery of BRP plus TORSTBR had a better AHI reduction
rate and surgical success rate on moderate to severe OSA than the operation of UPPP
plus TORSTBR, although outcomes were not significantly different since both methods
reduced disease severity in ESS, AHI, minimum SpO2%, CT90, and AI, measured by post-
operation PSG. Concerning palatal surgery as a part of the multilevel surgery, there was
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still residual obstruction at the retropalatal level, even after palatal surgery. Thus, plenty of
crucial innovations for palatal surgery are offered as relocation pharyngoplasty, expansion
sphincter palatoplasty, and suspension palatoplasty in order to achieve higher surgical
success [36,37]. The number of palatal surgeries performed with barbed suture has been
rising recently due to the innovation in suture stitches by v-loc sutures. The barbed suture
in pharyngoplasty was demonstrated by Mantovani et al. in 2013 [38] and Salamanca et al.
in 2014 [39], and following this, pharyngoplasty performed with barbed suture increased
and became more widely recommended. Barbed reposition pharyngoplasty in multilevel
surgery was noted by Vicini et al., as it could conduct a widening of the oropharyngeal
lateral wall and forward sustaining of the soft palate; it was also faster, easier, and more
feasible within the robotic surgery framework [40].

Barbed reposition pharyngoplasty has had the same effect as expansion sphincter
pharyngoplasty combined with anterior palatoplasty in terms of enlarging both the lateral
and anteroposterior direction of retropalatal space in the study by Babademez et al. [41].
Barbed suspension pharyngoplasty was shown in a 2019 study by Barbieri et al., and
the study compared barbed reposition pharyngoplasty and barbed suspension pharyngo-
plasty [42]. Both surgeries had the same excellent result. The BRP was the less invasive
procedure for preserving palatopharyngeal muscle than barbed reposition pharyngoplasty,
and the comparisons of cured rates between BRP and BRP were not statically signifi-
cant [42]. In our study, we selected patients with moderate to severe OSA and proved
multilevel collapse (retropalatal and retroglossal spaces collapse) for multilevel surgery by
DISE. After enrolling these patients, we completed multilevel surgery, including the palatal
surgery with TORSTBR to compare its effects in different palatal surgeries (BRP versus
modified UPPP). We analyzed the pre-operative and postoperative polysomnography data,
Epworth sleepiness scale, tonsil grade, and the Friedman tongue position between the BRP
and UPPP groups.

Figure 3 illustrates the difference in palatal suture mechanism of BRP plus TORSTBR
and UPPP plus TORSTBR techniques. The barbed palatal suture offered a good quality of
posterior tonsillar pillar suspension and lateralization vector to increase not only anterior–
posterior diameter but also to widen the lateral space of the retropalatal area [43]. In
addition, the palatoglossus muscle suture being fixed to the pterygo-mandible-raphy
offered the opportunity for the suspension vector to keep the tongue base from dropping.
Therefore, we were able to not only widen the retropalatal space but also increase the
anterior–posterior diameter of the retroglossal area [44]. Our findings were similar to the
results of Cammaroto et al., and the effect of the barbed palatal suture mechanism was
proven [16].

 
Figure 3. The palatal suture mechanism of BRP plus TORSTBR (A) and UPPP plus TORSTBR (B)
techniques.
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The pre-operative data between the two groups were not significantly different. The
postoperative AHI and ESS were significantly decreased in both groups, and multilevel
surgery was considered to be effective. The surgical success rate of the BRP plus TORSTBR
group (67.74%) was significantly superior to UPPP plus TORSTBR group (38.71%), and
it indicated that the different palatal surgery performed in multilevel OSA surgery had a
different effect on surgical success. BRP is superior to modified UPPP in multilevel surgery
for moderate to severe OSA patients. The results of our study are similar to the outcomes
of Cammaroto et al. [16]. Modified UPPP with TORSTBR had a poor success rate of 38.71%.
In our patient data, the Friedman tongue position in the UPPP group is not significantly
severe compared to those in the BRP group. However, a higher surgical success rate is
obtained in the BRP group. Therefore, we consider BRP to be more suitable as a part
of multilevel surgery for moderate and severe OSA in managing the retroglossal space
narrowing related OSA.

Barbed surgery had an advantage in terms of reduced operative time (less knot time),
less knot rupture, more stiffness of the soft palate, and fewer minor complications, such as
extruded thread, bleeding, suture rupture, and pharyngoplasty dehiscence [45]. Barbed
suspension pharyngoplasty in multilevel surgery is the more feasible, faster, and less
invasive method [46]. However, further study is warranted for comparing BRP to lateral
pharyngoplasty and extension sphincter pharyngoplasty to treat moderate and severe
OSA. In the current study, the complications included post-operational pain, bleeding,
dysgeusia, transient dysphagia, throat globus sensation, and the need to remove prolonged
stitches after one month; all showed no significant differences between the BRP plus
TORSTBR versus UPPP plus TORSTBR groups (p > 0.05). Although there was a higher rate
of prolonged stitches that needed to be removed one month after surgery, no significance
could be found. Thus, we need to care for the prolonged stitches in patients who receive
barbed suspension palatoplasty.

There are some limitations to the current study. The small sample size is one of the
main limits of our study, and the non-parametric approach means that we were unable to
adjust for potential confounders. Long-term results of barbed suspension pharyngoplasty
in multilevel surgery are warranted. In the future, prospective, randomized, and controlled
trials that incorporate similar surgical techniques will be needed to evaluate the efficacy of
different palatal surgeries in multilevel surgery.

5. Conclusions

In our study, BRP with TORSTBR was a feasible, faster, and effective multilevel surgery
for moderate to severe OSA. Modified UPPP might be less effective compared to BRP as a
part of multilevel surgery for moderate to severe OSA.

Author Contributions: Y.-A.T. and W.-D.C. contributed to designing the method and wrote the first
draft of the report, with input from the other authors. C.-C.H., L.-C.S., T.-C.L., C.-J.C., V.H.-C.T., and
M.-H.T. collected data and conducted the data analyses. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no funding.

Institutional Review Board Statement: The study protocol was approved by the Internal Review
Board of China Medical University Hospital (No. CMUH106-REC2-027, approved on 23 March 2017).

Informed Consent Statement: All participants provided written informed consent before study.

Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors are grateful to the support from Ministry of Science and Technology
(No. 109-2410-H-028 -002 and 108-2410-H-028 -007) in Taiwan.

Conflicts of Interest: The authors declare no conflict of interests regarding the publication of this paper.

109



J. Clin. Med. 2021, 10, 3169

Abbreviations

OSA obstructive sleep apnea
TDI threshold, discrimination, and identification
FTP Friedman Tongue Position
CT90 cumulative time spent below 90%
AI arousal index
DISE drug-induced sleep endoscopy
UPPP uvulopalatoplasty
BRP barbed repositioning pharyngoplasty
TORS transoral robotic surgery
TORSTBR transoral robotic surgery tongue base reduction
AHI apnea–hypopnea index
PSG polysomnography
AASM American Academy of Sleep Medicine
VAS Visual Analogue Scale
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Abstract: Background: Several single-arm prospective studies have demonstrated the safety and
effectiveness of upper airway stimulation (UAS) for obstructive sleep apnea. There is limited evidence
from randomized, controlled trials of the therapy benefit in terms of OSA burden and its symptoms.
Methods: We conducted a multicenter, double-blinded, randomized, sham-controlled, crossover trial
to examine the effect of therapeutic stimulation (Stim) versus sham stimulation (Sham) on the apnea-
hypopnea index (AHI) and the Epworth Sleepiness Scale (ESS). We also examined the Functional
Outcomes of Sleep Questionnaire (FOSQ) on sleep architecture. We analyzed crossover outcome
measures after two weeks using repeated measures models controlling for treatment order. Results:
The study randomized 89 participants 1:1 to Stim (45) versus Sham (44). After one week, the AHI
response rate was 76.7% with Stim and 29.5% with Sham, a difference of 47.2% (95% CI: 24.4 to 64.9,
p < 0.001) between the two groups. Similarly, ESS was 7.5 ± 4.9 with Stim and 12.0 ± 4.3 with Sham,
with a significant difference of 4.6 (95% CI: 3.1 to 6.1) between the two groups. The crossover phase
showed no carryover effect. Among 86 participants who completed both phases, the treatment
difference between Stim vs. Sham for AHI was −15.5 (95% CI −18.3 to −12.8), for ESS it was −3.3
(95% CI −4.4 to −2.2), and for FOSQ it was 2.1 (95% CI 1.4 to 2.8). UAS effectively treated both
REM and NREM sleep disordered breathing. Conclusions: In comparison with sham stimulation,
therapeutic UAS reduced OSA severity, sleepiness symptoms, and improved quality of life among
participants with moderate-to-severe OSA.

Keywords: hypoglossal nerve stimulation; obstructive sleep apnea; upper airway stimulation;
surgical treatments; randomized trial

1. Introduction

Obstructive sleep apnea (OSA) is a common and under-recognized disease in western
industrialized countries. In the United States, the estimated prevalence of moderate-to-
severe OSA in those 30–70 years old is 6% in women and 13% in men [1]. In the HypnoLaus
study from Switzerland, Heinzer et al. reported mild OSA in nearly 40% of men under
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60 years of age [2]. The Wisconsin Sleep Cohort Study, established over two decades ago,
demonstrated a relationship between OSA and obesity, thus, as obesity increases globally,
the incidence of OSA is expected to increase as well [3]. The standard treatment for OSA is
continuous positive airway pressure (CPAP), which is effective but fraught with challenges
of maintaining adherence [4]. Other treatment options include mandibular advancement
devices (MAD), weight loss, behavior modifications, and surgical options [4,5].

Breathing-cycle-synchronized selective upper airway stimulation (UAS) has evolved
as a viable treatment for OSA patients intolerant of CPAP [6,7]. UAS targets the loss
of upper airway muscle tone during sleep, mainly in the genioglossus muscle [6,8,9].
Several multicenter prospective clinical trials have demonstrated the effectiveness of UAS
in participants with moderate-to-severe OSA [10–17]. The initial multicenter Stimulation
Therapy for Apnea Reduction (STAR) trial in 2014 demonstrated a decrease in the apnea–
hypopnea index (AHI) from 32.0/h at baseline to 15.3/h after 12 months (p < 0.001) [10].
Additional data from this cohort showed a sustained AHI reduction after 5 years [15].
Several additional multicenter international prospective studies subsequent to the STAR
trial have reported the consistent effectiveness of UAS as well as a favorable safety profile
and patient receptivity [16–19].

The STAR trial included a randomized withdrawal study arm performed after 12 months.
By protocol, the first 46 successfully treated participants were randomized to either therapy
maintenance (therapy remained active) or therapy withdrawal. After one week, partici-
pants were then reassessed with an in-lab polysomnography (PSG) [20]. The AHI in the
therapy withdrawal group increased to the levels observed before surgery, while the AHI
in the therapy maintenance group remained stable. The trial’s main limitation was only
including participants who were responders to therapy. To address this limitation, we
designed a randomized control trial to prospectively enroll UAS recipients regardless of
their therapy response. The primary endpoints were the improvement in sleep disordered
breathing measured by the AHI and self-reported daytime sleepiness assessed by the
Epworth Sleepiness Scale (ESS). Secondary endpoints included the change in sleep-related
quality of life using the Functional Outcomes of Sleep Questionnaire (FOSQ) and the
Clinical Global Impression of Improvement (CGI-I) by the treating investigators, as well as
the differential impact of UAS on sleep-disordered breathing in NREM versus REM sleep.

2. Materials and Methods

Trial design and participants The effect of Upper Airway Stimulation in patients with
OSA (EFFECT) trial was a multicenter, double-blinded, randomized, sham-controlled,
crossover study. All participants were recruited from three clinical centers in Germany
(Mannheim, Munich, and Luebeck). Klinikum rechts der Isar, Technical University of
Munich, coordinated and managed the trial. The relevant regulatory authorities and ethics
committees at each participating site approved the protocol. The crossover study design
assessed the treatment effect of UAS at two different time points with two therapy settings.
The study flow chart is depicted in Figure 1. The study was registered at clinicaltrials.gov
(NCT03760328).

Participants received implantation of UAS (Inspire Medical Systems, Golden Valley,
MN, USA) at least six months prior to enrollment. The main inclusion criteria for UAS
were moderate-to-severe OSA (AHI ≥ 15), CPAP intolerance, and the absence of complete
concentric retropalatal collapse during drug-induced sleep endoscopy. All recipients of
UAS between 2014 to 2019 were eligible for recruitment and were consecutively recruited
regardless of whether they were responders or non-responders to therapy according to the
Sher criteria [21]. All participants gave written informed consent.

Randomization and masking Upon completion of the baseline PSG with therapy ON,
each participant was randomized 1:1 to one of two groups: therapeutic stimulation (Stim)
or sham stimulation (Sham) using a centralized, computer-generated, password-protected
system. The UAS devices implanted in the participants were then programmed to the
setting assigned to their respective groups, i.e., Stim (continued therapeutic stimulation, av-
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erage amplitude 1.6 V ± 0.7) and Sham (stimulation voltage set at 0.1 V as a subtherapeutic
stimulation level and a deception for the patient).

Figure 1. Flow diagram of the EFFECT randomized sham-controlled crossover trial.

The sleep technician at each center randomized the sequence of the intervention
participants were exposed to and programmed their devices without the knowledge of the
participant or physician investigator, who remained blinded to the randomization status.
The PSGs were analyzed and scored by another sleep technician, who was blinded during
all procedures.

Procedures The crossover design of the EFFECT study included three separate visits
at intervals of one week. All participants received therapeutic stimulation during the
first visit (baseline visit). After receiving randomized assignment, the Stim–Sham group
received therapeutic stimulation while the Sham–Stim group received sham stimulation
for one week. During the second week, the Stim–Sham group received sham stimulation
while the Sham–Stim group received therapeutic stimulation. At each of the three study
visits, participants underwent PSG. AHI and oxygen desaturation index (ODI) were scored
using standard 2017 scoring criteria of the AASM, with hypopnea scored according to 30%
airflow reduction and 4% oxygen desaturation [22]. At each visit, participants completed
a standard medical history and demographic survey that documented body mass index
(BMI), sex, blood pressure, race, current medications, alcohol use, a functional tongue
exam, snoring history, and a Clinical Global Impression-Improvement (CGI-I) assessment.
Participants also completed two questionnaires, ESS and FOSQ, and a Patient Satisfaction
Survey (PSS) [23,24].

Study Outcome Measures The study had two co-primary endpoints. The first was the
proportion of AHI responders between parallel randomized groups at the 1-week visit.
AHI responder was defined as AHI ≤ 15/h. The second co-primary endpoint was the
self-reported sleepiness measure using the ESS questionnaire at the 1-week visit. If the
primary efficacy endpoints were met, the endpoints were then analyzed according to the
crossover design. For additional outcome measures, participants completed the FOSQ,
a quality-of-life questionnaire designed specifically to evaluate the impact of excessive
sleepiness on activities of daily living, at every visit. Clinicians assessed participants
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using the CGI-I scale to measure the severity of participants’ overall improvement with
the intervention. The 7-point CGI-I scale requires the clinician to assess how much a
participant’s illness has improved or worsened relative to a baseline state at the beginning
of the intervention. Finally, sleep data on each participant was collected at every visit
using an in-lab PSG. The recorded data was converted and scored for analysis by a blinded
independent sleep technician at each site.

Statistical analysis Sample size was conservatively estimated for the parallel group
comparisons of the 1-week endpoints. For the primary endpoints, a one-sided chi-square
test of superiority with a superiority margin of 10% was used with the following assump-
tions: one-sided Type I error of 0.25, power of ≥ 80%, expected response rates of 70%
with continued therapeutic stimulation and 30% with sham stimulation with a superiority
margin Δ of 10%. Under these assumptions, the required minimum sample size was 84 par-
ticipants (42 per group). The significance level of 0.025 was based on a two-sided Type I
error rate of 5%. A one-sided test was performed because we were testing the expected
response rate with a superiority margin. For the co-primary endpoint, self-reported sleepi-
ness, the test was a one-sided test of null improvement of 2 points using a t-test under the
following assumptions: overall one-sided Type I error of 0.025 and power ≥80%. Under
these assumptions, the required minimum sample size was 24 participants (12 per group).
The required minimum sample size was based on the observed improvement in the STAR
trial, assuming the same means and standard deviations of ESS of 5.6 ± 3.9 with therapy
ON and 10.0 ± 6.0 with therapy OFF [10,20].

We analyzed crossover outcome measures after 2 weeks using repeated measures
models controlling for treatment order. To compare the PSG characteristics, ESS and FOSQ
between Stim versus Sham, we used a random effects model including the baseline value
as a covariate and controlling for testing order. P-values shown reflect the test of difference
between Stim and Sham in changes from baseline.

3. Results

A total of 89 participants were assessed for eligibility and randomized between December
2018 and November 2019 (Figure 1). After the baseline visit with therapy, 45 participants were
randomized to the Stim–Sham group and 44 participants to the Sham–Stim group. Three
participants did not complete the study: two participants from the Stim–Sham group were
lost to follow-up prior to the 1-week visit. One participant from the Sham–Stim group exited
the study prior to the 2-week visit due to a stroke that was deemed unrelated to UAS. Baseline
characteristics of the study cohort revealed that the two groups were well-balanced in baseline
characteristics (Table 1). The participants were middle-aged and mildly obese with moderate-
to-severe OSA. The average UAS use in the Stim–Sham group was 33.9 ± 22.6 months versus
26.4 ± 15.4 in the Sham–Stim group (p = 0.07).

Table 1. Baseline Characteristics by Randomization Group.

All
n = 89

Stim–Sham
n = 45

Sham–Stim
n = 44

Age, years 57.5 ± 9.8 58.3 ± 9.4 56.6 ± 10.4

BMI, kg/m2 29.2 ± 4.4 28.6 ± 3.7 29.5 ± 3.9

Male sex, % 81.0 82.2 79.5

Race, % Caucasian 100 100 100

Baseline ESS 7.0 ± 4.4 7.0 ± 4.2 7.0 ± 4.6

Baseline ESS before implantation 10.6 ± 3.8 10.0 ± 4.7 10.0 ± 4.7

Baseline AHI 8.3 ± 8.9 9.7 ± 8.5 6.9 ± 9.2

Baseline AHI before implantation 32.3 ± 11.4 32.1 ± 9.8 31.9 ± 11.4
Values are presented as mean ± standard deviation or % (n). AHI = apnea–hypopnea index, BMI = body mass
index, ESS = Epworth Sleepiness Scale.
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Stimulation versus Sham Stimulation One week after the randomization, there was
a statistically significantly difference in the Stim–Sham group (73.3%) regarding AHI-
responders compared to the Sham–Stim group (29.5%), a difference of 43.8% (95% CI
25.1–62.5, p < 0.001) between the parallel randomized groups based on intention-to-treat
analysis, i.e., the two participants in the Stim–Sham lost to follow-up were treated as AHI
non-responders (see Table 2). The effect size of the treatment difference measured by
Crohn’s h was 0.99, showing a large effect size.

Table 2. Primary Endpoint 1: ITT comparison of proportions with AHI ≤ 15 by randomization group
at visit 2.

Endpoint Treatment 1 Treatment 2 Difference (95% CI) p-Value

AHI ≤ 15 (ITT) 73.3% (33/45) 29.5% (13/44) 43.8% (25.1, 62.5) < 0.001

For sensitivity analysis of AHI ≤ 10, the response rate was 51.1% versus 15.9% and
for AHI ≤ 5, 35.6% versus 0% between the Stim–Sham and Sham–Stim group (see Table 3).
The average ESS change from the Stim–Sham group was 0.4 ± 2.3 and from the Sham–Stim
group was 5.0 ± 4.6, with a significant difference of 4.6 (95% CI of 3.1 to 6.1, p = 0.001)
between the two groups, exceeding the two point superiority margin. The effect size of
the treatment difference measured by Cohen’s d was 1.07, showing a large effect size. The
EFFECT study met both co-primary endpoints.

Table 3. Primary Endpoint 1 Sensitivity: Comparison of proportions with AHI ≤ 10 and 5 by
randomization group at visit 2.

Endpoint Treatment 1 Treatment 2

AHI ≤ 10 (ITT) 51.1% (23/45) 15.9% (7/44)

AHI ≤ 5 (ITT) 35.6% (16/45) 0.0% (0/44)

AHI changes over time showed a significant decrease in AHI with Stim compared to
Sham during the baseline, 1-week and 2-week visits (see Figure 2A). Similarly, participants
reported a lower ESS with Stim as opposed to Sham during all visits (Figure 2B).

Crossover Analysis We assessed the change of AHI and ESS from the baseline to the
1-week and 2-week visits between the Stim–Sham and Sham–Stim groups and found
no statistical evidence of a carryover effect for AHI (p = 0.55) or ESS (p = 0.23). Table 4
compares outcome measures between Stim and Sham from all complete participants under
the crossover design.

Table 4 also shows other PSG parameters, highlighting the differential impact of Stim
versus Sham on OSA as well as NREM versus REM sleep over the entire monitoring period.
There were significant treatment differences between Stim and Sham in AHI, the apnea
index, AHI in both supine and non-supine position, and AHI in both REM and non-REM
(N1, N2, N3) sleep. The central and mixed apnea index did not differ between groups. The
oxygen desaturation index, minimal measured oxygen saturation, and total time oxygen
saturation <90% were lower with Stim, while mean oxygen saturation showed no difference
(See Supplement for Complete PSG Data).

FOSQ improved with Stim compared to Sham (17.0 ± 3.2 versus 14.9 ± 3.6 points;
p < 0.001). The CGI-I in the Stim group revealed that 76% of physician investigators rated
syndromic improvement. A much stronger effect was detected in the Sham stimulation
group, where 95% of physician investigators rated syndromic worsening (See Supplement
Table S2).

For patient and physician assessment of study arm allocation at the 1-week and 2-week
visits after randomization, participants and physicians were asked to guess whether the
participants were in the therapeutic stimulation group or in the sham stimulation group.
Among participants, 92% guessed correctly, 3.5% guessed incorrectly, and the remaining
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3.5% did not guess. Of physicians, 90% guessed correctly, 1.3% guessed wrong, and the
remaining 8.7% did not guess.

The only serious adverse event in this trial was a stroke suffered by one participant in
the Sham–Stim group during the time period of stimulation ON. He completely recovered
from this event. No other adverse and severe adverse events were detected.

 
(A) 

 
(B) 

Figure 2. (A) OSA severity measured by apnea–hypopnea index (AHI) in response to upper airway
stimulation versus sham. AHI values (mean and standard error bar) without stimulation before
implantation and with stimulation at baseline, 1-week and 2-week visits for stim–sham and sham–stim
groups. AHI values <15 events per hour of sleep considered as free of moderate-to-severe OSA [22].
(B). Subjective sleep propensity by Epworth Sleepiness Scale (ESS) in response to upper airway
stimulation versus sham. ESS values <10 considered as free of excessive of daytime sleepiness [23].
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Table 4. Change from baseline between Stim versus Sham in all participants with moderate to
severe OSA.

Parameter
Stim

(n = 86)
Sham

(n = 86)
Treatment
Difference

p-Value

PSG Parameters

AHI (events/h) 0.6 (−1.8, 2.9) 16.1 (13.7, 18.4) −15.5 (−18.3, −12.8) <0.001

ODI (events/h) 0.6 (−1.9, 3.0) 12.7 (10.3, 15.2) −12.2 (−14.8, −9.6) <0.001

Apnea index (events/h) 0.5 (−1.2, 2.3) 8.9 (7.2, 10.7) −8.4 (−10.6, −6.2) <0.001

AHI in supine
position (events/h) 2.2 (−2.3, 6.6) 23.8 (19.4, 28.2) −21.6 (−27.2, −16.0) <0.001

AHI in non-supine
position (events/h) −0.1 (−3.2, 2.9) 3.1 (0.1, 6.1) −3.3 (−6.4, −0.1) 0.044

AHI in REM sleep
(events/h) 2.0 (−1.6, 5.6) 17.1 (13.5, 20.6) −15.1 (−19.7, −10.5) <0.001

AHI in non-REM sleep
(events/h) 0.0 (−2.4, 2.5) 15.7 (13.3, 18.2) −15.7 (−18.5, −12.8) <0.001

Central Apnea
Index (events/h) 0.1 (−0.1, 0.4) 0.3 (0.0, 0.5) −0.1 (−0.4, 0.1) 0.285

Mixed Apnea
Index (events/h) 0.1 (−0.3, 0.4) 0.3 (−0.1, 0.6) −0.2 (−0.6, 0.2) 0.355

Central Mixed
Apnea Index (events/h) −0.0 (−0.8, 0.7) 0.4 (−0.3, 1.1) −0.4 (−1.2, 0.4) 0.283

Hypopnea Index
(events/h) 0.0 (−1.6, 1.6) 7.0 (5.4, 8.6) −7.0 (−8.9, −5.1) <0.001

Minimal measured SaO2
(%) −0.9 (−1.9, 0.2) −4.0 (−5.0,

−3.0) 3.1 (2.1, 4.2) <0.001

Mean SaO2 (%) −0.2 (−0.9, 0.4) −0.5 (−1.2, 0.1) 0.3 (−0.5, 1.1) 0.493

Total time SaO2 <90% 2.4 (−1.7, 6.4) 9.0 (4.9, 13.0) −6.6 (−11.2, −2.0) 0.005

Quality of life measures

ESS (points) 0.2 (−0.7, 1.1) 3.5 (2.6, 4.4) −3.3 (−4.4, −2.2) <0.001

FOSQ (points) 0.2 (−0.5, 0.9) −1.9 (−2.6,
−1.2) 2.1 (1.4, 2.8) <0.001

4. Discussion

The main findings of this study are that therapeutic stimulation of the hypoglossal
nerve effectively treated 76.7% of participants with moderate-to-severe OSA and reduced
self-reported daytime sleepiness, as compared to those with sham stimulation. After the
initial sham-controlled comparison, the second crossover phase of the study showed no
carryover effect. Therapeutic stimulation significantly reduced AHI, ODI and ESS and
improved FOSQ. Sham stimulation led to a recurrence of OSA after one week and a return
of subjective sleepiness. In addition, REM and NREM related sleep-disordered breathing
were effectively treated with therapeutic stimulation versus sham stimulation.

Several multicenter single arm prospective trials have demonstrated UAS to be highly
effective [13,15,18,19,25,26]. Adequately powered, double-blinded, randomized, controlled
trials are the gold standard for intervention studies eliminating the influence of unknown
or immeasurable confounding variables that may otherwise lead to biased and incorrect
estimates of treatment effect. Previously, only the STAR trial had included a randomized
therapy withdrawal arm among therapy responders of 46 participants. The EFFECT trial
provides additional support the efficacy of UAS with a randomized, sham-controlled
crossover study of 89 participants. Both RCTs demonstrate consistent UAS treatment
benefits in terms of OSA burden and severity, quality of life indices, and favorable sleep
architectural features.

Many patients may suffer from high cardiovascular risk if their OSA remains untreated
or suboptimally treated [27]. If patients fail standard treatment with CPAP, UAS is a suitable
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intervention to treat sleepiness and impaired quality of life related to OSA. Because the
study period was short, we did not measure any cardiovascular outcome parameters.
However, it is biologically plausible that a decreased AHI and daytime sleepiness over the
longer-term should be associated with improvement of cardiovascular outcomes [28].

Our observation that UAS effectively treats both NREM- and REM-related OSA is
important. REM sleep is physiologically distinct from NREM sleep. REM-related sleep-
disordered breathing is complicated by decreased lung volumes, increased upper airway
collapsibility, increased sympathetic tone, and decreased respiratory drive that result in
longer obstructive events, greater desaturation, and an increased rise in blood pressure
at the end of an obstructive apnea [29]. Reports indicate that REM-related OSA has been
independently associated with cardiovascular, neurocognitive, and metabolic risk [30]. For
any treatment to be considered completely successful, OSA in REM, as well as NREM sleep,
must be addressed [30].

4.1. Strengths of the Study

The strengths of the study include the randomized design, the use of a crossover
approach, enhanced study efficiency, and increased power, allowing for the use of a smaller
sample size because participants served as their own control. This trial had a low dropout
rate despite the use of a crossover design that prolonged the length of the study. To the
greatest possible extent, we also attempted to minimize bias by ensuring all participants
and the research team were blinded to randomization assignment.

4.2. Limitations of the Study

This study had several limitations. The study population was predominately male
(81%) and exclusively Caucasian. Our findings therefore may not be generalizable to
women or the non-Caucasian population. Most participants randomized to sham stimu-
lation became aware of the group allocation, and this may have affected subjective out-
comes [31]. Because of ethical concerns and ethic committee requirements, the withdrawal
period was one week. The limited withdrawal period precluded evaluating long-term
consequences of subtherapeutic UAS, e.g., cardiovascular events and increased mortality
associated with untreated OSA.

5. Conclusions

Therapeutic UAS reduced OSA severity among participants with moderate-to-severe
OSA who did not tolerate CPAP. However, subtherapeutic UAS leads to the return of OSA
severity within the first week of therapy withdrawal and is associated with an increase in
self-reported sleepiness and a negative impact on sleep-related quality of life.
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versus Sham. Table S2: Sleep Architectural Differences in Response to Upper Airway Stimulation
versus Sham.
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Abstract: The aim of this study was to determine the utility of respiratory resistance as a predictor
of oral appliance (OA) response in obstructive sleep apnea (OSA). Twenty-seven patients with
OSA (mean respiratory event index (REI): 17.5 ± 6.5 events/h) were recruited. At baseline, the
respiratory resistance (R20) was measured by impulse oscillometry (IOS) with a fitted nasal mask
in the supine position, and cephalometric radiographs were obtained to analyze the pharyngeal
airway space (SPAS: superior posterior airway space, MAS: middle airway space, IAS: inferior airway
space). The R20 and radiographs after the OA treatment were evaluated, and the changes from the
baseline were analyzed. A sleep test with OA was carried out using a portable device. The subjects
were divided into Responders and Non-responders based on an REI improvement ≥ 50% from
the baseline, or REI < 5 after treatment, and the R20 reduction rate between the two groups were
compared. The subjects comprised 20 responders and 7 non-responders. The R20 reduction rate
with OA in responders was significantly greater than it was in non-responders (14.4 ± 7.9 % versus
2.4 ± 9.8 %, p < 0.05). In responders, SPAS, MAS, and IAS were significantly widened and R20 was
significantly decreased with OA (p < 0.05). There was no significant difference in non-responders
(p > 0.05). A logistic multiple regression analysis showed that the R20 reduction rate was predictive
for OA treatment responses (2% incremental odds ratio (OR), 24.5; 95% CI, 21.5–28.0; p = 0.018). This
pilot study confirmed that respiratory resistance may have significant clinical utility in predicting
OA treatment responses.

Keywords: obstructive sleep apnea; oral appliance; predictor; respiratory resistance; impulse oscillometry

1. Introduction

Obstructive sleep apnea (OSA) is characterized by intermittent obstruction of the
upper airway during sleep and by repeated apnea and hypopnea, which cause intermittent
hypoxia and sleep fragmentation, reducing sleep quality [1–3]. Oral appliance (OA) therapy
is a treatment option for OSA. An OA widens the upper airway by advancing the mandible;
this prevents upper airway obstructions during sleep [4,5]. Although its efficacy is inferior
to that of continuous positive airway pressure (CPAP) therapy, OA therapy has high
compliance [6,7] and not only improves apnea, hypopnea, and symptoms of OSA, but has

J. Clin. Med. 2021, 10, 1255. https://doi.org/10.3390/jcm10061255 https://www.mdpi.com/journal/jcm
123



J. Clin. Med. 2021, 10, 1255

recently also been shown to be effective on the cardiovascular comorbidity in OSA, such as
hypertension and arrhythmia [8]. The success rate of OA therapy in patients with mild–
severe OSA was reported to be 35–64% in a recent review [9] and individual variability
in response to OA treatment represented a significant clinical challenge for implementing
this therapy [10]. According to the clinical practice guidelines for the treatment of OSA,
OA therapy is recommended mainly for patients with mild to moderate OSA, or patients
who cannot tolerate CPAP [11]. Therefore, the indication of OA in current OSA treatment
is determined based on the severity of the Apnea Hypopnea Index (AHI). However, OA
therapy is reported to be effective even in severe cases [12,13], and thus, severity by itself is
not considered to accurately indicate the need for OA therapy.

To determine whether it is indicated, it is also necessary to conduct appropriate
pretreatment evaluations in addition to the AHI, in order to predict the potential treatment
effects. To determine OA therapy indications, evaluating the relationship of morphological
changes of the upper airway and an obstruction site during mandibular advancement is
highly important. The factors that are affected by changes in the upper airway include
breathing sounds, respiratory resistance, and muscular function. However, a method for
predicting the treatment effects of OA in a simple and non-invasive procedure using these
parameters has not yet been established.

The Impulse Oscillation System (IOS) is a method that assesses breath dynamics while
breathing at rest [14], unlike conventional pulmonary function testing (spirometry) that
requires forced breathing. The air pressure oscillations are inserted into the oral cavity
through a mouthpiece attached to a device, in order to measure respiratory resistance from
the differences in the phases between the pressure and airflow, which change depending
on the diameter of the airway and its elasticity. The localization of resistance can be
inferred using frequency characteristics, and IOSs have been used for the diagnosis and
treatment of bronchial asthma and chronic obstructive pulmonary disease (COPD) [15]. Its
advantages include the fact that testing can be conducted in a short period of time and that
the measuring method is non-invasive and easy to perform. The aim of this study was
to measure respiratory resistance using the IOS in the waking state and to examine how
the changes in respiratory resistance resulting from mandibular advancement reflect the
treatment effects of OA.

2. Materials and Methods

2.1. Subjects

The subjects were adult patients, diagnosed with OSA (AHI ≥ 5), and recruited from
the Dental Clinic for Sleep Disorders (Apnea and Snoring) from Tokyo Medical and Dental
University Dental Hospital. The following patients were excluded: (1) those with fewer
than 19 remaining teeth, including the residual anterior teeth; (2) those receiving combined
OA and CPAP therapy. (3) Those regularly using a sleep-inducing drug; (4) those with a
mandibular advancement <9 mm; (5) those having a medical history of respiratory disease
or suffering from a respiratory disease; (6) those allergic to steroids and vasoconstrictors;
(7) those with mental illness; (8) those having temporomandibular disorders with pain or
trismus; and (9) those having any caries or periodontal diseases that required treatment.
All subjects were provided verbal and written information about the study and signed
informed consent forms. The study protocol was approved by the Tokyo Medical and
Dental University Dental Hospital ethics committee (protocol code D2012-024, 9 March
2016). The study was registered at UMIN-CTR (https://www.umin.ac.jp/ctr/ (accessed
on 28 August 2014); UMIN000014984; Development of treatment effect prediction method
of oral appliance therapy for obstructive sleep apnea syndrome).

2.2. Sleep Test

In order to assess the efficacy of the OA treatment, an out-of-center sleep test (OCST)
was performed before and after the treatment. During testing, we used a Type-3 portable
sleep testing device (Pulsleep LS-120S; Fukuda Denshi, Tokyo, Japan), which is capable of
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measuring the SpO2, pulse rate, airflow, snoring, and posture [16]. Expiratory and inspira-
tory flow was measured using a nasal cannula, and respiratory conditions during sleep
were recorded. The SpO2 and pulse rate were confirmed using a fingertip pulse oximeter.

The sleep test was performed for three consecutive nights, and mean values were
used as representative values. When the test data were inconclusive, they were excluded
from the analysis. After confirming the original waveforms, data were manually analyzed,
and a standardized procedure was applied to score the results [17]. The data were all
scored by a single researcher (H.I.), who was blinded to the participants’ IOS data. The
subjects were asked to keep a sleep diary and to record their sleep duration on the days of
testing (including bedtime and the time they woke up), as well as the number and times of
nocturnal awakenings, which were used as references for the analyses.

For analysis, the following values of the sleep test results were assessed: the REI
(Respiratory Event Index) and the lowest SpO2. REI indicates the number of instances of
apnea and hypopnea per hour of measurement. Apnea is defined as a 90% reduction in
airflow for at least 10 seconds, and hypopnea is defined as ≥30% reduction in airflow for
at least 10 seconds, associated with ≥3% reduction in oxygen saturation [17]. OSA was
defined as a REI ≥ 5, and classified as mild (REI 5.0–14.9), moderate (REI 15.0–29.9), and
severe (REI ≥ 30) [18].

2.3. Oral Appliance

A custom-made, monobloc, mandibular advancement oral appliance, made from a
2.0-mm polyethylene plate (Erkodur, Erkodent Inc., Pfalzgrafenweiler, Germany), was pre-
scribed for all participants. The absolute range of the maximum mandibular advancement
was measured using the George Gauge (Great Lakes Orthodontics, Ltd., New York, NY,
USA) [19]. The amount of mandibular advancement in this study was set at 50–70% of
the maximum, considering the discomfort and pain of the temporomandibular joint and
masticatory muscles [20].

During follow-up of 2 months after the OA provision, the changes in OSA symptoms
and the degrees of side effects that were associated with OA use were evaluated. The appli-
ance was incrementally titrated to either a maximal comfortable protruded position of the
mandible or a resolution of snoring and daytime symptoms [21]. Increased advancement
of the appliance was facilitated by the separation of the upper and lower components of
the appliance, and then repositioning at a more advanced mandibular position.

2.4. Assessment of Treatment Outcome

After the OA was fully adjusted (approximately 2.5 months after baseline), the OCST
was performed with the OA in place. In this study, the efficacy of the OA treatment was
evaluated using the relative REI improvement rates. The REI improvement rate was calcu-
lated using the following formula: [(REI before treatment) – (REI after treatment)]/(REI
before treatment) × 100. Subjects with a rate of REI improvement ≥ 50%, or REI < 5
after treatment, were defined as responders, and those with a rate < 50% were defined as
non-responders [22]

2.5. IOS and Test Task

Master screen IOS-J (Jaeger, Wurzburg, Germany) was used to assess respiratory
resistance (Figure 1). This device releases impulse-like acoustic signals (frequency: 0–35 Hz)
from a round speaker to detect the intraoral pressure and flow rate during breathing at rest,
and then conducts Fourier transformations of the data to analyze respiratory resistance.
IOS parameters, such as resistance at 5 Hz (R5) and resistance at 20 Hz (R20), were recorded.
R5 and R20 represent the total airway resistance and resistance of the region from the upper
airway through to the central airway, respectively (Figure 2) [14]. R20 was used for the
analysis in this study, due to its usefulness in the prediction of AHI values [23].
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Figure 1. Impulse oscillometry system used in this study: loudspeaker (A), screen flap (B), Y-adapter
(C), pnuemochomatograph (D), nasal mask (E).

Figure 2. Scheme of Impulse Oscillation System (IOS) values: resistance at 5 Hz (R5); resistance at
20 Hz (R20). R5 and R20 represent the total airway resistance and the resistance of the region from
the upper airway through to the central airway, respectively.

A single researcher (S.I.) measured the patients’ respiratory resistances in the waking
state. The researcher was blinded to the results of sleep test. The subjects were in the
supine position and put on a nasal mask without any air leaks during the measurements.
Because the measurements took place via the nasal cavity, the congestion in the nasal
mucosa tended to occur over time, and accurate measurements of respiratory resistances
can be hampered [24]. To prevent this, subjects were instructed to spray a vasoconstrictor
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nasal drop (cor-tyzine nasal solution; Tetrahydrozoline hydrochloride-prednisolone) into
the nasal cavity several times, and measurements were performed 10 minutes later [25].

At the time of measurement, the subject was instructed to breathe while at rest.
Respiratory resistance was measured three times under each condition with and without
OA, and the mean values were used as the representative values. The measurements
without OA were performed in the intercuspal position.

2.6. Cephalogram

In all recruited patients, lateral cephalometric radiographs were obtained in order
to evaluate the subjects’ maxillofacial morphology at baseline, as well as the changes in
the pharyngeal airway space with and without OA. The morphology of the pharyngeal
airway on the lateral cephalogram is known to be largely affected by the skeleton, body
type, posture, and respiratory phase; the comparative reproducibility of the upper airway
morphology cannot be considered to be high [26]. Therefore, the subjects were placed in an
upright position with the Frankfurt plane parallel to the floor, and photographed in the
end-tidal position [27]. A cephalometric analysis was carried out as previously described
(Figure 3) [28]. An analysis was performed by a single researcher (H.I.), and the names of
patients were blinded.

Figure 3. Cephalometric landmarks. The following points were identified on lateral cephalograms.
Points: S (sella: the midpoint of the pituitary fossa), N (nasion: the most anterior point on the
frontonasal suture), ANS (anterior nasal spine: the tip of the median, sharp bony process of the
maxilla at the lower margin of the anterior nasal opening), PNS (posterior nasal spine: the intersection
of the continuation of the anterior wall of the pterygopalatine fossa and the floor of the nose, marking
the dorsal limit of the maxilla), A (the deepest midline concavity on the anterior maxilla), B (the
deepest midline concavity on the mandibular symphysis), P (most inferior tip of the soft palate),
H (hyoidale). Planes: MP (mandibular plane according to Steiner: the line through the gonion and
gnathion). Linear measurements: PNS-P (linear distance between PNS and P), MP-H (linear distance
perpendicular from H to the mandibular plane), SPAS: superior posterior airway space (width of
airway behind soft palate along parallel line to gonion (Go)-B line), MAS: middle airway space (width
of airway along parallel line to Go-B line through P), IAS: inferior airway space (width of airway
along Go-B line).
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2.7. Statistical Analysis

Continuous variables were described as mean ± SD for variables with a normal
distribution and median (interquartile range) for variables with a non-normal distribution.
Normality of distribution was assessed using the Shapiro-Wilk test.

The comparisons between groups were made using Student’s t-test for variables with
a normal distribution and a Mann-Whitney U test for variables with a non-normal distribu-
tion, and Fisher’s exact test was used for categorical variables. The within-subject compar-
isons in each group were made using pared t-test for variables with a normal distribution
and Wilcoxon signed-rank test with a non-normal distribution. The effect size (Cohen’s d) of
the continuous variables was calculated. The R20 reduction rate with OA was calculated us-
ing the formula: [(pre-treatment R20) − (post-treatment R20]/(pre-treatment R20) × 100.
In order to determine the predictive factors for the efficacy of the OA treatment, a binomi-
nal logistic regression (stepwise method) was performed. In the analysis, the explanatory
variables were set as the responders and non-responders in the OA treatment, and the
objective variables were set as the R20 reduction rates and the conventional predictors
(sex, age, BMI, baseline-REI, and MR-H) [29–31]. In addition, to obtain a value that allows
the highest discriminability for the prediction of the efficacy of OA therapy, the receiver
operating characteristic curve and the area under the curve (AUC) were calculated in order
to determine the significant factor in the regression analysis, and the cut-off value was
determined using the Youden index. An odds ratio (OR) ≥2 or ≤0.5 was considered a
clinically meaningful predictor. A value of p < 0.05 was considered statistically significant.
All statistical analyses were performed using the SPSS version 21.0 software (IBM, Inc.,
Armonk, NY, USA).

3. Results

3.1. Baseline Characteristics of the Subjects

Thirty-five OSA patients were recruited into this study, and eight patients refused
to participate in the study. Twenty-seven patients, with mild (n = 9), moderate (n = 17),
and severe (n = 1) OSA, completed the full study protocol. The subject characteristics at
baseline are shown in Table 1. The majority (81.5%) of patients were men. The median age
of all subjects was 65.0 (56.0–70.0) years; their median Body Mass Index (BMI) was 25.1
(22.2–26.8) kg/m2. The mean REI of the subjects was 17.5 ± 6.5 events/h. The median
Epworth Sleepiness Scale (ESS) of the subjects was 8.0 (6.0–11.0). Of the 27 subjects, 20
subjects were responders and 7 subjects were non-responders. There was a significant
difference due to sex at baseline between responders and non-responders, whereas there
was no significant difference in age, BMI, ESS, and R20. In addition, there was no significant
difference in the ratio of the mandibular advancement after the OA adjustment, nor in any
parameters representing maxillofacial morphology (SNA, SNB, ANB, PNS-P, or MP-H)
between responders and non-responders. Furthermore, there was no significant difference
in the pharyngeal airway space (SPAS, MAS, and IAS) on the cephalogram between the
two groups.

Table 1. Patient characteristics of the responders and non-responders receiving oral appliance (OA) therapy.

All (n = 27) Responders (n = 20) Non-Responders (n = 7) p-Value a ES

Sex (%men) 81.5 (22/27) 66.7 (15/20) 100 (7/7) <0.01 -
Age (years) 65.0 (56.0–70.0) 65.5 (44.3–70.0) 65.0 (58.0–70.0) 0.50 -

BMI (kg/m2) 25.1 (22.2–26.8) 26.5 (22.1–28.8) 25.1 (22.2–25.5) 0.31 -
Mallampati class 3.0 (3.0–4.0) 3.0 (3.0–3.8) 4.0 (2.0–4.0) 0.53 -

REI (events/hour) 17.5 ± 6.5 16.4 ± 5.9 20.7 ± 7.1 0.22 0.69
REI severity
Mild-n (%) 9 (33.3) 8 (40.0) 1 (14.3)
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Table 1. Cont.

All (n = 27) Responders (n = 20) Non-Responders (n = 7) p-Value a ES

Moderate-n (%) 17 (63.0) 11 (55.0) 6 (85.7)
Severe-n (%) 1 (3.7) 1 (5.0) 0 (0.0)

LowestSpO2 (%) 83.5 ± 5.8 84.1 ± 5.2 81.7 ± 7.1 0.36 0.42
R20 (kPa/L/s) 0.48 ± 0.15 0.49 ± 0.17 0.47 ± 0.11 0.85 0.13

ESS 8.0 (6.0–11.0) 8.0 (7.0–12.5) 6.0 (4.0–8.0) 0.13 -
OAM/MaxM (%) 59.8 ± 10.4 58.8 ± 10.4 62.6 ± 9.8 0.43 0.37

SNA (◦) 83.0 ± 4.2 82.4 ± 4.1 84.6 ± 4.2 0.25 0.54
SNB (◦) 78.6 ± 4.5 78.1 ± 5.0 79.8 ± 2.3 0.27 0.38
ANB (◦) 4.4 ± 2.7 4.3 ± 2.7 4.7 ± 2.5 0.73 0.15

PNS-P (mm) 41.4 ± 4.7 42.0 ± 7.9 39.6 ± 6.5 0.49 0.32
MP-H (mm) 17.3 ± 7.6 16.9 ± 6.6 18.5 ± 9.8 0.64 0.21
SPAS (mm) 4.5 (0.0–9.0) 5.8 (4.7) 0.0 (0.0–9.0) 0.10 0.76
MAS (mm) 13.4 ± 5.4 13.1 ± 5.6 14.2 ± 4.7 0.65 0.20
IAS (mm) 9.7 ± 4.3 9.5 ± 4.0 10.3 ± 5.7 0.67 0.18

Data expressed as mean ± standard deviation (SD), median, and interquartile range (IQR). a Comparison between responders and
non-responders. ES: Effect size (Cohen’s d). BMI: Body Mass Index, REI: Respiratory Event Index, R20: Respiratory resistance at 20 Hz. ESS:
Epworth Sleepiness Scale, OAM: Mandibular advancement with appliance. MaxM: Maximum mandibular advancement, SPAS: Superior
posterior airway space. MAS: Middle airway space, IAS: Inferior airway space.

3.2. The Comparison of the Responders and the Non-Responders in OA Therapy

The values of each parameter with and without the OA are shown in Table 2. With
respect to within-subject comparisons, the responders showed a significant decrease in REI,
R20, and ESS (p < 0.01) and a significant increase in LowestSpO2 with OA (p < 0.05). In the
cephalogram, the responders showed a significant increase in SPAS, MAS, and IAS with
OA (p < 0.05). In non-responders, the REI was significantly decreased with OA (p < 0.05),
whereas there were no significant differences in the other parameters (p > 0.05). The results
from the R20 reduction rate comparison between responders and non-responders are
shown in Figure 4. The R20 reduction rate was significantly higher in responders compared
to non-responders (p < 0.01; Cohen’s d = 1.46).

Table 2. Efficacy of oral appliance therapy in the responders and the non-responders.

Responders (n = 20) Non-Responders (n = 7)

w/o OA with OA ES w/o OA with OA ES

REI (events/h) 16.4 ± 5.9 5.3 ± 2.1 * 2.51 20.7 ± 7.1 15.5 ± 4.6 * 0.87
Lowest SpO2 (%) 84.1 ± 5.2 88.7 ± 4.0 * 1.07 81.7 ± 7.1 83.6 ± 4.9 0.31

R20 (kPa/L/s) 0.49 ± 0.17 0.41 ± 0.13 * 0.5 0.47 ± 0.11 0.46 ± 0.1 0.1
ESS 8.0 (7.0–12.5) 6.0 (4.0–11.5) * - 6.0 (4.0–8.0) 7.0 (4.0–8.0) -

SPAS (mm) 5.8 ± 4.7 10.1 ± 6.2 * 0.8 2.4 ± 3.6 4.3 ± 5.8 0.39
MAS (mm) 13.1 ± 5.6 15.9 ± 5.7 * 0.5 14.2 ± 4.7 15.8 ± 4.7 0.34
IAS (mm) 9.5 ± 4.0 11.8 ± 4.6 * 0.53 10.3 ± 5.0 9.3 ± 5.6 0.19

Data expressed as mean ± standard deviation (SD), median, and interquartile range (IQR). * p < 0.05. ES: Effect
size (Cohen’s d), REI: Respiratory Event Index, R20: Respiratory resistance at 20 Hz, ESS: Epworth Sleepiness
Scale, SPAS: Superior posterior airway space, MAS: Middle airway space, IAS: Inferior airway space.
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Figure 4. Comparison of responders and non-responders in terms of R20 improvement rates
(* p < 0.05).

3.3. The Predictors Associated with Oral Appliance Treatment Success

The results of the binary logistic regression are shown in Table 3. The R20 reduction
rate was shown to be an independent predictor of OA treatment response (2% incremental
OR, 24.5; 95% CI, 21.5–28.0). However, sex, age, BMI, baseline-REI, and MP-H were not
significant predictors. The ORs of the R20 improvement rates are presented for 0.1%
increments, 1% increments, and 2% increments. The calculated cut-off value of the R20
reduction rate from the Youden index was 8.6% (AUC: 0.839, sensitivity: 0.80, specificity:
0.86) (Figure 5).

Table 3. Logistic regression results for factors associated with oral appliance treatment success.

Variables β p-Value Odds Ratio 95% CI

Improvement in R20
0.1% increments 0.16 0.018 1.17 1.03–1.34
1% increments 0.16 0.018 4.95 4.33–5.66
2% increments 0.16 0.018 24.5 21.5–28.0

95% CI: 95% Confidence Interval. R20: Respiratory resistance at 20 Hz.

Figure 5. Receiver operating characteristic (ROC) curves of the R20 improvement rates.
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4. Discussion

This study demonstrated that the higher the respiratory resistance reduction rates
following mandibular advancement, the larger the improvement in REI due to OA. This
indicates that the rate of reduction in respiratory resistance is useful for predicting the
efficacy of OA therapy. This predictive measure is clinically straightforward, and has good
sensitivity and specificity. Although the previous studies have reported that there was a
positive correlation between AHI and respiratory resistance [32], and that respiratory resis-
tance was decreased by advancing the mandible [33], the utility of respiratory resistance in
the prediction of OA treatment responses has not been shown. The results of this study
are the first to demonstrate the clinical utility of respiratory resistance for the prediction of
OA treatment response in OSA patients using quantitative methodology. Though various
types of OAs are available, OAs are broadly classified into two types: Mono-block and
Bi-block types [34]. In Japan, where OA therapy is provided under the National Health
Insurance, mono-block OA types are commonly used to balance the costs and the technical
simplicity of the treatment procedure. Therefore, a mono-block OA was used in this study.

In this study, there was no significant difference in the R20 at baseline between the
responders and non-responders. Similarly, no significant differences were seen between the
measurements of the pharyngeal airway spaces and maxillofacial morphology at baseline.
Thus, the OA treatment response could not be predicted by the position of the mandible at
rest, because there was no difference between anatomical characteristics and the respiratory
resistance values between the two groups at baseline. However, despite the fact that
the mandibular positions were sufficiently adjusted with the OA in all subjects, the R20
reduction rate according to the mandibular advancement was higher in the responders
compared to non-responders. Furthermore, we performed a regression analysis including
the conventional predictors (sex, age, BMI, and MR-H) of OA treatment responses in
addition to R20. Only the R20 reduction rate was a predictor of OA treatment responses,
and no other factors were determined. These results suggested that the reduction rate
of respiratory resistance via mandibular advancement was highly correlated with OA
treatment effects, and a larger reduction in respiratory resistance was shown to lead to the
higher efficacy of OA.

A cephalometric analysis showed that in the responders, the superior/middle/inferior
regions of the pharyngeal airway space were all widened by advancing the mandible, with
the upper airway widening in a particularly large amount. In the non-responders, widen-
ing of the pharyngeal regions with mandibular advancement was not seen. Thus, the
reduction of respiratory resistance via mandibular advancement can be expected to result
from the widening of the pharyngeal region. In the endoscopy, Sasao et al. [35] reported
that there were two types of morphological changes seen in responders to OA therapy:
“all-round-type,” which is a circumferential widening in the antero-posterior/lateral direc-
tions via mandibular advancement, and a “lateral dominant type,” which is a widening
primarily in the lateral direction. Among the responders in this study, some showed poor
widening of the pharynx on the cephalogram, despite the large reductions in respiratory
resistance by advancing the mandible. Since the cephalometry is capable of observing
only morphological changes in the antero-posterior direction, the corresponding subjects
presumably belonged to the lateral dominant-type, in which widening occurred in the
lateral direction.

The reported conventional testing methods that predict the efficacy of OA therapy
include cephalometry [36], computed tomography (CT) [37], magnetic resonance imaging
(MRI) [38], and endoscopy [39]. Concerning the prediction of the efficacy of OA therapy
using cephalometry, a shorter soft palate, shorter distance between the soft palate and the
posterior pharyngeal wall, larger ANB angle, and smaller SNB angle have all been shown
to lead to a higher OA efficacy [36]. Similar to in this study, the efficacy of OA therapy
has been shown to be high in CT [37], MRI [38], and endoscopy [39] studies, in which a
widening of the upper airway via mandibular advancement was seen. However, although
these testing methods are useful to predict the efficacy of OA therapy, they require a special
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testing room and have several issues, such as exposure at the time of imaging/testing,
invasion, and a high cost. The protocol that was used to predict the efficacy of OA using
respiratory resistance in this study is a simple, non-invasive, low-cost method, because it
can be measured by simply purchasing a test device and wearing a nasal mask. Therefore,
this method is considered beneficial for all physicians, dentists, and patients involved with
OA therapy.

This study has a number of limitations. In this sleep test, electroencephalography
was not conducted, and it was not possible to measure the exact sleep time. Therefore,
the REI calculated from the test results may be underestimated. In addition, this test
cannot distinguish between obstructive and central events. The study included a small
sample size, and the number of subjects with varying OSA severities was uneven. In the
present study (n = 27), the number of severe cases was small (mild [n = 10], moderate
[n = 16], and severe [n = 1]), and the subjects were unevenly distributed compared to
the typical distributions of patients with OSA. By increasing the sample size, an analysis
in patients with severe OSA needs to be conducted in the future. Another potential
limitation is the relatively lower BMI than other studies. The World Health Organization
Expert Consultation has reported that for many Asian populations, trigger points for
public health action were identified as � 23 kg·m2, because Asians generally have a higher
percentage of body fat than Caucasians of the same BMI [40]. Additionally, the Committee
of Japan Society for the Study of Obesity reported that the criteria for obesity disease for
Japanese was defined as a BMI � 25 kg·m2 [41]. Therefore, our Japanese sample (mean
BMI 25.4 kg·m2) was considered obese for their standard. To better understand if this
study is valid in a Caucasian obese population, further trials with the same methodology
are still required. Additionally, there were some cases whose REI reduction rates were
not high enough, despite a large reduction in their respiratory resistance via mandibular
advancement. Conversely, there were also cases whose REI reduction rates were high,
despite small reductions in respiratory resistance. Since we performed comparisons in order
to analyze the changes in respiratory resistance while subjects were awake, and measured
their respiratory conditions during sleep in the present examination, the differences in
environments during the awake state and during sleep may have affected the results.
Although the muscles surrounding the pharynx relax during sleep, and the airway is
thought to become narrower than while awake, how findings during wakefulness are
reflected in the efficacy of OA treatment during sleep remains unclear, and further research
is needed. The utility of R20 as a predictor of the success rate of treatment to CPAP was not
evaluated in this study; this is necessary to evaluate in a further study. In this study, we
prepared a titrated OA and measured the respiratory resistance with and without OA for
2 days. For clinical application, the methods used in this study need to be simpler. As a
future prospect, the change in respiratory resistance by advancing the mandibulae will be
measured using a George gauge before OA treatment. The response of OA treatment may
be predicted by evaluating the change in 1-day measurement and using the cut-off value
calculated in this study.

Our study results can be considered to be useful for both physicians seeking OA ther-
apy and dentists responsible for OA therapy. In the current clinical setting, due to difficulty
in preoperatively predicting the efficacy of OA therapy, preparing/wearing/adjusting
an OA and undergoing a sleep test for the evaluation of efficacy require time and la-
bor. Consequently, when an expected result is not obtained, disadvantages for the pa-
tient/dentist/physician are significant, which results in a loss of reliability of OA therapy.
In order to avoid such a situation, if suitability of OA therapy can be screened by predicting
the efficacy of OA therapy at a medical organization in advance, physicians would then
be able to explain the suitability to patients with mild to moderate OSA who desire OA
therapy and those who are intolerant to CPAP. In addition, both dentists receiving a request
for OA therapy and patients receiving treatment can smoothly proceed with OA therapy
based on the prior prediction, and evidence-based medicine (EBM), which is required
in modern medicine, can be realized, and accountability can be expected to be fulfilled.
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Furthermore, although either CPAP or OA therapy is uniformly chosen using the AHI
of sleep testing in the current OSA treatment, tailor-made medicine, which determines
diagnosis and optimal therapy depending on each case, can be chosen.

5. Conclusions

With the aim of evaluating OA indications, respiratory resistance in the waking state,
as well as examining how changes in respiratory resistance via mandibular advancement
affected the efficacy of the OA treatment, were measured. This study showed that the
OA treatment was highly efficient in cases with large reductions in respiratory resistance.
In addition, the results suggested that the use of a cut-off value for the reduction rate of
respiratory resistance analyzed in this study allowed for the diagnosis and selection of
patients in whom OA therapy is effective. However, in order to confirm the reliability
and universality of the study results, further analyses need to be performed with a larger
sample size, and with uniform conditions in the groups.
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Abstract: There are currently few data on the impact of mask resupply on longer-term adherence
to positive airway pressure (PAP) therapy. This retrospective analysis investigated the effects of
mask/mask cushion resupply on the adherence to PAP versus no resupply. Deidentified patient
billing data for PAP supply items were merged with telemonitoring data from Cloud-connected
AirSense 10/AirCurve 10 devices via AirViewTM (ResMed). Eligible patients started PAP between 1
July 2014 and 17 June 2016, had ≥360 days of PAP device data, and achieved initial U.S. Medicare
adherence criteria. Patients who received a resupply of mask systems/cushions (resupply group)
were propensity-score-matched with those not receiving any mask/cushion resupply (control group).
A total of 100,370 patients were included. From days 91 to 360, the mean device usage was 5.6 and
4.5 h/night in the resupply and control groups, respectively (p < 0.0001). The proportion of patients
with a mean device usage ≥4 h/night was significantly higher in the resupply group versus the
control group (77% vs. 59%; p < 0.0001). The therapy termination rate was significantly lower in the
resupply group versus the control group (14.7% vs. 31.9%; p < 0.0001); there was a trend toward lower
therapy termination rates as the number of resupplies increased. The replacement of mask interface
components was associated with better longer-term adherence to PAP therapy versus no resupply.

Keywords: positive airway pressure; adherence; leak; patient engagement; sleep apnea; lung

1. Introduction

Obstructive sleep apnea (OSA) is a common disorder with major neurocognitive
and cardiometabolic sequelae [1]. Recent estimates suggest that the number of people
worldwide with OSA is up to 1 billion [2]. This finding highlights the importance of raising
awareness of OSA and emphasizes the need for efficient approaches to large-scale diagnosis
and treatment. The use of oral appliances or upper airway surgery are potential options
for the treatment of OSA, but are limited by their variable efficacy and a relative lack of
outcome data [3–6]. The current treatment of choice for OSA is positive airway pressure
(PAP) therapy, which has been shown to improve symptoms, blood pressure, and quality
of life in randomized controlled trials [7–10]. However, treatment is often suboptimal
due to variable adherence to PAP therapy [11,12]. Adherence with PAP therapy is an
important criterion for continuing treatment and is necessary for the benefits of therapy
to be realized [11]. Therefore, considerable emphasis has been placed on optimizing
adherence to PAP therapy [13,14].

Telemedicine strategies offer the possibility of remotely monitoring PAP therapy
adherence and delivering interventions that are designed to improve device usage. We
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have recently reported that the utilization of new technology might contribute to improved
device usage and a higher proportion of patients meeting the U.S. Center for Medicare
and Medicaid Services (CMS, Woodlawn, MD, USA) PAP adherence criteria [13]. In our
analysis using a propensity matching design, adherence in PAP users provided with a
patient engagement tool was significantly higher than that in those managed with usual
care monitoring (87% vs. 70%; p < 0.0001) [13].

The use of new technology, such as the patient engagement tool in the study described
above, is a novel and compelling approach for improving adherence. In addition, basic
contributors to good quality care, such as appropriate patient follow-up and supply re-
plenishment, may also play a role in ensuring adherence with PAP therapy. Of note, some
providers have advocated for regular changes of masks, hoses, and filters to optimize
adherence [15]. Although financial incentives have driven some companies that produce
durable medical equipment to provide regular replacement supplies, others might suggest
that frequent replacement supplies may not be necessary if the masks are regularly cleaned
and maintained. Payers may also limit access to supply items if they do not receive objec-
tive confirmation of usage requirements being met as frequently as every 3 months [16].
Patel et al. have reported mask refill rates as a predictor of PAP adherence, but the study
used a modest sample size [17]. In clinical practice, many patients forget or lose track
of the age of their equipment and supplies, making the optimal timing and approach to
resupply unclear.

This study investigated the effects of the resupply of PAP equipment (mask system
and/or cushions) on the adherence to PAP therapy compared with no resupply in the first
year of therapy. The aim was to test the hypothesis that mask resupply would be associated
with improved adherence to PAP therapy versus no resupply.

2. Methods

2.1. Study Design and Participants

This retrospective analysis merged deidentified patient billing data for PAP supply
items (Brightree, Peachtree Corners, GA, USA) with telemonitoring data collected from
Cloud-connected AirSense 10 and AirCurve 10 (ResMed, San Diego, CA, USA) devices via
AirViewTM (ResMed, San Diego, CA, USA), a password-protected Cloud-based technology
that is compliant with the Health Insurance Portability and Accountability Act. These
anonymized data were sent to third-party independent statisticians who assisted with
the analyses and presentation of findings. All patients had registered to use AirViewTM

and provided consent for their data to be used in future analyses. The study protocol was
reviewed by the Chesapeake institutional review board (IRB) and was deemed exempt
from IRB oversight per the Department of Health and Human Services regulations 45 CFR
46.101(b) (4).

Eligible patients were identified in Brightree as having had initiated PAP therapy
between 1 July 2014 and 17 June 2016, had the potential for at least 360 days of AirViewTM

data available, and had achieved initial CMS adherence (defined as PAP device usage
of ≥4 h/night on ≥70% of nights in a consecutive 30-day period in the first 90 days of
therapy) were analyzed. Patients were excluded if they met the following criteria: multiple
therapy start dates, use of multiple devices by the same subject, invalid or missing device
serial numbers recorded, and the replacement of a patients’ continuous positive airway
pressure (CPAP) device within 1 year of therapy initiation. Patient data were then merged
with the AirViewTM data to obtain CPAP daily usage data. Further exclusions were applied
as follows: incorrect device serial numbers listed, the same device was used by multiple
patients, did not have the potential for 365 days of usage data, did not achieve the CMS
90-day adherence criteria, and date or data entry inconsistencies. These inconsistencies
included: the therapy start date was missing or after the first usage date, therapy start
date >3 days before the first usage date, and myAirTM registration date >3 days before or
>90 days after therapy start date.
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Patients were divided into two groups: one including those receiving mask resupply
(mask system and/or mask cushion; resupply group) and the other including those who
did not receive mask resupply in the first year of therapy (control group) as part of their
standard care. To minimize the bias in between-group comparisons, a propensity model
was constructed using the following baseline variables to match patients in the resupply
and control groups: gender, age at initiation of the PAP therapy, therapy start date, mode
of PAP therapy, 95th percentile mask leak on day 1, residual apnea–hypopnea index (AHI)
on day 1, and use of a patient engagement strategy (myAirTM). Estimated propensity
scores were then used to form 1:1 matched pairs, with the propensity scores being within a
window of 5% being matched.

2.2. Endpoints

The primary objective was to compare the adherence with PAP therapy (defined in
terms of the average hours of use per day) on days 91–360 in the resupply and control
groups. Secondary objectives were the proportion of patients with a mean PAP usage of
≥4 h/day, the proportion of patients who stopped using PAP, average unintentional leaks,
average residual AHI, and the frequency of resupply distributions in the resupply group.
All PAP-related data were obtained from AirViewTM.

2.3. Statistical Analysis

The minimum sample size was set at 3800 (1900 per group with 1:1 matching) to
provide an 80% probability of detecting a 0.2 h difference in the mean usage between the
resupply and control groups, assuming a standard deviation of 2.2 h in each group (as was
observed in a pilot study). The required sample size was calculated using the two-sample
t-tests assuming equal variance procedure with NCSS Power Analysis Statistical Software,
version 14 (Kaysville, UT 84037, USA), based on a two-sided, two-sample t-test. This
sample size based on independent groups was expected to be conservative because the two
groups were matched for baseline characteristics, reducing the variance of the difference
and yielding greater power.

The primary analysis population included all patients fulfilling the inclusion and
exclusion criteria and matched in the propensity score procedure. Descriptive statistics
were used to present the demographic and therapy characteristics for the primary analysis
population, including age, sex, myAirTM use, and device mode. Descriptive statistics
were also used to present the mean usage, the proportion of patients with mean usage of
≥4 h/night, the proportion of patients with a usage of ≥4 h/night on 70% of nights, the
mean AHI, the median 95th percentile mask leak between 91 and 360 days after initiation
of therapy, and the proportion of patients who terminated therapy (i.e., PAP therapy termi-
nation, as studied previously) [18–20]. Continuous parameters were compared between
groups using a mixed-effect linear model, with the pair identifier as a random effect and the
resupply/control group as a fixed effect. Percentages were compared using the McNemar
test. Kaplan–Meier analysis was used to compare survival functions for the resupply
and control groups, where survival was defined as remaining adherent to PAP therapy;
median adherence times in the two groups were compared using a log-rank test. Patients
were considered to have terminated their therapy if their total usage was 0 h during a
30-day window. Kaplan–Meier analyses were also used to investigate the differences in
survival probabilities, which was stratified by the number of resupplies received within
the first year.

Sensitivity analyses included matching the resupply and control patients using a 0.2
window of the linear propensity scores, as suggested by Rubin [21], and checking the three
conditions mentioned therein for regression adjustment methods to be reliable: (1) the
means of the propensity scores in the two groups are similar, (2) the standard deviations of
the propensity scores in the two groups are similar, and (3) the residual variances of the
covariates after adjusting for the propensity score in the two groups are similar.

139



J. Clin. Med. 2021, 10, 720

A piecewise linear model was fit to each of 1000 randomly selected patients’ usage
data 30 days prior to and 30 days after their first mask resupply following the initial 90 days
of usage. Usage data before and after resupply was modeled with separate linear models.
A mixed-effect piecewise linear regression model was used to describe daily usage data
between 30 days prior and 30 days after the first resupply. The explanatory variables were
the random slope and intercepts before resupply (each patient had their own slope and
intercept) and the random slope and intercepts after resupply. An AR (1) auto-correlation
was assumed for successive daily usage data. The total difference in usage (over 30 days
after first resupply) between the predicted usage after resupply and the usage predicted
if the before-resupply trend continued was calculated for each subject and then averaged
over subjects.

Any p-values < 0.05 were considered statistically significant. All statistical analyses
were performed using SAS version 9.3 (Cary, NC 27513, USA) or later. Graphics were
generated using SAS software.

3. Results

3.1. Study Sample

The analysis included a total of 100,370 patients (mean age 57 years, 64% male)
(Table 1). A flow diagram showing the patient identification and selection is shown
in Figure 1.

Figure 1. Flow diagram. CMS, Centers for Medicare and Medicaid.
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Table 1. Demographics and therapy characteristics for the primary analysis population.

Heading Control (n = 50,185) Resupply (n = 50,185)

Age, years
Mean ± SD 56.9 ± 13.6 57.0 ± 13.5

Median 57.0 57.0
Sex, n (%)

Female 17,847 (35.6) 17,858 (35.6)
Male 32,312 (64.4) 32,301 (64.4)

Missing 26 (<0.1) 26 (<0.1)
Device/mode, n (%)

APAP 21,437 (42.7) 21,449 (42.7)
CPAP 23,949 (47.7) 24,022 (47.9)
Bilevel 4272 (8.5) 4187 (8.3)

Missing 527 (1.1) 527 (1.1)
myAirTM use, n (%) 8807 (17.5) 8795 (17.5)

AHI on the first day of therapy, /h
Mean ± SD 3.9 ± 6.0 3.8 ± 5.7

Median 2.0 2.0
95th percentile leak on the first day of

therapy, L/min
Mean ± SD 23.5 ± 26.3 23.2 ± 25.7

Median 15.6 15.6

AHI, apnea–hypopnea index; APAP, automatically titrating continuous positive airway pressure; CPAP, continu-
ous positive airway pressure; SD, standard deviation.

3.2. Resupply

Patients in the resupply group (n = 50,185) received a mean of 5.0 ± 4.5 (median 3.0)
items during the study period (mean 2.1 ± 1.5 (median 2.0) shipments per patient, with a
mean of 2.4 ± 1.7 (median 2.0) items per shipment).

3.3. Adherence

Adherence with the PAP therapy from day 91 to day 360 was significantly better in
the resupply group versus the control group, including mean daily usage, the proportion
of patients with mean usage ≥4 h, and the proportion of patients with daily usage ≥4 h
for 70% of nights (all p < 0.0001) (Table 2). The overall probability of continuing with the
PAP therapy during the study period (“survival” of therapy) was 85.3% in the resupply
group and 68.1% in the control group (p < 0.0001) (Figure 2), corresponding to therapy
termination rates of 14.7% and 31.9%, respectively. This finding was consistent across
subgroups based on the number of resupplies shipped (Figure 3).

Table 2. Device usage and respiratory parameters from days 91 to 360 (primary analysis population).

Device Usage
Control Resupply p-Value

(n = 50,185) (n = 50,185)

Mean usage, h
Mean (SE) 4.5 (0.1) 5.6 (0.01)

Median 4.9 6.0
Mean difference vs. control (95% CI) 1.1 (1.06, 1.13) <0.0001

Mean usage ≥4 h, %
Mean (95% CI) 59.2 (58.8, 59.6) 77.0 (76.6, 77.4)

Mean difference vs. control (95% CI) 17.8 (17.2, 18.3) <0.0001
Daily usage ≥4 h for 70% of nights, %

Mean (95% CI) 50.9 (50.5, 51.3) 67.7 (67.3, 68.1)
Mean difference vs. control (95% CI) 16.8 (16.2, 17.4) <0.0001

141



J. Clin. Med. 2021, 10, 720

Table 2. Cont.

Device Usage
Control Resupply p-Value

(n = 50,185) (n = 50,185)

Respiratory Parameters (n = 47,373) (n = 49,359)

Mean AHI, /h
Mean (SE) 2.6 (0.02) 2.5 (0.01)

Median 1.5 1.5
Mean difference vs. control (95% CI) −0.2 (−0.21, −0.13) <0.0001

Median 95% percentile mask leak, L/min
Mean (SE) 20.4 (0.10) 19.0 (0.09)

Median 15.0 14.4
Mean difference vs. control (95% CI) −1.5 (−1.68, −1.24) <0.0001

AHI, apnea–hypopnea index; CI, confidence interval; SE, standard error.

Figure 2. Overall probability of continuing with the positive airway pressure (PAP) therapy (“survival” of therapy)
from days 91–360 in the control and resupply groups (primary analysis population). +Censored, patients whose therapy
continued after 360 days were censored at the 360 day time point.
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Figure 3. Probability of continuing with the positive airway pressure (PAP) therapy (“survival” of therapy) from days
91–360 in the control and resupply groups broken down by the number of resupplies shipped (primary analysis population).
+Censored, patients whose therapy continued after 360 days were censored at the 360 day time point.

3.4. Respiratory Parameters

The mean AHI and median 95th percentile leak were slightly but statistically significantly
lower in the resupply group compared with the control group (both p < 0.0001) (Table 2).

3.5. Sensitivity Analysis

The results were almost identical when subjects were matched using a linear score
window of 0.2 instead of the propensity score window of 5%. Furthermore, Rubin’s three
conditions for the reliability of regression adjustment methods [20] were all met: (1) the
mean linear score (log-odds of the propensity score) was 0.98785 in the resupply group and
0.98787 in the control group, (2) the standard deviation of the linear score was 0.2667 in the
resupply group and 0.2666 in the control group, (3) the ratios of the residual variances of
the covariates adjusted for the propensity score in the resupply to the control group ranged
from 0.991 to 1.003. Therefore, all three of Rubin’s conditions were met in the matched
pairs analysis population.

3.6. Longitudinal Analysis

On average, patients’ usage decreased by 0.27 min per day before resupply and
decreased by 0.13 min per day after resupply, which is an improvement that was statistically
significant (p < 0.0001). The average total difference in usage over 30 days after resupply
(the difference between the two estimated linear regression before and after resupply
summed over the 30 days after resupply) showed an increase of 211 min with a 95%
confidence interval of 112 to 311 min.
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4. Discussion

This study showed that regular mask resupply was associated with better usage of the
PAP therapy from 3 months to 1 year after treatment initiation. These findings are unique
because, to the best of our knowledge, they represent the first major effort to evaluate
adherence to PAP therapy as a function of mask resupply.

The average 1.1 h increase in PAP usage in the resupply group versus the control
group is likely to represent a clinically relevant improvement [9,11,22]. Although the
database used in this study did not allow for the determination of objective hard outcomes,
published data suggest that this degree of improvement in device usage is associated
with improvements regarding sleepiness, daily functioning, and blood pressure [9,11,22].
Another important finding is that rates of therapy termination, perhaps the worst form of
non-adherence, were significantly lower in the resupply group compared with the control
group. Maintaining patients on PAP therapy is an important clinical goal because retention
increases the likelihood of achieving PAP-therapy-related benefits. The observation that
therapy termination rates decreased as resupply volume increased was also of note. Our
novel findings suggest that adequate levels of mask resupply might have a beneficial
influence on long-term PAP therapy adherence.

To assess the possibility of reverse causation, we performed a longitudinal analysis
using a random sample of 1000 patients before and after the first resupply occurring after
the 90 initial days of usage. The possibility existed that ongoing PAP usage drove mask
resupply rather than mask resupply yielding improved PAP adherence. A mixed effect
piecewise linear regression model was used to define daily usage in the 30 days prior to
and 30 days after the resupply event. By using a narrow time window, we alleviated some
concern regarding the possibility that ongoing PAP usage drove an ongoing need for masks.
Moreover, the improvements observed with resupply in this longitudinal analysis provide
reassurance that we have identified important clinical findings that are likely to benefit
patients rather than a statistical artifact of an observational study.

A number of interventions have been suggested to improve PAP adherence, although
there are inconsistencies in the results between studies, leading to ongoing discussions [23].
Intensive support and education has been linked to good PAP adherence in some, but
not all, studies [24]. Furthermore, patient engagement using new technology or other
approaches may be beneficial [13]. Financial incentives and group PAP therapy have also
been advocated for [25–27], although data in this area are limited. Variable success has
been reported in clinical trials investigating the use of pressure relief, humidifiers, and
various pressure modes on the adherence to PAP therapy [28–30]. In clinical practice,
many patients express a preference for one device/mode over another [31], emphasizing
the need for an individualized or personalized approach to PAP delivery. As part of this
approach, our findings suggest that telemedicine-based patient support, including regular
mask resupply, could contribute to improved adherence to PAP therapy.

There are small amounts of published data available to inform the optimal frequency
of mask changes during the regular use of PAP. We are aware of efforts to assess the biofilm
that can develop on masks and to perform quantitative cultures on the masks, which have
suggested increased colony-forming units after 6 months of consistent use [32]. However,
recent data suggest that the use of PAP delivered via a nasal mask or full face mask does
not increase the risk of respiratory infection compared to controls with OSA who did not
receive PAP [33]. Furthermore, even bacterial colonization of the CPAP humidifier reservoir
was not associated with higher rates of chronic rhinosinusitis in regular PAP users [34].

In addition to theories about bacterial loads, another consideration might be the
development of mask leaks, which tend to happen as masks get older. Clinical experience
and some published data have shown that leaks can develop with ongoing PAP usage as
masks age and that leaks are predictive of poor PAP adherence [35]. Thus, in theory, mask
resupply may be beneficial for a number of reasons, although potential mechanisms are
not yet clear based on the literature and the data available from our study.
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Current CMS criteria allow for reimbursement of a new mask system every 3 months
and two replacement mask cushions every month [16]. Based on these allowances, patients
in our study could have accessed three new mask systems and 18 new cushions (i.e.,
21 items in total) for the 9-month study period. Our findings documented an average
number of 2.1 resupply shipments per patient with a mean of 2.4 items per shipment,
meaning that the total resupply over the study period was about 5 items on average. This
frequency is substantially below reimbursement limits and indicates that overall mask
resupply is generally not being overutilized. In addition, it is possible that better use of
mask resupply allowances could contribute to even better longer-term adherence to PAP
therapy. Nevertheless, further work is needed to define the optimal frequency of mask
changes during long-term PAP therapy. The optimal strategy may differ between patients
based on individual preferences, local temperature and humidity, hours of usage, and other
factors, such as the patient microbiome.

Several limitations need to be taken into account when interpreting the findings of this
study. First, this was not a randomized clinical trial and therefore definitive conclusions
about the causal effects of resupply cannot be drawn. However, propensity matching
was used, where this approach helped to limit the contribution of confounding factors
to the study results. Furthermore, our longitudinal analysis supported the hypothesis
that resupply increased usage. The fact that our findings were independent of traditional
predictors of PAP adherence suggests that resupply per se may be quite helpful. Second,
we did not have any information about how patients managed their resupply or whether
they were part of a formal resupply program. We only have data on supply items coded for
reimbursement purposes and could not determine factors that led to the resupply behavior.
Thus, we cannot exclude the possibility that patients in the resupply group differed from
those in the control group in other important ways, including motivation or socioeconomic
status, or some other unrecognized confounder [36]. While we acknowledge the potential
impact of the “healthy user effect,” the same issue might also arise with randomized
controlled trials in which PAP adherence may be a marker of a good prognosis. Finally,
by design, our study included patients who had met CMS adherence criteria in the first
90 days of therapy, with the aim toward looking at longer-term adherence. As a result,
those with poor early adherence who failed to reach CMS criteria were excluded but
perhaps unlikely to benefit from a resupply program. Similarly, patients who did not have
access to health care or refused PAP therapy would not have been included. Therefore,
the effect of a resupply program on adherence in these patient groups is unknown, and
our findings are only applicable to patients who have characteristics that are similar to the
study population.

In conclusion, this big data analysis including a large group of well-matched patients
treated with PAP therapy in routine clinical practice showed that reasonable resupply
of mask interfaces was associated with statistically and clinically significant increases in
average daily PAP device usage and lower rates of therapy termination compared with
no resupply (control). These improvements in PAP therapy adherence and usage could
positively impact clinical outcomes if confirmed in future randomized trials.

Author Contributions: A.V.B., L.M.O., and A.M. conceived and designed the study. L.A.W. and C.K.
analyzed the data. The first draft of the manuscript was prepared by A.M., who had unrestricted
access to the data. The manuscript was reviewed and edited by A.V.B., L.M.O., L.A.W., C.K., C.M.N.
and A.M. All authors made the decision to submit the manuscript for publication and assume
responsibility for the accuracy and completeness of the analyses and for the fidelity of this report to
the trial protocol. A.M. takes responsibility for the content of the manuscript, including data and
analysis. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by ResMed. Researchers from ResMed participated in the study,
including the design, data collation, data analysis, and critical review of the paper.

145



J. Clin. Med. 2021, 10, 720

Institutional Review Board Statement: The study protocol was reviewed by the Chesapeake institu-
tional review board (IRB) and was deemed exempt from IRB oversight per the Department of Health
and Human Services regulations 45 CFR 46.101(b) (4).

Informed Consent Statement: All patients had registered to use AirViewTM and provided consent
for their data to be used in future analyses.

Data Availability Statement: The data are not publicly available due to privacy and patient
consent limitations.

Acknowledgments: Editorial assistance with the manuscript preparation was provided by Nicola
Ryan, an independent medical writer funded by ResMed after Atul Malhotra wrote the first draft of
the manuscript.

Conflicts of Interest: Adam Benjafield, Liesl Oldstone, and Carlos Nunez are employees of ResMed.
Leslee Willes and Colleen Kelly are independent statisticians, funded by ResMed. Atul Malhotra
is a principal investigator on National Institutes of Health (NIH) RO1 HL085188, K24 HL132105,
and T32 HL134632 and co-investigator on R21 HL121794, RO1 HL 119201, and RO1 HL081823. Atul
Malhotra received income from Livanova and Merck for medical education. ResMed, Inc. provided
a philanthropic donation to UC San Diego in support of a sleep center. Atul Malhotra has not had
personal income from medXcloud or ResMed, Inc. The content is solely the responsibility of the
authors and does not necessarily represent the official views of the NIH.

References

1. Mesarwi, O.A.; Loomba, R.; Malhotra, A. Obstructive sleep apnea, hypoxia, and nonalcoholic fatty liver disease. Am. J. Respir.
Crit. Care Med. 2019, 199, 830–841. [CrossRef] [PubMed]

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

3. Phillips, C.L.; Grunstein, R.R.; Darendeliler, M.A.; Mihailidou, A.S.; Srinivasan, V.K.; Yee, B.J.; Marks, G.B.; Cistulli, P.A. Health
outcomes of continuous positive airway pressure versus oral appliance treatment for obstructive sleep apnea: A randomized
controlled trial. Am. J. Respir. Crit. Care Med. 2013, 187, 879–887. [CrossRef] [PubMed]

4. Kezirian, E.J.; Malhotra, A.; Goldberg, A.N.; White, D.P. Changes in obstructive sleep apnea severity, biomarkers, and quality of
life after multilevel surgery. Laryngoscope 2010, 120, 1481–1488. [CrossRef] [PubMed]

5. Weaver, E.M.; Maynard, C.; Yueh, B. Survival of veterans with sleep apnea: Continuous positive airway pressure versus surgery.
Otolaryngol. Head Neck Surg. 2004, 130, 659–665. [CrossRef] [PubMed]

6. Strollo, P.J., Jr.; Soose, R.J.; Maurer, J.T.; de Vries, N.; Cornelius, J.; Froymovich, O.; Hanson, R.D.; Padhya, T.A.; Steward, D.L.;
Gillespie, M.B.; et al. Upper-airway stimulation for obstructive sleep apnea. N. Engl. J. Med. 2014, 370, 139–149. [CrossRef]

7. Pepperell, J.; Ramdassingh-Dow, S.; Crosthwaite, N.; Mullins, R.; Jenkinson, C.; Stradling, J.; Davies, R. Ambulatory blood
pressure after therapeutic and subtherapeutic nasal continuous positive airway pressure for obstructive sleep apnoea: A
randomised parallel trial. Lancet 2002, 359, 204–210. [CrossRef]

8. Jenkinson, C.; Davies, R.J.; Mullins, R.; Stradling, J.R. Comparison of therapeutic and subtherapeutic nasal continuous positive
airway pressure for obstructive sleep apnoea: A randomised prospective parallel trial. Lancet 1999, 353, 2100–2105. [CrossRef]

9. Weaver, T.E.; Mancini, C.; Maislin, G.; Cater, J.; Staley, B.; Landis, J.R.; Ferguson, K.A.; George, C.F.; Schulman, D.A.; Greenberg,
H.; et al. CPAP treatment of sleepy patients with milder OSA: Results of the CATNAP randomized clinical trial. Am. J. Respir.
Crit. Care Med. 2012. [CrossRef]

10. Wimms, A.J.; Kelly, J.L.; Turnbull, C.D.; McMillan, A.; Craig, S.E.; O’Reilly, J.F.; Nickol, A.H.; Hedley, E.L.; Decker, M.D.; Willes,
L.A.; et al. Continuous positive airway pressure versus standard care for the treatment of people with mild obstructive sleep
apnoea (MERGE): A multicentre, randomised controlled trial. Lancet Respir. Med. 2019, 349–358. [CrossRef]

11. Weaver, T.E.; Maislin, G.; Dinges, D.F.; Bloxham, T.; George, C.F.; Greenberg, H.; Kader, G.; Mahowald, M.; Younger, J.; Pack,
A.I. Relationship between hours of CPAP use and achieving normal levels of sleepiness and daily functioning. Sleep 2007, 30,
711–719. [CrossRef]

12. Redline, S.; Adams, N.; Strauss, M.E.; Roebuck, T.; Winters, M.; Rosenberg, C. Improvement of mild sleep-disordered breathing
with CPAP compared with conservative therapy. Am. J. Respir. Crit. Care Med. 1998, 157, 858–865. [CrossRef] [PubMed]

13. Malhotra, A.; Crocker, M.E.; Willes, L.; Kelly, C.; Lynch, S.; Benjafield, A.V. Patient engagement using new technology to improve
adherence to positive airway pressure therapy: A retrospective analysis. Chest 2018, 153, 843–850. [CrossRef]

14. Deacon, N.L.; Jen, R.; Li, Y.; Malhotra, A. Treatment of obstructive sleep apnea. Prospects for personalized combined modality
therapy. Ann. Am. Thorac. Soc. 2016, 13, 101–108. [CrossRef] [PubMed]

15. Kline, L.; Carlson, P. Humidification improves NCPAP acceptance and use. Am. J. Respir. Crit. Care Med. 1999, 159, A427.

146



J. Clin. Med. 2021, 10, 720

16. Centers for Medicare & Medicaid Services. Local Coverage Determination: Positive Airway Pressure (PAP) Devices for the Treat-
ment of Obstructive Sleep Apnea (L33178). Available online: https://www.cms.gov/medicare-coverage-database/details/lcd-
details.aspx?LCDId=33718&ver=16&CoverageSelection=Local&ArticleType=All&PolicyType=Final&s=All&CptHcpcsCode=
e0601&bc=gAAAACAAAAAA& (accessed on 27 August 2019).

17. Patel, N.; Sam, A.; Valentin, A.; Quan, S.; Parthasarathy, S. Refill rates of accessories for positive airway pressure therapy as a
surrogate measure of long-term adherence. J. Clin. Sleep Med. 2012, 8, 169–175. [CrossRef] [PubMed]

18. Liu, D.; Armitstead, J.; Benjafield, A.; Shao, S.; Malhotra, A.; Cistulli, P.A.; Pepin, J.L.; Woehrle, H. Trajectories of emergent central
sleep apnea during CPAP therapy. Chest 2017, 152, 751–760. [CrossRef] [PubMed]

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

20. Woehrle, H.; Ficker, J.H.; Graml, A.; Fietze, I.; Young, P.; Teschler, H.; Arzt, M. Telemedicine-based proactive patient management
during positive airway pressure therapy: Impact on therapy termination rate. Somnologie (Berl.) 2017, 21, 121–127. [CrossRef]

21. Rubin, D.B. Using propensity scores to help design observational studies: Application to the tobacco litigation. Health Serv.
Outcomes Res. Methodol. 2001, 2, 169–188. [CrossRef]

22. Bakker, J.P.; Edwards, B.A.; Gautam, S.P.; Montesi, S.B.; Duran-Cantolla, J.; Aizpuru, F.; Barbe, F.; Sanchez-de-la-Torre, M.;
Malhotra, A. Blood pressure improvement with continuous positive airway pressure is independent of obstructive sleep apnea
severity. J. Clin. Sleep Med. 2014, 10, 365–369. [CrossRef] [PubMed]

23. Cistulli, P.A.; Armitstead, J.; Pepin, J.L.; Woehrle, H.; Nunez, C.M.; Benjafield, A.; Malhotra, A. Short-term CPAP adherence in
obstructive sleep apnea: A big data analysis using real world data. Sleep Med. 2019, 59, 114–116. [CrossRef] [PubMed]

24. Hoy, C.J.; Vennelle, M.; Kingshott, R.N.; Engleman, H.M.; Douglas, N.J. Can intensive support improve continuous positive airway
pressure use in patients with the sleep apnea/hypopnea syndrome? Am. J. Respir. Crit. Care Med. 1999, 159, 1096–1100. [CrossRef]

25. Kuna, S.T.; Shuttleworth, D.; Chi, L.; Schutte-Rodin, S.; Friedman, E.; Guo, H.; Dhand, S.; Yang, L.; Zhu, J.; Bellamy, S.L.; et al.
Web-based access to positive airway pressure usage with or without an initial financial incentive improves treatment use in
patients with obstructive sleep apnea. Sleep 2015, 38, 1229–1236. [CrossRef]

26. Tarasiuk, A.; Reznor, G.; Greenberg-Dotan, S.; Reuveni, H. Financial incentive increases CPAP acceptance in patients from low
socioeconomic background. PLoS ONE 2012, 7, e33178. [CrossRef]

27. Ye, L.; Antonelli, M.T.; Willis, D.G.; Kayser, K.; Malhotra, A.; Patel, S.R. Couples’ experiences with continuous positive airway
pressure treatment: A dyadic perspective. Sleep Health 2017, 3, 362–367. [CrossRef]

28. Aloia, M.S.; Stanchina, M.; Arnedt, J.T.; Malhotra, A.; Millman, R.P. Treatment adherence and outcomes in flexible vs standard
continuous positive airway pressure therapy. Chest 2005, 127, 2085–2093. [CrossRef]

29. Nilius, G.; Happel, A.; Domanski, U.; Ruhle, K.H. Pressure-relief continuous positive airway pressure vs constant continuous
positive airway pressure: A comparison of efficacy and compliance. Chest 2006, 130, 1018–1024. [CrossRef]

30. Ballard, R.D.; Gay, P.C.; Strollo, P.J. Interventions to improve compliance in sleep apnea patients previously non-compliant with
continuous positive airway pressure. J. Clin. Sleep Med. 2007, 3, 706–712. [CrossRef] [PubMed]

31. Benjafield, A.V.; Pepin, J.D.; Valentine, K.; Cistulli, P.A.; Woehrle, H.; Nunez, C.M.; Armitstead, J.; Malhotra, A. Compliance
after switching from CPAP to bilevel for patients with non-compliant OSA: Big data analysis. BMJ Open Respir. Res. 2019, 6,
e000380. [CrossRef]

32. Horowitz, A.; Horowitz, S.; Chun, C. CPAP masks are sources of microbial contamination [abstract]. In Proceedings of the 23rd
Annual Meeting of the Associated Professional Sleep Societies 2009, Boston, MA, USA, 6–11 June 2009.

33. Mercieca, L.; Pullicino, R.; Camilleri, K.; Abela, R.; Mangion, S.A.; Cassar, J.; Zammit, M.; Gatt, C.; Deguara, C.; Barbara, C.; et al.
Continuous positive airway pressure: Is it a route for infection in those with obstructive sleep apnoea? Sleep Sci. 2017, 10, 28–34.
[CrossRef] [PubMed]

34. Chin, C.J.; George, C.; Lannigan, R.; Rotenberg, B.W. Association of CPAP bacterial colonization with chronic rhinosinusitis. J.
Clin. Sleep Med. 2013, 9, 747–750. [CrossRef] [PubMed]

35. Montesi, S.B.; Bakker, J.P.; Macdonald, M.; Hueser, L.; Pittman, S.; White, D.P.; Malhotra, A. Air leak during CPAP titration as a
risk factor for central apnea. J. Clin. Sleep Med. 2013, 9, 1187–1191. [CrossRef]

36. Platt, A.B.; Kuna, S.T.; Field, S.H.; Chen, Z.; Gupta, R.; Roche, D.F.; Christie, J.D.; Asch, D.A. Adherence to sleep apnea therapy
and use of lipid-lowering drugs: A study of the healthy-user effect. Chest 2010, 137, 102–108. [CrossRef] [PubMed]

147





Citation: Bonsignore, M.R.;

Lombardi, C.; Lombardo, S.; Fanfulla,

F. Epidemiology, Physiology and

Clinical Approach to Sleepiness at

the Wheel in OSA Patients: A

Narrative Review. J. Clin. Med. 2022,

11, 3691. https://doi.org/10.3390/

jcm11133691

Academic Editor: Yuksel Peker

Received: 10 May 2022

Accepted: 24 June 2022

Published: 27 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Review

Epidemiology, Physiology and Clinical Approach to Sleepiness
at the Wheel in OSA Patients: A Narrative Review

Maria R. Bonsignore 1,2,3,*, Carolina Lombardi 4,5, Simone Lombardo 2 and Francesco Fanfulla 6

1 PROMISE Department, University of Palermo, 90127 Palermo, Italy
2 Sleep Clinic, Division of Respiratory Medicine, Ospedali Riuniti Villa Sofia-Cervello, 90146 Palermo, Italy;

ing.s.lombardo@gmail.com
3 Institute for Biomedical Research and Innovation (IRIB), National Research Council (CNR),

90146 Palermo, Italy
4 Sleep Disorders Center, Department of Cardiology, San Luca Hospital, Istituto Auxologico Italiano, IRCCS,

20145 Milan, Italy; c.lombardi@auxologico.it
5 Department of Medicine and Surgery, University of Milano-Bicocca, 20126 Milan, Italy
6 Respiratory Function and Sleep Unit, Maugeri Clinical and Scientific Institute of Pavia and Montescano,

27100 Pavia, Italy; francesco.fanfulla@icsmaugeri.it
* Correspondence: mariarosaria.bonsignore@unipa.it

Abstract: Sleepiness at the wheel (SW) is recognized as an important factor contributing to road traffic
accidents, since up to 30 percent of fatal accidents have been attributed to SW. Sleepiness-related motor
vehicle accidents may occur both from falling asleep while driving and from behavior impairment
attributable to sleepiness. SW can be caused by various sleep disorders but also by behavioral
factors such as sleep deprivation, shift work and non-restorative sleep, as well as chronic disease
or the treatment with drugs that negatively affect the level of vigilance. An association between
obstructive sleep apnea (OSA) and motor vehicle accidents has been found, with an increasing
risk in OSA patients up to sevenfold in comparison to the general population. Regular treatment
with continuous positive airway pressure (CPAP) relieves excessive daytime sleepiness and reduces
the crash risk. Open questions still remain about the physiological and clinical determinants of
SW in OSA patients: the severity of OSA in terms of the frequency of respiratory events (apnea
hypopnea index, AHI) or hypoxic load, the severity of daytime sleepiness, concomitant chronic sleep
deprivation, comorbidities, the presence of depressive symptoms or chronic fatigue. Herein, we
provide a review addressing the epidemiological, physiological and clinical aspects of SW, with a
particular focus on the methods to recognize those patients at risk of SW.

Keywords: maintenance of wakefulness test; Epworth Sleepiness Scale; motor vehicle accidents;
commercial drivers; driving license

1. Introduction

Obstructive sleep apnea (OSA) is a highly prevalent disease characterized by upper
airway occlusion during sleep, intermittent hypoxemia, and sleep fragmentation [1]. Pa-
tients with OSA are at an increased risk for cardiometabolic disease and car accidents.
The most widely used treatment for OSA is the application of continuous positive airway
pressure (CPAP) during sleep, which re-establishes airway patency and prevents the oc-
currence of upper airway collapse and its functional consequences [1]. However, CPAP
is not always accepted or tolerated by many patients, and the compliance with treatment
is highly variable. The use of CPAP for at least 4 h on 70% of the nights is considered the
threshold for good compliance, but regular and extended CPAP use beyond this threshold
is associated with a larger improvement in OSA symptoms, including excessive daytime
sleepiness [2].

The role of OSA in increasing sleepiness at the wheel (SW) and the associated risk of
driving and occupational accidents has been recognized since the early clinical research
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studies, as confirmed by several meta-analyses [3–5]. OSA doubles the risk of driving
accidents and near-miss accidents, but effective CPAP treatment with good compliance
was found to normalize the risk [6–8].

Since the literature on the topic of driving risk in OSA is extensive, the reader is
referred to some reviews for a summary of the previous literature [9–11]. A recent sys-
tematic review has examined the issue of driving risk in OSA in great detail [10]. The
current narrative review aims at providing an overview with a focus on recent updates
regarding the epidemiology, the pathophysiology and practical suggestions to evaluate SW
in OSA patients.

2. Epidemiology of Driving Accidents in the General Population and in OSA Patients

Excessive daytime sleepiness (EDS) is a non-specific symptom potentially caused by
several factors which may be associated with an increased risk of traffic accidents. Most
commonly, EDS is the consequence of insufficient sleep, and a recent study comparing
the amount of sleep reported by French drivers between 1996 and 2011 found that the
sleep time of drivers decreased over 15 years, and this finding was associated with an
increased prevalence of SW [12]. Fatigue or sleep-related accidents have been known for
a long time to be frequent causes of traffic accidents in the general population [13–15],
even though accidents attributable to sleepiness show an estimated rate between 10 and
30% [13,16–18]. Moreover, car crashes related to falling asleep often cause death and severe
injury [14]. The death of the driver occurred in 11.4% of sleepiness-related accidents, in
contrast with 5.6% of accidents unrelated to sleep [17]. Sleepiness-related motor vehicle
accidents (MVA) may result from falling asleep while driving and behavior impairment
attributable to sleepiness [18].

Besides OSA, other known causes of EDS are: (1) neurological diseases, such as
narcolepsy, idiopathic hypersomnia or Parkinson disease [19,20]; (2) psychiatric disease,
especially depression [21]; (3) old age [22]; (4) the use of hypnotics [23]; and (5) diabetes [24].
Sleepiness at the wheel should be specifically investigated, since the risk for car accidents
is high in subjects reporting episodes of severe SW [25] and in patients with OSA [26].
Although elderly subjects often report sleepiness, the risk for a poor driving performance
associated with sleepiness is lower in old adults compared to young adults, possibly
because the former tend to avoid what they perceive as dangerous situations—for example,
driving at night [27]. Conversely, risky driving behavior was associated with an increased
risk for accidents [28].

The overall picture shows several areas of uncertainty with regard to the factors possi-
bly predictive of SW and sleepiness-related accidents. Nevertheless, the majority of research
studies worldwide reported an increased driving risk among those with untreated OSA [10],
and meta-analyses further confirmed this finding [2,4,5]. Untreated OSA increases the risk
of motor vehicle accidents by 1.5 to 2.5 times compared to the general population, and
the risk might be especially high in the excessively sleepy OSA clinical phenotype [29].
The role of OSA in driving accidents is further confirmed by the decreased/normalized
accident rate after the initiation of CPAP treatment, evaluated as actual accidents, near-miss
accidents or driving simulator performance [7,8].

More recently, in a nationwide cohort study performed in Denmark, Udholm et al.,
found a prevalence of motor vehicle accidents (MVA) in OSA patients that was 1.4%, higher
than the prevalence in the reference population (0.98%) after the adjustment for age, sex,
socioeconomic status and co-morbidities. The hazard ratio for MVA in patients with OSA
was 1.29 (IC 1.18–1.39), while the incidence rate ratio was 1.3 (1.2–1.42). Interestingly, CPAP
therapy determined a statistically significant risk reduction for MVA in comparison to OSA
patients that were not treated, with a hazard ratio of 0.82 (0.67–1.02) and an incidence rate
ratio of 0.75 (0.6–0.91) [30]. Another recent study was performed in older subjects to assess
the effect of sleep apnea on driving behavior. OSA severity, measured by AHI, increased
the likelihood of an adverse driving event, with a 1.25 times increase in the odds of an
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event for each eight-point increase in the AHI [31]. This is the first study that reported a
“dose-effect” association between OSA severity and the risk of MVA.

Several studies have tried to identify the predictors of car accidents in OSA pa-
tients [10]. The apnea-hypopnea index (AHI), as a marker of OSA severity, was reported
to be associated with the occurrence of driving accidents by some studies [32,33], while
sleepiness was the principal factor in other studies [26,34–37]. Besides the occurrence of SW,
near-miss car accidents in OSA patients could also provide interesting information. SW was
reported by 41.3% of OSA patients, but in some cases, it was not associated with excessive
daytime sleepiness, as evaluated by the ESS score [37]. SW was predicted by the ESS
score, depression and the level of exposure, i.e., the mileage per year. Near-miss accidents
were reported by 22% of patients reporting SW and were associated with ESS, depression,
habitual sleep duration and the oxygen desaturation index (ODI) [37]. Compared to AHI,
the severity of nocturnal hypoxia seems to be a better marker of daytime sleepiness [37–39]
or poor performance at psychomotor vigilance tests [40]. The lack of a relationship between
AHI and the risk for car accidents could at least partly be explained by the finding that OSA
is not always associated with daytime sleepiness, as shown by recent studies on clinical
OSA phenotypes [29,41–43]. Excessive sleepiness is common in obesity, independent of
coexisting OSA [10].

Some metabolic biomarkers may be related with the occurrence of sleepiness in OSA
patients. Among them, increased interleukin-6 (IL-6) has been found during sleep restric-
tion in normal subjects [44] and in OSA patients with objectively documented sleepiness,
i.e., a short sleep latency at multiple sleep latency tests, whereas no correlation was shown
between IL-6 and subjective sleepiness, as assessed by the Epworth or Stanford Sleepiness
scale [45]. In untreated OSA patients, subjective sleepiness was associated with a poor
performance for the Psychomotor Vigilance Task (PVT) test but not with IL-6 levels [46]. In
women with OSA, increased IL-6 was independently associated with ESS, low physical
activity and depression [47], but it was unaffected by CPAP treatment for 12 weeks [48].
Similar findings were reported in a randomized clinical trial in patients with coronary
artery disease and non-sleepy OSA after long-term CPAP treatment [49].

C-reactive protein (CRP) is an inflammatory biomarker associated with untreated
OSA [50] which decreased shortly after the initiation of CPAP treatment [51]. CRP has
recently been assessed as a risk factor for OSA in four prospective studies in population
cohorts. Although increased CRP levels at baseline increased the risk for incident OSA, the
association was attenuated after the adjustment for BMI, indicating a major role of obesity.
The effect of CRP on OSA risk was larger in younger and nonobese subjects [52]. There is
currently little evidence for an association of CRP levels with sleepiness [48]. Overall, these
results confirm the complexity of the interactions between IL-6, inflammatory markers,
OSA, obesity and sleepiness and suggest a limited usefulness of inflammatory biomarkers
in predicting EDS in OSA.

Finally, as already discussed, insufficient sleep is a major cause of car accidents in
the general population [12], and comorbidities might also contribute, as is the case in
depression [21] and diabetes [24].

The results of epidemiological studies on driving risk in OSA should be critically
evaluated due to several sources of variability. Firstly, the methods used to assess sleepi-
ness varied, with the majority of studies using the Epworth Sleepiness Scale (ESS) which
measures subjective sleepiness in eight situations [53]. The repeatability of the results of
ESS has been questioned [54,55], and a low ESS score may be falsely reported despite the
occurrence of SW [56]. Secondly, the occurrence of OSA in drivers has been determined as
OSA risk by using questionnaires or by the objective documentation of sleep disordered
breathing by polysomnography or cardiorespiratory polygraphy [10]. Thirdly, the pop-
ulation under study is a major source of variability, since differences in the results exist
between studies in the general population, patients with suspected or diagnosed OSA and
non-commercial versus commercial drivers [10]. Fourthly, some studies reported only car
accidents that were objectively documented, while other studies derived the risk of car
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accidents from tests assessing sleepiness, such as the multiple sleep latency test (MSLT)
or the maintenance of wakefulness test (MWT) [10]. The use of driving simulators might
seem best suited to specifically address driving risk, but the current evidence suggests a
limited prediction of sleepiness-related driving risk [57].

Long-haul truck drivers represent a high-risk population due to their high driving
distance/year, i.e., increased exposure, frequent sleep debt, and a high prevalence of
OSA [11,58,59]. The study by Burks and coworkers in truck drivers in the United States
showed that drivers with OSA who were nonadherent to CPAP treatment had a fivefold
risk of serious preventable crashes, whereas those adherent to CPAP treatment showed a
crash rate similar to the controls [60]. The economic implications are that the motor vehicle-
accident-related costs associated with the lack of effective treatment are very high—much
higher than those of effective CPAP treatment [60,61]. Legislation on commercial drivers is
a very delicate issue, with the interest for public safety on one side and privacy regulations
and economic issues on the other side [62,63]. The European Union Directive 2014/85/EU
specifically considered the problem of OSA for issuing or renewing a driving license and
took into account different safety profiles for commercial and non-commercial drivers [64],
but EU Member States have adopted individual measures, and the problem of driving
safety in OSA patients is currently heterogeneously addressed throughout Europe.

3. Pathophysiology of Sleepiness at the Wheel in OSA Patients

The identification of risk factors also depends on the methods used to assess sleepiness.
Since ESS scores are subjective and show many limitations, the maintenance of wakefulness
test (MWT) is currently considered to be the most effective tool to study sleep propensity
with regard to SW, especially if the 40 min protocol is used rather than the usual 20 min
protocol [65–68]. However, in addition to sleep latency, which is the main result of the
MWT, very short episodes of sleep during MWT could be more sensitive markers of
the risk to experience car accidents by reflecting drowsiness, i.e., the intermediate state
between wakefulness and established sleep. Drowsiness preceding sleep is associated
with a lack of control and may be a crucial determinant of car accidents [69–72]. The
automatic identification of microsleep episodes may be the first step to develop a new
clinical test to identify risky drivers [73]. Age is another important risk factor for car
accidents, particularly in patients with OSA. Very recently, Doherty et al., found that higher
sleep apnea severity was associated with a higher incidence of adverse driving behavior,
such as hard acceleration, braking and speeding. These findings were also observed in
cognitively unimpaired old individuals [31].

Another physiological aspect that should be considered is the reduced performance of
OSA patients in multi-tasking tests. Driving can be considered a complex and dynamic
task that requires the simultaneous performance of intrinsic sub-tasks, such as vehicle
control and traffic management, as well as other activities such as radio listening, navigator
control, smartphone use, etc. Huang et al., reported that OSA patients showed a reduced
performance for divided attention driving simulator trials in comparison to normal age-
matched controls [74]. Mazza et al., evaluated the driving performance in a road safety
platform, a more natural driving performance test, in a group of OSA patients before and
after CPAP treatment [75]. The driving task consisted of avoiding an aquatic obstacle during
three real driving conditions: (1) simple condition; (2) distraction condition; (3) anticipation
condition. During the simple driving conditions, the patients showed increasing reaction
times and a lengthening of the vehicle stopping distance in comparison with the control
group. The distraction condition caused a lengthening in reaction times, particularly in
OSA patients. Of interest, CPAP therapy determined a statistically significant reduction
in the reaction times in OSA patients in comparison to the baseline, as well as a reduction
in stopping distance in the distraction and anticipation driving conditions [75]. On the
other hand, the ability to perform a multi-tasking trial can be impaired by sleep restriction,
including a chronic partial sleep restriction [76]. In this way, OSA per se and partial
sleep restriction may have an additive effect on the reduction in driving performance.
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Furthermore, Vakulin et al., demonstrated that patients with OSA are more vulnerable than
healthy individuals to the effects of alcohol consumption or sleep restriction on driving
performance [77].

4. Evaluation of Sleepiness at the Wheel in OSA Patients

Although our knowledge on the determinants of SW has greatly increased, the evalua-
tion of the risk for car accidents in OSA patients remains problematic when considering
the number of subjects to be tested for driving license issuing or renewal and the lack of
simple and fast tests to be used clinically on a large scale [78]. OSA is recognized as a
relevant cause of car accidents worldwide, but the identification of subjects at risk is far
from being satisfactory. Figures 1 and 2 schematically depict a possible flow chart for the
clinical assessment in subjects with a history of previous car accidents and in subjects with
suspected or known OSA, respectively [10].

Figure 1. Proposed flowchart to be used for driving license release or renewal. Occurrence of previous
sleepiness-related car accidents should be thoroughly investigated. Abbreviations: OSA: Obstructive
Sleep Apnea; EDS: Excessive Daytime Sleepiness; MWT: Maintenance of Wakefulness Test; Test;
DADT: Divided Attention Driving Task; PVT: Psychomotor Vigilance Test. From [10] with permission.
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Figure 2. Proposed flowchart to be used for driving license release or renewal. Patients with suspected
obstructive sleep apnea (OSA) should be studied and treated whenever the diagnosis of OSA is
confirmed. In both newly diagnosed or already known OSA patients, driving licenses should be
released or renewed only after the objective documentation of satisfactory compliance with treatment.
Abbreviations: ESS: Epworth Sleepiness Scale; BMI: Body Mass Index; CPAP: Continuous Positive
Airway Pressure; EDS: Excessive Daytime Sleepiness. Modified from [10] with permission.

Different EEG-derived parameters have been proposed to discriminate patients at
risk of poor daytime cognitive performance. Parek et al., demonstrated, in a group of
OSA patients, that a sustained run of inspiratory flow limitation determined a significant
increment of K-complexes density, with a reduced slow-wave activity associated with
delta frequencies. The reduced delta activity (ΔSWAK) was associated with next-day
lapses in vigilance during a 20 min psychomotor vigilance test (PVT) [79]. In another
study, the same research group demonstrated that the improvement in PVT lapses during
CPAP therapy was associated with an increase in ΔSWAK [80]. Mullins et al., observed
that sleep EEG microstructure measures recorded during routine PSG were associated
with impaired vigilance in OSA patients after sleep deprivation [81]. Eight OSA patients
underwent baseline PSG followed by wakefulness for 40 h with repeated PVT tests and
driving sessions on a driving simulator. The authors found that a greater EEG slowing
during REM sleep was associated with slower PVT reaction times, more PVT lapses and
more crashes during driving simulator trials. Furthermore, the decreased spindle density
during NREM sleep was also associated with slower PVT reaction times [81]. The study
involved a very small number of subjects, highlighting the complexity of such protocols
and their obvious limitation for use in large samples.
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There is growing evidence that OSA is associated with regional changes in sleep
electroencephalography (EEG) pattern, reduced fMRI-measured brain connectivity or
reduced functional interhemispheric connectivity [82,83]. Azabarzin et al., recently explored
the functional implications of the reduced interhemispheric sleep depth coherence for motor
vehicle crash risk in middle-aged and older individuals with OSA [84]. The OSA patients
with the highest degree of sleep depth coherence were those with a lower risk of being in
an accident [84].

A high level of clinical skills and responsibility is demanded for clinicians who should
evaluate the patient’s fitness to drive. Specific training would also be useful, since a recent
survey reported a high degree of variability in physicians’ responses to cases of fitness
to drive evaluations [85]. The diagnosis of excessive daytime sleepiness is still based
on subjective rather than objective data, and besides the easiest clinical situations—e.g.,
patients with no previous accidents and no referred daytime sleepiness, patients on CPAP
treatment classified as low risk for accidents and patients with clinically evident excessive
daytime sleepiness classified as high or very high risk based on ESS—there remains a large
and challenging grey area that needs better definition. In this context, a sleep study and
MWT remain the best tools to objectively document sleep propensity, evaluated as sleep or
microsleep latency at MWT. Psychomotor vigilance tests are promising but far from being
standardized for clinical use [10].

5. The New Wake-Promoting Agents

Solriamfetol and pitolisant are new drugs that counteract daytime sleepiness. They are
available on the market and are mainly used in neurological disorders such as narcolepsy
or idiopathic hypersomnia. Both have been successfully tested in CPAP-treated patients
with residual sleepiness and in OSA patients refusing CPAP [86–88]. Little information on
the prevention of car accidents with these drugs is available, but solriamfetol improved
driving performance [89]. The practical use of solriamfetol or pitolisant in OSA patients
is still uncertain, since the clinical features of OSA patients who would benefit most from
their use are unclear, and the treatment for sleepiness without concomitant treatment might
have detrimental effects on other consequences of OSA, such as cardiometabolic diseases.

6. Conclusions

The role of OSA in increasing the risk for driving accidents is established, and effective
CPAP treatment decreases the risk. However, OSA is not the only cause of sleepiness
at the wheel, and there are no simple methods to identify the patients at high risk for
accidents. From a public health point of view, the risk for driving accidents associated
with untreated OSA has been recognized by the EU Commission Directive [64]. Research
is exploring new markers of sleepiness, such as the occurrence of microsleep episodes
during MWT and polysomnographic indicators of heightened sleep propensity, in order to
improve the identification of patients at a high risk. Although new wake-promoting drugs
active on daytime sleepiness are available, their clinical indications in OSA patients are still
poorly defined.
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Abstract: Obstructive sleep apnea (OSA) is highly prevalent among patients with asymptomatic
left ventricular systolic and diastolic dysfunction and congestive heart failure, and if untreated
may contribute to the clinical progression of heart failure (HF). Given the health and economic
burden of HF, identifying potential modifiable risk factors such as OSA and whether appropriate
treatment improves outcomes is of critical importance. Identifying the subgroups of patients with
OSA and HF who would benefit most from OSA treatment is another important point. This focused
review surveys current knowledge of OSA and HF in order to provide: (1) a better understanding
of the pathophysiologic mechanisms that may increase morbidity among individuals with HF and
comorbid OSA, (2) a summary of current observational data and small randomized trials, (3) an
understanding of the limitations of current larger randomized controlled trials, and (4) future needs
to more accurately determine the efficacy of OSA treatment among individuals with HF.

Keywords: obstructive sleep apnea; heart failure; continuous positive airway pressure

1. Introduction

According to the American Heart Association 2022 Statistics [1], over 8 million people
18 years or older will have heart failure (HF) in 2030. Despite treatment advances, the
prevalence, burden, and costs of HF continue to increase. The healthcare costs associated
with HF exceed 30 billion dollars annually and over 50% of these costs are associated
with hospitalizations [1]. Obstructive sleep apnea (OSA) is highly prevalent in, and may
contribute to the progression of, both HF with reduced ejection fraction (HFrEF) and HF
with preserved ejection fraction (HFpEF), potentially reflecting an important modifiable
risk factor. The prevalence of OSA ranges from 20% to up to 60% among the HF population,
with rates of OSA typically running higher among those with HFpEF as compared with
HFrEF [2–6]. Observational data has shown that OSA is independently associated with
poor quality of life, excess rehospitalization, and premature mortality among patients
with HF [5]. Notably, multiple observational studies have demonstrated that effective
treatment of OSA may decrease hospital readmission rates and improve survival [7–9].
To date, there are no randomized controlled trials assessing continuous positive airway
pressure (CPAP) therapy in an HF with comorbid OSA population. Prior RCTs using CPAP
to treat OSA have shown no benefit on secondary prevention of cardiovascular diseases
but have shown improvement in quality-of-life measures. The purpose of this review is to
review pathophysiologic mechanisms underlying the association between OSA and HF, to
summarize current observational and randomized data, and to characterize the need for
trials that can address important questions in real world patients and in specific subgroups
of HF patients who may be more likely to benefit from OSA treatment.
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2. OSA and HF Pathophysiology

OSA is characterized by repetitive upper airway closure due to soft tissue collapse
and genioglossus muscle relaxation in the upper airway resulting in apneas (cessation
of breathing for 10 s or longer) and hypopneas (reductions in breathing coupled with
desaturation and/or arousal). Obesity and rostral fluid shifts both contribute to upper
airway narrowing and collapse. Like the general population, obese individuals with HF
are also more prone to upper airway closure related to fat deposition in the upper body,
including visceral fat and tongue and throat fat [10]. At the same time, fluid retention and
edema, particularly during HF decompensation, can contribute to upper airway closure in
the supine position. Translocation of fluid from the lower extremities to the neck may cause
vascular congestion and edema of the pharyngeal area [11]. Regardless of the contributing
factors, the downstream effects include intermittent hypoxia and hyper-hypocapnia, repet-
itive arousals, and large negative intrathoracic pressure swings. Hypoxia, hypercapnia,
and arousals lead to autonomic dysregulation with heightened sympathetic activity and
reduce parasympathetic tone as well as hypothalamic pituitary axis dysregulation. Inter-
mittent hypoxia reoxygenation leads to production of oxygen free radicals, oxidative stress,
and upregulation of inflammatory cascades such as NF kb and TNF-alpha. Finally, nega-
tive intrathoracic pressure swings may result in increased atrial stretch (facilitating atrial
fibrillation), left ventricular transmural pressure and afterload, and myocardial oxygen
demand [5,11].

3. Epidemiology

Multiple observational studies suggest that OSA is independently associated with ex-
cess hospital readmission [9,10] and that treatment may lower the rate of readmissions [7–9].
Specifically, severe OSA has been independently associated with 1.5 times higher readmis-
sion of HF patients when compared with those without OSA [9]. Observational studies also
suggest OSA is independently associated with premature mortality in individuals with
comorbid HF [7–9,12,13] and that treatment of OSA attenuates this risk [7,9,12,13]. In the
largest study, among 30,000 Medicare beneficiaries newly diagnosed with HF, the treatment
of SDB was associated with decreased readmission, health care cost, and mortality [7]. Two
other studies have shown that effective treatment of OSA with CPAP improves survival
in patients with comorbid HF, particularly in those who are compliant with CPAP [9,12].
Long-term randomized control trials (RCTs) in this population are not available, but there
is a critical need to assess how effective treatment of OSA affects the clinical course of HF
and hard outcomes.

4. Acute Decompensated Heart Failure

Multiple observational studies have shown a high prevalence of SDB, particularly OSA
in patients admitted to the hospital for HF decompensation. In a multi-center study from
Brazil, consecutive patients with confirmed acute cardiogenic pulmonary edema (ACPE)
underwent polygraphy following clinical stabilization [14]. Approximately 100 patients
were included in the final analysis, of whom 79 had HFpEF with LVEF greater than or
equal to 50%. A total of 61% of the patients had OSA defined as an apnea-hypopnea index
(AHI) greater than or equal to 15 events/h based on polygraphy. The mean follow-up
was 1 year and the primary outcome was ACPE recurrence. Higher incident rates of
ACPE recurrence (25 vs. 6 episodes; p = 0.01) and myocardial infarction (15 vs. 0 episodes;
p = 0.0004) were observed in patients with OSA compared with those without OSA. All
17 deaths occurred in the OSA group (p = 0.0001). In a Cox proportional hazards regression
analysis, OSA was independently associated with ACPE recurrence (hazard ratio (HR),
3.3 [95% CI, 1.2–8.8], p = 0.01), incidence of myocardial infarction (HR, 2.3 [95% CI, 1.1–9.5];
p = 0.02), cardiovascular death (HR, 5.4 [95% CI, 1.4–48.4]; p = 0.004), and total death (HR,
6.5 [95% CI, 1.2–64.0]; p = 0.005). Among the patients with OSA who presented with ACPE
recurrence or who died, AHI and hypoxemic burden and rates of sleep-onset ACPE were
significantly higher [14].
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Given the high prevalence of OSA in HFpEF and HFrEF and supportive observational
data, OSA may represent a modifiable risk factor. This is particularly important as HFpEF
remains highly prevalent and thus far pharmacological trials have not shown a drug
therapy that could improve survival as the primary outcome, though a recent sodium–
glucose co-transporter 2 (SGLT-2) inhibitor trial has demonstrated improved survival in
the composite endpoint of hospital admission and mortality [15].

One RCT in acute decompensated HF randomized 150 patients with HFrEF who were
diagnosed with OSA during hospitalization to a CPAP therapy arm (n = 75) or control
arm (n = 75). All participants received guideline-directed therapy for HF decompensation.
Exploratory analysis revealed that 6 months after discharge, there was over a 60% decrease
in readmissions for patients who used PAP > 3 h/night compared with those who used
PAP < 3 h/night (p < 0.02) and compared with controls (p < 0.04) [13].

5. Limitations of Randomized Control Trials for OSA Treatment in HF

There have been multiple RCTs, primarily in participants without HF, assessing com-
posite cardiovascular endpoints. Notably, all the trials enrolled individuals with established
CVD and/or cerebrovascular disease. The largest OSA RCT to date, the SAVE trial, ran-
domized 2717 patients with established cardiovascular disease (a minority with HF), at
least moderate or severe OSA to CPAP, plus usual care versus usual care alone for almost
four years. CPAP use did not reduce the composite cardiovascular endpoint, though in
secondary analyses there was a lower risk of cerebrovascular events among patients using
CPAP for at least 4 h per night [16]. Limitations to this trial (as well as other OSA RCTs)
include low adherence to CPAP, minimally symptomatic population selection (largely
excluding patients with very severe OSA and/or hypoxia), and reduced generalizability.
Regarding adherence, various studies have suggested a linear relationship between hours
of CPAP use and change in blood pressure. A metanalysis estimated a 1.39 mm Hg decrease
in 24-h mean blood pressure for each 1-h increase in effective nightly use of CPAP [17].
It is feasible that below a certain threshold, too few hours of CPAP use may not confer
cardiovascular and metabolic benefit. Additionally, there is data suggesting that sleepier
patients [18] and those with more severe hypoxemic burden [19,20] have higher incident
cardiovascular risk and therefore might benefit the most with CPAP therapy. However,
in most trials, patients with more severe apnea and hypoxemic burden and those with
excessive sleepiness are excluded, including the SAVE trial. In the SAVE trial, patients with
ESS >15 were excluded and the average ESS was approximately 7 (under 10 is considered
within normal limits), suggesting that most patients were not sleepy [16]. Since less symp-
tomatic patients are less likely to benefit from CPAP therapy, this could also contribute
to lower CPAP adherence. Overall, participants enrolled had established CVD, did not
have severe hypoxic burden, and were generally non-sleepy; the cardinal symptom of
OSA for which many patients seek treatment. Yet, observational studies, including the
Wisconsin Sleep Cohort Study [21], the Busselton Health Study [22], and the Sleep Heart
Health Study [23], revealed that only severe OSA was associated with premature mortality.
Similarly, recent studies have suggested that hypoxemic burden is an important predictor of
mortality and adverse cardiovascular sequelae [19,20]. Therefore, the patient populations
studied in the SAVE trial (as with other RCTs to date) do not reflect the population of
patients treated clinically.

6. OSA Phenotyping for Targeting Personalized Therapy

OSA is a heterogeneous disease with distinct endo/phenotypes. Individuals have
different symptoms, clinical presentations, and risk factors and may respond differently to
the same therapy. Determining which subgroup of patients (whether using symptoms such
as sleepiness, PSG measures such as hypoxic burden, or other subtypes such as the insomnia
and OSA or COMISA subtype) may have higher CVD risk and respond best to treatment
may be a critical point [20,24]. In the Icelandic study, three phenotypes were identified:
(1) the disturbed sleep group who were the OSA patients most likely to suffer from insomnia
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symptoms (and mean ESS < 10), (2) minimally symptomatic OSA patients (most normal
ESS scores), and (3) excess daytime sleepiness (mean ESS 15.7 ± 0.6) patients. Differences
among the three groups were not explained by obesity, age, sex, or AHI severity [25]. Prior
studies have shown that the excessively sleepy subtype may be more strongly associated
with a prevalence of HF and may also have a higher degree of CVD risk [26], potentially
representing a symptomatic biomarker for CVD risk. Unfortunately, however, these are the
very patients who are excluded from RCTs for lack of feasibility and ethical concerns. These
patients may be at increased risk of motor vehicle collisions due to drowsy driving and
may refuse to participate in a study where they will be in a control arm without effective
long-term treatment. In order to effectively study cardiovascular outcomes and mortality,
long-term follow up is required, which is ethically complex.

7. Pitfall of the AHI and Alternate Metrics

It is not yet clear what the best metric for measuring OSA disease burden is in HF
patients. The AHI does not capture the depth or duration of upper airway obstruction,
hypoxic burden, or REM versus NREM preponderance of respiratory events. There may
be other metrics to quantify the severity of sleep apnea in the HF population, including
measures of hypoxia (i.e., time spent < 90% oxygen saturation, hypoxic burden, measured
as the area under the desaturation curve from respiratory event and pre-event baseline).
Arousal burden (number and intensity of arousals), REM versus NREM AHI, duration of
respiratory events (in addition to frequency), changes in heart rate in response to arousals,
or other biomarkers may also present potential metrics of interest. Studies are needed to
investigate metrics that may allow for better phenotyping and patient selection first in the
general population and then in the HF population. The hypoxic burden and pulse rate
response to respiratory events or arousal are currently under investigation [27], however
more data on reliability and ease of measurement are needed before clinical application.

8. Other Therapeutic Options

It is widely known that CPAP can be difficult to tolerate, particularly in the HF popu-
lation. Alternate treatments include oral appliances, hypoglossal nerve stimulation, and
positional therapy in patients with supine-dominant OSA. In CPAP-intolerant individuals,
custom-made oral appliances and hypoglossal nerve stimulation are recommended, though
limited studies are available in HF. Studying the efficacy of alternate therapeutic options,
including oral appliance therapy and hypoglossal nerve stimulation, will also be important
in the HF population.

9. Summary and Remaining Issues

OSA is highly prevalent in all types of HF. It is biologically plausible that OSA leads
to adverse cardiovascular sequelae, and long term pathobiologic consequences of sleep
apnea may include sustained increases in sympathetic activity, endothelial dysfunction,
oxidate stress, and up-regulation of inflammatory cytokines, ultimately leading to a va-
riety of cerebrocardiovascular complications. Observational studies have demonstrated
associations between OSA with excess rehospitalization and mortality among HF patients,
and multiple observational studies have demonstrated that effective treatment of OSA
decreases hospital readmission and improves survival [10,12,28]. Small prospective [29]
and randomized trials [13,30] also show improvement in intermediate outcomes with use
of PAP therapy, including reductions in blood pressure and ejection fraction with effective
treatment of OSA. However, larger RCTs on composite outcomes have been negative or
inconclusive, though they do consistently demonstrate improved quality of life and mood
with use of PAP. To date, there are no randomized controlled trials assessing continuous
positive airway pressure (CPAP) therapy in an HF with comorbid OSA population, and
future studies with improved design and implementation and using alternative therapeutic
options, not only PAP devices, are needed to determine whether OSA treatment improves
morbidity and mortality in HF patients beyond quality-of-life measures. Additionally,
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studies are needed to better characterize phenotypes of OSA and objective measures to
help determine who may respond best to CPAP (i.e., sleepy versus non-sleepy patients).
Use of other metrics beyond the AHI and inclusion of specific OSA phenotypes may allow
for more targeted patient selection in future trials. Until then, treatment options should
start with evidence-based therapy for HF, and treatment for OSA in HF should be targeted
to improve AHI and alleviate patient symptoms with the goal of improving mood, quality
of life, and blood pressure. More targeted and thoughtful selection of study populations,
larger populations, and higher adherence to PAP are all challenges that must be overcome
in OSA RCTs in order to adequately address the pressing questions of whether OSA is
indeed a modifiable risk factor for HF and whether CPAP can improve survival and other
cardiovascular endpoints.
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Abstract: Obstructive sleep apnea (OSA) and post-traumatic stress disorder (PTSD) are often co-
morbid with implications for disease severity and treatment outcomes. OSA prevalence is higher in
PTSD sufferers than in the general population, with a likely bidirectional effect of the two illnesses.
There is substantial evidence to support the role that disturbed sleep may play in the pathophysiology
of PTSD. Sleep disturbance associated with OSA may interfere with normal rapid eye movement
(REM) functioning and thus worsen nightmares and sleep-related movements. Conversely, hyper-
arousal and hypervigilance symptoms of PTSD may lower the arousal threshold and thus increase the
frequency of sleep fragmentation related to obstructive events. Treating OSA not only improves OSA
symptoms, but also nightmares and daytime symptoms of PTSD. Evidence suggests that positive air-
way pressure (PAP) therapy reduces PTSD symptoms in a dose-dependent fashion, but also presents
challenges to tolerance in the PTSD population. Alternative OSA treatments may be better tolerated
and effective for improving both OSA and PTSD. Further research avenues will be introduced as we
seek a better understanding of this complex relationship.

Keywords: post-traumatic stress disorder; obstructive sleep apnea; PTSD; OSA

1. Introduction

Post-traumatic stress disorder (PTSD) is a psychiatric illness occurring after expo-
sure to a traumatic event, in which the individual experiences intrusive memories such
as flashbacks, avoidance of trauma reminders, negative changes in mood and cognition,
hyperarousal symptoms, and impairment of social, occupational, and interpersonal func-
tioning [1]. Sleep-related symptoms may be particularly prominent and feature nightmares
about the event, fear of sleep, night terrors, insomnia, and dream-enactment behavior
which often involves thrashing and fighting [2]. Although lifetime trauma exposure esti-
mates worldwide are as high as 70%, PTSD develops in a relatively smaller segment of
the population with 8.3% lifetime prevalence [3]. PTSD prevalence also varies consider-
ably with other factors such as the number of trauma exposures and the severity of the
trauma [4]. PTSD may resolve in some individuals within a period of weeks to months,
whereas in others it becomes a chronic condition [5,6]. One study of rape survivors assessed
for PTSD diagnosis every week after their assault found that 94% met criteria for PTSD at
the first assessment, 65% met criteria about one month later, and 47% met criteria about
three months later. The authors noted a distinct difference between subjects whose PTSD
improved over time and those who remained symptomatic [5]. Much attention has been
placed in recent years on identifying modifiable factors that may contribute to developing
a persistent post-traumatic syndrome resilience protecting against this disorder.
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Research over the past decade has uncovered significant evidence for the bidirection-
ality of sleep problems and PTSD. As many as 70% of PTSD sufferers experience some kind
of sleep disturbance [2]. About 41% of individuals with PTSD report trouble initiating sleep
versus 13% of those without PTSD, and 47% of PTSD sufferers report difficulty maintaining
sleep [7]. Sleep disturbances may also include nightmares as well as dream enactment
behaviors that have led to a proposed new sleep disorder, trauma-associated sleep disor-
der [8–10]. Sleep-related problems were traditionally considered to be symptoms of the
disorder rather than separate diagnoses. However, many studies have now suggested that
sleep problems preceding a traumatic experience may predict or even predispose to the
development of persistent stress and PTSD [11–14].

Compared with patients without sleep complaints, PTSD patients with comorbid sleep
disorders experience higher rates of substance abuse, depression, and suicidality [15–17].
Sleep disturbances are predictors of PTSD treatment nonresponse, and may continue
even after successful treatment of daytime PTSD symptoms [18–23] This underscores the
importance of identifying and managing sleep problems in this population. Treating sleep
problems such as nightmares and insomnia is also now understood to improve daytime
symptoms of PTSD [24,25] While this may not be surprising given that nightmares and
sleep difficulties are core symptoms of PTSD diagnostic criteria, what has been surprising
is the more recent evidence showing similar bidirectionality in PTSD and obstructive
sleep apnea (OSA) diagnoses and treatment [26–28]. The following sections will highlight
research in these domains.

2. The OSA and PTSD Overlap

OSA is a disorder of recurrent partial or complete upper airway collapse during
sleep, leading to snoring, reduced ventilation, intermittent and cumulative hypoxemia,
frequent arousals from sleep, and alterations in sleep architecture. OSA diagnosis requires
a sleep study showing at least five predominantly obstructive events per hour with related
symptoms, or 15 events/hour without symptoms [29]. Untreated OSA is associated with a
myriad of medical and psychiatric health conditions, including cardiovascular disease [30],
metabolic disorders [31], psychiatric disorders [32], motor vehicle accidents [33] and all-
cause mortality [34]. The prevalence of OSA is approximately 13% in men and 6% in women
aged 30–70 years when using an apnea-hypopnea index (AHI) cutoff of 15 events per hour,
whereas 14% of men and 5% of women meet the criteria of AHI > 5 with symptoms of
daytime sleepiness [35]. The risk of OSA is higher in individuals with elevated body mass
index (BMI), male sex, age > 50 years, neck circumference > 40 cm, and in post-menopausal
women [36,37].

A significant co-prevalence has been found between OSA and PTSD. This association
has been confirmed in over a dozen studies to date encompassing both military and civilian
populations, with a recent meta-analysis of 12 studies showing pooled prevalence rates
of 75.7% for AHI ≥ 5 and 43.6% for AHI ≥ 10 [38], Individuals with OSA and PTSD
(OSA + PTSD) may demonstrate fewer “typical” features of OSA such as elevated BMI
and older age [16,39]. One study found that age- and sex-matched patients with sleep-
disordered breathing and trauma exposure had lower BMI, less snoring, and more insomnia,
nightmares, psychotropic medication use, leg jerks, and upper airway resistance findings
in PSG than sleep-disordered breathing patients without trauma exposure [39]. Patients
with OSA + PTSD have worse symptoms of both disorders than those suffering from either
disorder alone, reporting lower quality of life and more somnolence compared to those
with OSA only [40], and worse nightmares, sleep quality, anxiety, depression, posttraumatic
stress, and quality of life compared to those with PTSD only [16].

There are multiple hypotheses regarding why individuals with PTSD experience
significantly higher rates of OSA than the general population. One possibility is that the
arousal threshold is lowered in PTSD due to a hyperactive chronic stress response, leading
to greater arousal sensitivity to mild obstructive events and thereby increased frequency of
hypopneas and respiratory effort-related arousals (RERAs). There is additionally evidence
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that sleep fragmentation and sleep deprivation may promote airway collapse, which may
then further increase arousals [41]. PTSD-triggered sleep fragmentation resulting from
hyperarousal processes may also result in lighter sleep, which is associated with respiratory
instability [27,42–44]. A low arousal threshold has been found to have high prevalence in
veterans with OSA [45] and PTSD [46].

Conversely, upper airway collapse occurring during sleep may have multiple effects
that predispose to persistent stress symptomatology. OSA is often worse during rapid eye
movement (REM) sleep due normal atonia of accessory respiratory muscles that would
otherwise aid in opening the upper airway during collapse. Obstructive events occurring
during REM sleep may precipitate increased frequency of arousals that may heighten
nightmare awareness and recall. Additionally, awakenings from obstructive events often
occur with sympathetic nervous system activation, with associated symptoms of racing
heart, shortness of breath, and anxiety, all of which could worsen the experience of a
nightmare [47]. OSA has been associated with nightmares even in individuals without
PTSD, often with content related to suffocation, choking, drowning, strangulation, burial,
and death [48–51]. A study of patients with OSA who slept in a laboratory before and after
starting continuous positive airway pressure (CPAP) were awakened after the beginning of
every REM period for dream reports. Dream recall was increased after obstructive events,
with these dreams being significantly more negative than dreams occurring without ob-
structive events [52]. Carrasco et al. hypothesized that respiratory events occurring during
REM sleep lead to stimulation of the limbic system, which may increase the emotional
content of dreams [53].

In the setting of a traumatic stress, OSA-induced REM sleep fragmentation may also
interfere with functions of REM sleep itself that are critical for healthy processing of emo-
tional memories. Substantial behavioral and neurophysiological evidence supports the
understanding that sleep contributes to emotional memory consolidation, and sleep depri-
vation negatively impacts it [54–57]. REM sleep in particular appears to play an important
role in the acquisition and long-term retention of appropriate fear learning, including
the ability to discriminate between threatening and non-threatening stimuli [54,55,58].
REM sleep deficiency is associated with next-day emotional reactivity and amygdala
responsivity [54,59,60]. REM sleep is also associated with fear extinction memory perfor-
mance, as well as fear inhibition [61,62]. Accordingly, disturbed REM sleep is associated
with impairments in both conditioned fear and extinction learning [63–65]. Similar impair-
ments in fear learning and emotional dysregulation have also been found with PTSD [66,67],
along with evidence of REM sleep abnormalities [59,68,69]. This body of evidence supports
hypotheses that REM sleep disturbance may play a role in the development and persistence
of PTSD.

The association between PTSD and OSA is additionally supported by studies finding
that OSA diagnosis prior to trauma exposure also predicts the development of PTSD [2,28].
Furthermore, individuals with comorbid PTSD and OSA show impairments in fear discrim-
ination, inhibition, and extinction that improve with OSA treatment [70]. OSA occurring
during REM sleep could thus be implicated as a potential cause of REM sleep fragmentation
and contribute to PTSD pathology. These data in total strongly suggest that there is likely
a bidirectional relationship between OSA and PTSD in which each condition mutually
reinforces the other [26–28,59]. The cycle of stress-induced arousals and insomnia promotes
sleep fragmentation, which worsens PTSD symptoms.

The implications for the role of OSA in PTSD may reach beyond the development of
post-traumatic stress symptoms. The most effective treatments for PTSD are recognized to
be trauma-focused psychotherapies, including exposure-based therapies such as prolonged
exposure (PE) therapy and cognitive processing therapy (CPT) [22,71–73]. These therapies
rely on the patient’s ability to effectively generalize extinction memory. Sleep-disordered
breathing has been found to negatively impact the effectiveness of PE, possibly by disrupt-
ing the extinction memory consolidation and generalization that normally occurs during
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sleep [23]. OSA may thus not only play a role in the development and persistence of PTSD,
but also hamper the effectiveness of core therapies to treat it.

Research on treatment strategies for addressing sleep concerns has yielded insight
into alternative treatments to improve PTSD severity and outcomes. Successful treat-
ment of nightmares and insomnia is known to have a positive impact on daytime PTSD
symptoms [25,74]. As our understanding of the OSA+PTSD connection has developed,
a growing body of evidence has suggested that treating OSA may also improve PTSD
symptoms. There are several potential advantages to targeting PTSD symptoms using sleep
treatments. Despite the evidence base demonstrating effectiveness of PTSD psychother-
apies, 13–39% of patients prematurely discontinue exposure therapy for PTSD [71] and
20% of veterans do not experience clinically significant improvement after PE [72]. Possible
reasons for this include difficulty tolerating trauma-related memories and emotions, and/or
stigma of receiving mental health treatment. Studies in veteran populations have shown
that individuals with PTSD report greater willingness to seek sleep medicine treatments
over explicitly PTSD-focused care [75,76]. The following sections detail the benefits and
challenges of addressing PTSD-related symptoms through treatment of OSA.

3. Impacts of OSA Treatment on PTSD

3.1. PAP Therapy

The cornerstone of OSA treatment is preventing collapse of the upper airway during
sleep. As such, the current gold-standard treatment of OSA is PAP therapy [77,78]. CPAP
devices deliver pressurized room air through a hose and mask in order to splint the upper
airway. This effectively prevents obstruction by the tongue, soft palate and surrounding
tissues, enables normal respiratory processes, and minimizes respiratory-related arousals.
CPAP has demonstrated clinically significant reduction in disease severity, daytime sleepi-
ness, hypertension, motor vehicle accidents, and quality of life [78]. Meta-analyses of
treatment impacts on cardiovascular events, cognitive function and mood have produced
mixed results [78–80].

Studies on the effects of CPAP in patients with OSA+PTSD have shown improvement
in PTSD-related symptoms in those who were adherent to CPAP. (Table 1) In 1998, a
case report was published in which a Veteran with OSA+PTSD experienced dramatic
improvement in sleep quality, nightmare frequency, and daytime sleepiness after starting
CPAP therapy [81]. A retrospective review in 15 patients in 2000 found that 75% of
those using CPAP reported improvement in PTSD symptoms, while those who declined
CPAP experienced worsening symptoms [82]. A larger study in 2014 not only found that
CPAP improved nightmares, but also noted a dose-dependent relationship, with every
10% improvement in CPAP adherence decreasing the mean number of nightmares by
one nightmare/week [83]. El-Solh et al. likewise found that an increased number of
hours/night using CPAP was associated with improvement in PTSD symptoms in veterans.
Subjects with severe OSA experienced greater improvements in PTSD symptoms than those
with mild to moderate OSA over a period of 3 months, but both groups reported reduced
nightmare distress and nightmare frequency [84]. Veterans with PTSD and a new diagnosis
of OSA reported significant reductions of PTSD symptoms, sleepiness, and depressions, as
well as improved sleep quality, daytime functioning, and quality of life over a period of 6
months [85]. A study of Veterans with PTSD and subclinical PTSD found that CPAP therapy
reduced PTSD symptoms and nightmare frequency in both groups, though the subclinical
PTSD group required higher adherence to achieve symptom improvement. Poor adherence
to CPAP resulted in increased PTSD Checklist (PCL) scores in the subclinical PTSD group,
and the authors speculated that untreated OSA may predispose to the development of
overt PTSD [86].

Despite the well-documented improvements in PTSD-related symptoms with OSA
treatment, several notable challenges occur in this population. Adherence to PAP therapy
is problematic in the general population, with 29–83% of patients using CPAP under 4
h per night [87]. Adherence is significantly lower in the PTSD population. The meta-
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analysis of Zhang et al. found three studies showing that patients with PTSD demonstrated
significantly lower adherence to PAP therapy, including regular use and average duration of
use per night, compared to those with OSA alone [38]. One study showed 40% adherence in
PTSD patients after 30-day follow-up, versus 70% adherence in non-PTSD controls. Reasons
given for non-adherence included factors that were similar between PTSD and non-PTSD
groups, including mask discomfort, air hunger, and high pressure; claustrophobia was
reported slightly more frequently in the PTSD group. Nightmares and absence of sleepiness
were also predictors of non-adherence [88].

Anecdotally, patients with OSA and PTSD have also reported reluctance to use PAP
therapy due to fear of becoming less aware or unable to respond to the potential threats in
the environment, which speaks to issues arising from hypervigilance-related symptoms.
Other common complaints by patients with OSA + PTSD in the clinical environment have
included challenges in feeling tangled or restrained by the hosing, particularly in those
with disruptive sleep behaviors. In military populations, reminders of wearing masks
during military training and combat are frequent reasons cited for CPAP intolerance. The
presence of comorbid anxiety and insomnia have also been speculated to contribute to
difficulty sleeping while wearing a mask [88,89]. The presence of insomnia with OSA is
often referred to as “comorbid insomnia with OSA” (COMISA) or “complex insomnia” and
has been found to reduce PAP adherence and effectiveness due to the sufferer’s inability to
initiate and maintain sleep while using PAP therapy [90]. Figure 1 shows the complexity
of comorbid sleep disorders seen with PTSD, and how they may interact to complicate
treatment efforts.

Figure 1. Factors contributing to untreated OSA, insomnia, and nightmares in PTSD sufferers. Un-
treated sleep apnea may lead to frequent awakenings which precipitate and/or perpetuate insomnia,
as well as arousals from REM sleep leading to increased nightmare intensity and recall. Difficulty
initiating and maintaining sleep interferes with the ability to tolerate PAP therapy, and hyperarousal
related to insomnia may increase nightmares via elevated stress response during REM sleep. The
presence of nightmares often leads to fear of sleep, hypervigilance, and poor sleep hygiene (e.g.,
leaving lights on) that worsen insomnia. Nightmares may also reduce PAP tolerance due to increased
anxiety and hypervigilance. OSA, obstructive sleep apnea. PAP, positive airway pressure. REM,
rapid eye movement.
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Even when patients adhere to treatment, those with PTSD may experience less benefit
than those without PTSD. One study found that resolution of sleepiness occurred in 82% of
patients without PTSD who were adherent to PAP therapy, but only 62.5% of PAP-adherent
patients with PTSD. Quality of life normalization with PAP therapy was also achieved by
fewer patients with PTSD (56.3%) than by those without PTSD (72%) [40]. These issues,
as well as problems in tolerating PAP therapy in patients with OSA+PTSD, have led to
research efforts exploring alternative treatments for OSA in this population.

3.2. Alternative OSA Treatments

Beyond CPAP, alternative treatments for OSA include oral appliances, positional ther-
apy, weight loss, and surgery. Few of these treatments have been studied in the OSA +PTSD
population. Oral appliances, sometimes referred to as mandibular repositioning devices
(MRD) or mandibular advancement devices (MAD), are a frequently explored treatment
option in those patients who cannot tolerate CPAP. MRDs are customized appliances that
facilitate protrusion of the mandible, thus preventing collapse of the tongue and soft tissues
of the airway. MRDs are considered more beneficial in mild to moderate cases of OSA,
and may be less effective with severe OSA [91]. Studies on long-term usage have shown
subjective adherence is excellent, with retained effectiveness in treating snoring and sleepi-
ness, but with mild reductions in efficacy over time for nocturia, mouth opening, headache,
unrefreshing sleep, and tiredness [92]. Long-term adherence may be affected by adverse
dental effects, device features, device wear, and/or progression in severity of OSA [93–96].

El-Solh et al. used a randomized crossover trial to evaluate the effectiveness and
adherence of CPAP versus MRD in Veterans with OSA+PTSD. [89] They found that the
mean residual number of obstructive events after titration with each treatment was 26.3
events per hour with MRD versus 3.9 events per hour with CPAP. Overall, 71% of CPAP-
titrated patients experienced complete resolution of OSA, versus 14% of those with MRDs.
However, patients using MRD exhibited longer sleep time and higher sleep efficiency
during the titration than those using CPAP. Adherence was improved in the MRD condition,
with 58% reporting preference for MRD and 29% preferring CPAP. Despite the differences
in OSA treatment effectiveness between CPAP and MRD, the effect size improvements in
PTSD symptoms were comparable for both treatments. Likewise, excessive sleepiness and
sleep quality also improved with both treatments, though sleep quality was more improved
with CPAP. This suggests that some components of treatment effectiveness are not captured
solely by reduction in AHI. As this study evaluated only short-term treatment effects, the
long-term effects and adherence in this population are not known.

Other alternative OSA treatments that have been studied in PTSD patients include
hypoglossal nerve stimulation (HNS). This implanted device causes contraction of the
genioglossus muscle with tongue protrusion during inspiration to prevent upper airway
collapse during sleep. HNS was approved in 2014 in the US for the treatment of OSA in
patients meeting specific criteria for AHI, BMI, airway collapse pattern on drug-induced
sleep endoscopy, and history of PAP intolerance. A study of 46 OSA patients (26 with
PTSD and 17 without PTSD) who underwent HNS implantation found complete control of
OSA (defined as AHI < 5 events/hour), improvement in excessive sleepiness, and mean
best adherence were similar for patients with and without PTSD [97]. PTSD patients with
COMISA had significantly lower adherence than those without insomnia. The authors
noted that PTSD symptom questionnaire scores did not significantly change pre/post-
surgery, though 5 of 7 patients showed a slight downward trend in scores.

Surgical options for treating OSA also include modification of the upper airway soft
tissue, including the palate, tongue base, and lateral pharyngeal walls [98]. We were unable
to find studies evaluating the effects of this treatment specifically in PTSD patients.
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There is limited evidence for treatments that target OSA in conjunction with insomnia
and/or nightmares. Some small studies have investigated the use of sedative-hypnotics to
raise the arousal threshold and improve CPAP adherence, with mixed results [44,99–101].
This approach would necessitate caution with regards to potential risks of using sedating
medications if OSA were not fully treated. Many medications, including novel agents, have
not been tested as OSA monotherapy in the OSA + PTSD population [102]. Another medi-
cation consideration is that antidepressant usage (selective serotonin reuptake inhibitors
or SSRIs, and serotonin-norepinephrine reuptake inhibitors or SNRIs) has been associated
with higher odds of low arousal threshold, as well as risk of abnormal sleep-related move-
ments and dream enactment behaviors [10,46,103]. This adds a further layer of complexity,
given that SSRIs and SNRIs are among the first-line pharmacotherapies for the treatment of
PTSD [104,105]. Managing both psychiatric and sleep problems with PTSD thus presents
additional challenges. Further research is needed to determine best clinical practice for the
treatment of PTSD with comorbid sleep disorders.

4. Conclusions

Recent decades have shown a strong, bidirectional relationship between PTSD and
sleep problems, with OSA being an increasingly recognized contributor. Individuals with
both OSA and PTSD experience worse symptoms of both disorders than those with only one
of these illnesses. The direction of initial causality is not clear, though potential pathology
may arise from sleep disturbance around the time of trauma exposure and/or stress-
related hyperarousal, sleep fragmentation, and respiratory instability leading to impaired
REM sleep function. Evidence-based treatments for PTSD may not address the crucial
component of sleep disturbance from OSA. Research on the impact of OSA treatment in
the OSA+PTSD has shown substantial clinical benefits for both disorders with PAP therapy,
with the limiting factor of significant intolerance in this population. Second-line treatments,
including MRD and HNS, have shown benefit with improved adherence, though studies
are limited thus far. It is important to note that there is a paucity of randomized controlled
trials evaluating OSA treatment effects on PTSD, particularly in women and non-veterans.
Further research is needed in this area.

Many patients with PTSD suffer from multiple sleep problems, including OSA, insom-
nia, nightmares, and dream enactment behaviors, with each disorder presenting challenges
in the treatment of the others. Future research will also optimally test combinations of
treatments for these complex comorbidities.
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Abstract: Obstructive sleep apnea (OSA) is a highly prevalent disorder with a growing incidence
worldwide that closely mirrors the global obesity epidemic. OSA is associated with enormous
healthcare costs in addition to significant morbidity and mortality. Much of the morbidity and
mortality related to OSA can be attributed to an increased burden of cardiovascular disease, including
cardiac rhythm disorders. Awareness of the relationship between OSA and rhythm disorders is
variable among physicians, a fact that can influence patient care, since the presence of OSA can
influence the incidence, prevalence, and successful treatment of multiple rhythm disorders. Herein,
we provide a review of this topic that is intentionally broad in scope, covering the relationship
between OSA and rhythm disorders from epidemiology and pathophysiology to diagnosis and
management, with a particular focus on the recognition of undiagnosed OSA in the general clinical
population and the intimate relationship between OSA and atrial fibrillation.

Keywords: obstructive sleep apnea (OSA); atrial fibrillation (AF); continuous positive airway pres-
sure (CPAP); ventricular tachycardia (VT); atrioventricular (AV) block

1. Sleep Apnea and Cardiac Rhythm Disorders: An Introduction

Sleep apnea is a highly prevalent disorder among patients with all forms of cardio-
vascular disease. Decades of data from several large prospective patient registries have
revealed that sleep apnea—in particular, obstructive sleep apnea (OSA)—is practically
endemic in cardiology clinics and cardiac inpatient wards across the globe [1,2]. OSA
has been closely associated with prevalent and incident hypertension [3], ischemic heart
disease [4,5], heart failure [6], stroke [7], and all forms of cardiac rhythm disturbance [8].
Additionally, central sleep apnea (CSA) or combined OSA and CSA often affects patients
with heart failure and stroke [9]. Sleep apnea and cardiovascular disease are so intertwined
with respect to their epidemiology and shared pathophysiology that one can think of them
as being two components of a global, multi-system metabolic syndrome driven largely
by obesity.

In this review, we will focus on OSA and its relationship to cardiac rhythm disorders.
We do this because OSA is the most common form of sleep apnea, and its presence appears
to have a greater overall impact on cardiac rhythm disorders than other forms of sleep
apnea or sleep-disordered breathing [8]. Additionally, there is a rich and growing body of
clinical and basic scientific evidence linking OSA and cardiac rhythm disorders, particularly
atrial fibrillation, at multiple levels, which deserves a thorough review [10,11]. Lastly, OSA
risk can be readily assessed in the clinical setting by allowing for appropriate testing and
subsequent referral for a number of validated treatment options—most commonly, positive
airway pressure (PAP) device management. Appropriate treatment can have a positive
impact on a patient’s morbidity, mortality, and quality of life, irrespective of its impact on
rhythm disorders per se.
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2. Hiding in Plain Sight? The Epidemiology of Obstructive Sleep Apnea

OSA is a global health crisis that parallels the global obesity epidemic. Obesity and
OSA are associated to the extent that it is credible to think of OSA as a consequence of
obesity in a majority of cases, although there are certainly patients with OSA who are not
obese. In the United States, OSA affects 17% of adult women and 34% of adult men, and
incident cases are on the rise [12]. Across the world, OSA prevalence rates vary, but share
the trend of rising on every continent [2]. OSA is often associated with features of the
metabolic syndrome or “Syndrome X”, including insulin resistance, dyslipidemia, hyper-
tension, and central adiposity, so often so that some authors have proposed the adoption of
a “Syndrome Z” to account for the frequent presence of OSA [13]. This association with
the metabolic syndrome and its attendant effects on inflammation, oxidative stress, and
endothelial dysfunction likely accounts for a large portion of the association between OSA
and cardiovascular disease [14].

OSA is often symptomatic, with its principal symptom being excessive daytime
sleepiness or fatigue. Historical features that are strongly suggestive of OSA include
loud snoring and witnessed apneas or gasping for air during sleep. This element of
the history often requires an interview with the patient’s bed partner for confirmation.
Other symptomatic manifestations of OSA include difficult concentration, declining work
performance, depressed mood, and a heightened risk for motor vehicle accidents. There
are a number of valid and simple screening tools that can be easily applied during a
patient interview to predict the presence of OSA with fair accuracy. Of these, the STOP-
BANG questionnaire (Table 1) appears to have the best sensitivity and specificity for the
detection of OSA [15–17]. Although many patients with OSA do not volunteer that they are
symptomatic, screening for symptoms can nonetheless be helpful. The Epworth sleepiness
scale (ESS), an eight-item questionnaire administered during a clinical encounter (Table 2),
can prove useful in establishing whether significant OSA symptoms are present [18]. While
it is not solely specific to sleepiness caused by sleep apnea, the ESS scale has been well
validated in the OSA population and is a reliable gauge for symptom severity. This
matters because the presence of subjective and objective sleepiness correlates with greater
expression of pro-inflammatory biomarkers and a greater overall risk for adverse cardiac
events than the absence of OSA symptoms [19]. The presence of symptoms also justifies
OSA treatment, irrespective of any interest in cardiac risk mitigation.

Table 1. The STOP-BANG questionnaire and its accuracy in detecting moderate or severe sleep apnea (AHI ≥15/hour).
Score one point for each finding.

Snoring Typically loud and disruptive

Tiredness Tired, fatigued, or sleepy during the day

Observed apnea Often observed by bed partner

Pressure History of hypertension treatment

BMI BMI > 35 kg/m2

Age >50 years

Neck circumference >40 cm

Gender Male

STOP BANG Score Sensitivity Specificity PPV NPV

1 100 1 67 100

2 99 10 68 79

3 94 32 73 74

4 81 51 76 58

5 60 72 80 48

6 35 89 86 42

7 14 96 88 37

8 3 100 95 35
AHI, apnea–hypopnea index; BMI, body mass index, PPV, positive predictive value; NPV, negative predictive value. The table was created from data
taken from references [17] and [19].
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Table 2. The Epworth Sleepiness Scale (ESS) and its relationship to OSAS risk. Each question is
scored from 0 to 3. ESS score range is from 0–24.

Activity
Likelihood of Dozing

0 = Never, 1 = Slight, 2 = Moderate, 3 = High

Sitting and reading

Watching television

Sitting inactively in a public place

As a car passenger for one uninterrupted hour

Lying down in the afternoon when able

Sitting and talking to someone

Sitting quietly after lunch with no alcohol

In a car, while stopped for a few minutes
in traffic

Mean RDI Mean ESS ESS Range Interpretation

8.8 ± 2.3 9.5 ± 3.3 1–9 No or little OSAS risk

21.1 ± 4.0 11.5 ± 4.2 10–15 Moderate OSAS risk

49.5 ± 9.6 16.0 ± 4.4 16–24 High OSAS risk
RDI, respiratory disturbance index; OSAS, obstructive sleep apnea syndrome. The table was adapted from
reference [20].

When OSA is strongly suspected after screening, the diagnosis is typically confirmed
or excluded with an attended, laboratory-based polysomnogram (PSG) or a home sleep
apnea test (HSAT). PSG is considered the gold standard for the diagnosis of sleep disorders
owing to its multi-channel data acquisition, which includes brainwave activity and cardiac
telemetry to allow for sleep staging, arousal assessment, and assessment of heart rate
variability. Major disadvantages of PSG include its limited availability despite rising
demand and lack of access in the setting of the ongoing coronavirus disease 2019 (COVID-
19) pandemic [20]. In contrast, HSAT offers a simpler dataset that includes continuous
oximetry and airflow assessment. The device is worn in the patient’s home and is often
more readily available than PSG. HSAT is most appropriate for patients with few medical
comorbidities in whom there is a high index of suspicion for OSA, rather than central
or mixed apnea. There are even algorithms that allow for the assessment of heart rate
variability based on data obtained from continuous oximetry, a feature that may prove
useful in the prediction of incident rhythm disorders, such as atrial fibrillation [21].

OSA severity may be assessed in several ways. The most commonly reported metric
of OSA severity is the apnea hypopnea index (AHI), which measures the number of times
that a patient stops breathing (apnea) or experiences a significant reduction in airflow
(hypopnea) per hour of sleep time. An apnea is defined as a lack of an air flow for at least
10 s with an associated oxygen desaturation of at least 4%. Hypopnea is defined as a 50%
or greater reduction in airflow for at least 10 s with an associated oxygen desaturation of at
least 4%. The AHI is easy to reproduce and is, without question, the most widely reported
OSA severity metric in clinical trials. However, the AHI may underrepresent OSA severity
when viewed in isolation, and there are data to support focusing more on indices of oxygen
desaturation as a gauge of OSA severity [22]. Recent studies have suggested that measures
of oxygen desaturation, such as the percentage of sleep time spent with an oxygenation
saturation below 90% (T90) or 88% (T88) or the lowest saturation achieved during sleep,
may better predict adverse cardiac events than the AHI [23].
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3. Guilt by Association or Public Enemy Number One? Obstructive Sleep Apnea and
Cardiac Arrhythmogenesis

OSA impacts the development of cardiac arrhythmias through direct and indirect
mechanisms (Figure 1). The direct effects of OSA on arrhythmia development include the
acute physiologic changes that occur as a consequence of airway collapse during sleep,
including the development of hypoxemia and hypercapnia [24], changes in sympathetic
and parasympathetic tone [25], and fluctuations in thoracic pressure [26]. Indirectly, OSA
alters the structure of the heart and is a risk factor for the development of structural
heart disease. The indirect effects include the development of cardiovascular disease,
including hypertension [3,27], heart failure, and coronary artery disease [28], which form
the underlying substrate for arrhythmia development. While atrial fibrillation is the
arrhythmia most commonly associated with OSA [29], there is evidence linking OSA to
the development of arrhythmias at the level of the sinus node [30], atrial arrhythmias [31],
ventricular arrhythmias, and sudden cardiac death [32]. In this section, we will review the
pathophysiologic impact of sleep apnea on cardiac arrhythmia and explore the relationship
with each disease entity in turn.

The basis of arrhythmogenesis includes changes in myocardial automaticity, triggered
activity, and reentrant mechanisms [33]. Abnormal automaticity refers to the formation
of cardiac impulses in normally quiescent cardiac cells and is controlled by multiple fac-
tors, including sympathetic and parasympathetic tone, acid–base status, and electrolyte
disturbances at the membrane and sub-membrane levels [34]. OSA causes repetitive,
cyclical changes in sympathetic tone. During apneic events, increased vagal tone causes
bradycardia followed by sympathetic discharge as a result of hypoxemia and hypercapnia.
Increased vagal tone has been shown to shorten the effective refractory period of the atrium
in porcine models of AF and to lead to easier inducibility of AF [35]. The following sympa-
thetic discharge, in turn, promotes increased arrhythmia formation due to beta-adrenergic
stimulation [26,36] The repetitive hypoxemia is also thought to increase reactive oxygen
species and alter potassium regulation during sleep, which affects the automaticity of car-
diac tissue [37]. OSA has also been shown to decrease the atrial effective refractory period
(ERP) in canine models, thus leaving the atria more vulnerable to automatic depolarization
and ectopy during periods of sleep-disordered breathing [38]. Triggered activity refers
to spontaneous depolarizations that are able to cross the membrane potential required to
trigger an action potential. These individual extrasystoles can precipitate tachyarrhyth-
mias in both the atrial and ventricular chambers [38]. Well-established causes of triggered
activity include hypoxemia, acidemia, and increased sympathetic tone, all of which occur
during the repetitive cycles of apnea that characterize OSA. Re-entrant mechanisms are
postulated to arise from heterogenous myocardial conduction as a result of abnormal
cardiac remodeling in the setting of structural heart disease that accompanies OSA [24].

The mechanistic link between OSA and heart failure is complex and likely bidirec-
tional, with each entity contributing to the other [39]. Obstructive apnea and hypopnea
are associated with respiratory efforts against the collapsed upper airway, with associated
changes in intrathoracic pressure as high as 60 to 80 mmHg [40] These repetitive, acute
swings have a significant impact on cardiac preload and afterload. Simulation of OSA by
means of the Mueller maneuver, which involves breathing in against a forced resistance
by means of a nose clip and mouthpiece with a 21 G needle, was shown to reproduce
changes in intrathoracic pressure in healthy human subjects [38]. This experiment showed
that the effect of these intrathoracic pressure swings includes increases in left ventricle
(LV) end-systolic volumes, decreased cardiac performance, and abrupt swings in left atrial
volumes due to mural stress on the more pliable left atrial wall. Likewise, in patients un-
dergoing cardiac catheterization with measurement of aortic and left ventricular pressures,
negative intrathoracic pressures by means of the Mueller maneuver caused increases in LV
contraction load as well as an increase in the LV relaxation coefficient (tau) [41,42]. These
pathophysiologic changes play a possible role in the observation that severe OSA is asso-
ciated with ventricular diastolic dysfunction in a dose-dependent fashion [42]. The sum
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of these interactions is that OSA predisposes one to the development of structural heart
disease and heart failure, and the development of these disease states, in turn, predisposes
one to and perpetuates the development of OSA.

Figure 1. Proposed mechanisms linking obstructive sleep apnea and cardiac arrhythmias. RAAS, renin angiotensin
aldosterone system; CRP, c-reactive protein; TNF, tumor necrosis factor; IL, interleukin; LV, left ventricle.

Sick sinus syndromes, including bradycardia with chronotropic incompetence, sino-
atrial exit block, and tachycardia–bradycardia syndromes, are recognized to be more
common in OSA patients than in the general population [43–45]. One study using Holter
monitoring of 239 consecutive patients with a new diagnosis of OSA found that brad-
yarrhythmias occurred in as many as 20% of the patients and that there was a dose–response
effect with respect to oxygen saturation nadir during sleep [46]. Early studies in using
tracheostomy as a treatment for OSA in the context of “Pickwickian Syndrome” showed
that the treatment of recurrent apneic episodes with tracheostomy normalized both sleep
patterns and bradyarrhythmias in this population [47]. These studies were among the first
to postulate that hypoxia-induced vagal tone at nighttime could be a significant cause of
bradyarrhythmias. A study of patients with excessive daytime sleepiness and sleep-related
breathing disorders showed that these patients had increased sympathetic and parasympa-
thetic surges when looking at changes in R-R intervals overnight, showing a link between
parasympathetic tone and bradyarrhythmia in this population [48]. A study of six consec-
utive patients with sleep apnea showed that bradycardia correlated with apneic events
and that the duration and severity of bradycardia correlated with the degree of hypoxemia
during the apneic events [49] These observations can be explained by the natural diving
reflex that is elicited during upper airway obstruction. During upper airway obstruction,
there is sympathetic vasoconstriction of arteries to muscles and viscera, with resultant
hypertension and vagal tone causing bradycardia [48,50]. This association between OSA
and bradycardia is also seen in reverse: Patient cohorts not known to have sleep apnea
were shown to have an excessively high prevalence of OSA, regardless of the indication
for pacing [51]. Studies of OSA patients referred for pulmonary vein isolation have shown
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slower sinus node recovery times, suggesting that OSA also impacts the structural integrity
of the sinus node [52].

Atrial fibrillation (AF) is the most common arrhythmia in the United States and is
estimated to affect more than 3 million individuals [53]. The pathogenesis of atrial fibrilla-
tion is complex and incompletely understood, but is accepted to involve both abnormal
atrial substrates and triggers of abnormal electrical activity. The initiation of abnormal
electrical activity in the pulmonary veins and their subsequent spread and activation of
the atrium has been described, and the isolation of said pulmonary veins is the mainstay
of catheter-based ablation of atrial fibrillation [54]. In addition to the pulmonary veins,
additional areas of abnormal electrical activity have been implicated in AF pathogenesis,
including the superior vena cava, the left atrial appendage, the ligament of Marshall, and
scarred areas of the left atrium [53]. Additionally, small spiral wave fronts called rotors
have been implicated in initiating atrial fibrillation from areas of the atrium outside the
traditional pulmonary vein foci [55]. The progression of structural disease, including
scarring and fibrosis of the left atrium, has also been implicated in the development and
progression of atrial fibrillation [56]. In these patients, the abnormal atrial tissue is consid-
ered an additional instigator of atrial fibrillation in addition to the pulmonary veins [57,58].
Parasympathetic tone is also thought to impact the development of atrial fibrillation, with
the ganglionated plexi of the left atrium located near the pulmonary vein ostia being an on-
going target of investigation in atrial fibrillation management [59]. The prevalence of OSA
is as high as 50–80% in atrial fibrillation patients [59–61], and conversely, the prevalence of
atrial fibrillation is higher in OSA patients compared to controls (4.8 vs. 1.9%) [44]. OSA
predisposes one to the development of atrial fibrillation both through its acute effects in
modulating autonomic tone and by acutely changing intrathoracic pressure dynamics, as
well as by modulating chronic changes in the underlying atrial substrate [62].

The impact of OSA on structural changes in the left atrium is well described in an
increasing body of literature. Studies using mice models of OSA have shown that the
repetitive induction of apneic events has direct effects on connexin protein regulation, atrial
fibrous tissue content, and structural changes, including slowed atrial conduction [63].
Similar mimics of OSA in rats were shown to selectively increase the fraction of interstitial
collagen in the atria of mice, without any similar findings in murine ventricles [64]. This
study further showed that Interleukin 6 and Antiogensin-1 Converting Enzyme were
significantly upregulated and correlated with the degree of atrial fibrosis [64]. Relating to
these laboratory findings, a study of 40 patients undergoing AF ablation showed that while
patients with OSA had no differences in baseline AF risk factors compared to controls, they
had slower conduction velocities in atrial tissue and more complex electrograms in the
atrium [54]. In a study of patients referred for pulmonary vein isolation, 43 patients with
OSA were compared to 43 control patients and were shown to have lower atrial voltage
amplitude, slower conduction velocity, and more fractionation of electrograms [65].

In addition to the chronic structural changes attributed to OSA, acute changes in
physiology account for an additional risk factor for AF development. A retrospective
review of overnight polysomnograms from the Sleep Heart Health Study showed that the
odds of an arrhythmia were 18 times higher during a period of respiratory disturbance
compared to normal breathing during sleep [66]. One acute factor that has been shown to
contribute to AF development is hypercapnia. In a study of a sheep model of hypercapnia,
there was an increase in vulnerability to the development of atrial fibrillation during
the post-hypercapnic phase of airway obstruction [67]. In this experiment, hypercapnia
caused a lengthening of the atrial effective refractory period and an increase in conduction
time, which resolved with resolution of hypercapnia. Vulnerability to atrial fibrillation
development was assessed by evaluating the response to an early electrical stimulus to the
atrium, with more development of atrial fibrillation in response to this stimulus during the
return to normal carbon dioxide levels.
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4. Why Will This Patient Not Get Better? The Impact of Obstructive Sleep Apnea on
Treatment and Outcomes in Cardiac Rhythm Disorders

As previously mentioned, the prevalence of recognized and unrecognized OSA among
patients with cardiac arrhythmias in general and atrial fibrillation in particular is quite
high. Thus, screening patients with rhythm disorders for OSA would be reasonable for
no other reason than to identify subjects with symptomatic OSA who might benefit from
treatment. While altruistic, routine screening of patients with rhythm disorders may
also provide insight regarding rhythm management as well, particularly among patients
with treatment-resistant rhythm disorders. Obesity and OSA are tightly linked to one
another, and both conditions have been recognized as contributors to the reoccurrence of
atrial fibrillation after both cardioversion and successful catheter-based ablation [68,69].
The presence of OSA has been associated with a greater rotor burden in patients with
atrial fibrillation, with a proclivity for right atrial rotors in particular [70]. OSA has
been implicated as a contributor to secondary rhythm-related complications of other
cardiovascular diagnoses, including myocardial infarction and heart failure [71,72]. Among
patients with permanent pacemakers that are largely implanted for sinus or AV nodal
diseases, the prevalence of previously unrecognized OSA is quite high, raising the question
of whether appropriate OSA treatment might have resulted in fewer device implants [73].
In patients with non-ischemic cardiomyopathies who have implanted cardiac defibrillators
for the primary prevention of sudden death, OSA has been associated with an increased
rate of inappropriate shocks [74]. Current clinical guidelines recommend screening all
patients with treatment-resistant atrial fibrillation for the presence of OSA, and one should
strongly consider screening patients with tachy-brady syndrome or ventricular tachycardia
and survivors of sudden cardiac death if OSA risk factors are present [53].

5. Do I Really Need to Wear This Mask Every Night? The Impact of Obstructive Sleep
Apnea Treatment on Outcomes in Cardiac Rhythm Disorders

Most of the research done to assess the impact of OSA treatment on outcomes in
patients with cardiac arrhythmias has focused on PAP devices. To date, there are no pub-
lished data supporting the use of mandibular advancement device therapy or hypoglossal
nerve stimulation for the express purpose of reducing arrhythmic or other cardiovascular
events. It has been observed that surgical weight loss can reduce the likelihood for AF
recurrence in a dose-dependent fashion, but large-scale randomized clinical trials with
rhythm-related endpoints are lacking [75]. While observational cohort data suggest that
PAP therapy improves outcomes in rhythm disorders such as atrial fibrillation and lessens
the burden of premature ventricular contractions and non-sustained ventricular tachy-
cardia in patients with heart failure [76–79], recent randomized controlled clinical trials
involving subjects with OSA treated with PAP or either sham PAP or no PAP have failed
to demonstrate any significant benefits in patients with atrial fibrillation or other arrhyth-
mias [80–82]. The reason for this disconnect between observational and randomized trial
data is likely multifactorial, but patient adherence to therapy selection probably plays a
large role. Current randomized controlled trials involving PAP tend to enroll asymptomatic
or minimally sleepy patients due to ethical concerns about not treating sleep patients with
PAP. These are also the patients who are less likely to adhere to PAP therapy. Many of
these studies also exclude patients with more extreme obesity. There are data linking OSA
symptoms to greater OSA morbidity and mortality, so by excluding these patients from
clinical trials, we may be testing a lower-risk population than that seen in everyday clinical
practice [83,84]. Thus, current randomized clinical trials are likely excluding patients who
would be expected to benefit the most from PAP therapy.

6. Where Do We Go from Here? Parting Thoughts and Future Directions

Based on a review of the available data, it seems clear that the presence of OSA
increases one’s likelihood for developing incident atrial fibrillation, nocturnal pauses,
bradycardia, sustained and non-sustained ventricular arrhythmias, and individual ectopic
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ventricular complexes. The growing body of basic scientific data supporting the causal role
of OSA-related events in the genesis of rhythm disorders is quite robust. Observational
data also strongly suggest that the presence of unrecognized and untreated OSA interferes
with the success of conventional rhythm management, especially in patients with AF.
What has yet to be clearly established is whether OSA treatment—and PAP treatment in
particular—actually improves rhythm-related outcomes in patients with OSA. It is well
known that the presence of objective and subjective sleepiness in OSA is associated with
poorer cardiac outcomes for reasons that are not entirely clear, but may be related to a
greater degree of oxidative stress and the expression of pro-inflammatory molecules in
these sleepy patients [83,84] While randomized clinical trial data looking at the effect of
PAP treatment on cardiac outcomes have been admittedly disappointing [80,85], these
trials enrolled patients with few or no OSA symptoms for ethical reasons, and many of
these trials studied patients who were much less obese than the average “real-world” OSA
patient. PAP compliance also remains a limitation in many clinical trials [86]. These facts
raise significant doubts about the true efficacy of PAP treatment in such patients, and future
trials should look to include sleepy patients with higher BMIs to see if this lack of treatment
effects persists. Since recent randomized clinical trials have called into question whether
PAP therapy provides any cardiovascular therapy at all, it may be time to revisit the ethics
of randomizing sleepy patients in PAP trials or to utilize different study designs to address
these questions, such as observational studies using propensity scoring [86]. In addition,
the role of a multi-faceted intervention for OSA, such as combining PAP with structured
weight loss, exercise, and lifestyle and nutritional counseling, deserves more exploration,
as there are data that suggest that these approaches may benefit patients with rhythm
disorders more than PAP therapy alone [87].
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Abstract: Although clinical studies have been carried out on the effects of weight reduction in sleep
apnea patients, no direct link has been shown between weight reduction and changes in cardio-
metabolic risk factors. We aimed to analyze changes in the apnea–hypopnea index and selected
cardio-metabolic parameters (total cholesterol, triglycerides, glucose, insulin, blood pressure) in
relation to the reduction in body mass index in obstructive sleep apnea patients. Medline, Web
of Science and Cochrane databases were searched to combine results from individual studies in
a single meta-analysis. We identified 333 relevant articles, from which 30 papers were assigned
for full-text review, and finally 10 (seven randomized controlled trials and three nonrandomized
studies) were included for data analysis. One unit of body mass index reduction was found to
significantly influence changes in the apnea–hypopnea index (−2.83/h; 95% CI: −4.24, −1.41), total
cholesterol (−0.12 mmol/L; 95% CI: −0.22, −0.01), triglycerides (−0.24 mmol/L; 95% CI: −0.46,
−0.02), fasting insulin (−7.3 pmol/L; 95% CI: −11.5, −3.1), systolic (−1.86 mmHg; 95% CI: −3.57,
−0.15) and diastolic blood pressure (−2.07 mmHg; 95% CI: −3.79, −0.35). Practical application of
lifestyle modification resulting in the reduction of one unit of body mass index gives meaningful
changes in selected cardio-metabolic risk factors in obstructive sleep apnea patients.

Keywords: biological markers; weight loss; apnea–hypopnea index; blood pressure

1. Introduction

Obstructive sleep apnea (OSA) is a recognized cardio-metabolic disorder affecting 53%
of the middle-to-older age general population, and 36% of OSA subjects having exclusive
positional sleep apnea can be treated with positional therapy [1,2]. OSA is characterized
by repetitive partial or complete closure of the upper airway during sleep that results
in hypoxemia and hypercapnia, is frequently associated with arousals, and leads to an
increase in myocardial oxygen demand [3]. The sum of the number of apneas and the
number of hypopneas per hour is described by the apnea–hypopnea index (AHI) [4]. The
AHI defines four grades of OSA: mild (5.0–14.9), moderate (15.0–29.9) and severe (≥30.0
events per hour) [4].

Currently, continuous positive airway pressure (CPAP) therapy is the ‘gold standard’
treatment for OSA, with dietary interventions and physical activity promoting weight loss
encouraged in obese OSA individuals [5]. An increase of body weight by 10% over time
increases the AHI, on average, by 30%, whereas a 10–15% reduction in body weight can
reduce the AHI by 50% [6]. It has been shown that the Mediterranean diet improves OSA
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regardless of CPAP use and weight loss, whereas body-mass reduction itself improves
OSA severity and symptoms [7]. Recent results from the Sleep AHEAD Study confirmed
that individuals with OSA and type 2 diabetes mellitus receiving intensive lifestyle in-
tervention for weight loss had reduced OSA severity, related to changes in body weight,
baseline AHI and intervention independent of weight change at 10 years [8]. Additionally,
previously published data have shown that OSA can itself be associated with dyslipidemia,
hypertension and impaired glucose (Glc) tolerance independent of obesity [9–11]. OSA
increases the risk of heart failure by 140%, the risk of stroke by 60% and the risk of coronary
heart disease by 30%, causes significant sleep disturbances, leading to excessive daytime
sleepiness and fatigue, depression (21.8%), anxiety (16.7%), posttraumatic stress disorder
(11.9%), psychosis (5.1%) and bipolar disorder (3.3%) [12]. Although differentiated lifestyle
interventions were applied in OSA individuals [13–17], until now there is no consistent
finding that directly translates the effectiveness of lifestyle modification, expressed as body
mass index (BMI) reduction, to changes in cardio-metabolic risk factors.

Because of this fact, we aimed this study to analyze changes in the AHI and selected
cardio-metabolic parameters (concentration of total cholesterol (TC), triglycerides (TG),
Glc, insulin, systolic and diastolic blood pressure (SBP, DBP)) in relation to reductions in
the BMI in OSA patients.

2. Materials and Methods

2.1. Search Strategy, Inclusion and Exclusion Criteria

The databases Medline, Cochrane Library and Web of Knowledge were searched
for clinical studies carried out between 1958 and November 2020 that reported the effect
of lifestyle modification on BMI and selected cardio-metabolic parameters as primary or
secondary outcomes in individuals with OSA.

The search strategy was restricted to humans, English language and original articles.
The search was based upon the following index terms and titles: #1, sleep or apnea or
obstructive sleep apnea or obstructive sleep apnea or sleep-disordered breathing and #2,
diet or dietary intervention or diet, fat-restricted or energy intake or energy reduction and
#3, weight loss or weight and #4, insulin or insulin resistance or insulin-secreting cells or
glucose or lipids or triglycerides or cholesterol, and not animals. The PRISMA Statement
was followed [18].

Only studies run with patients suffering from OSA indicating the changes in BMI,
AHI and selected blood parameters after lifestyle modification were included. Intervention
studies (randomized controlled trial, RCT, and nonrandomized controlled study, NRS) were
taken into consideration. The articles that did not meet inclusion criteria were excluded.

2.2. Data Extraction and Analysis

Relevant articles were identified by screening the abstracts, titles and full texts. The
study selection process was performed by two independent researchers in parallel for
each database, cross-checked by a third reviewer. For each full-text paper, information
was extracted including general information (study title, authors, year, journal), study
characteristics (study design, country, length of intervention), characteristics of studied
population (number, nationality, demographic characteristics of participants), assessment
methods (body weight measurement, Glc, insulin, TC, TG and AHI measurements) and
type of outcome (BMI changes, changes in selected cardio-metabolic parameters). The
relationships between BMI reduction and AHI, TC, TG, Glc and insulin changes respectively
were described as mean difference per 1 unit of BMI reduction if the effect of lifestyle
modification was linked with reductions or increases in the analyzed parameters.

To assess the study quality, the Cochrane risk of bias for RCTs was used. For NRS,
a nine-point scoring system according to the Newcastle–Ottawa scale was applied [19],
where a high-quality study was defined by a threshold of ≥7 points.
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2.3. Statistical Approach

When possible, the recorded Glc, TC and TG concentrations were converted to
mmol/L and insulin concentration to pmol/L in order to standardize the results. A
meta-analysis was performed to combine the results of the individual studies. Data were
analyzed using a random-effects model, which allowed for true effect variation between
studies. The effect size of a study was investigated by calculating mean difference per unit
of BMI reduction (treated as an objective measurement of body weight change) with a 95%
confidence interval.

The heterogeneity of the sum of studies was tested for significance. As a measure
for quantifying inconsistencies, I2 was selected [20]. The results of the meta-analysis were
visualized using a forest plot, which illustrates the results of the individual studies and the
summary effect. The analysis was performed with Review Manager (RevMan) V5.3 (the
Nordic Cochrane Centre, the Cochrane Collaboration, Copenhagen, Denmark, 2014).

3. Results

3.1. Search Results, Studies and Population Characteristics

We initially identified 333 potentially relevant publications from which, after title
search, 97 articles were included. After duplicate removal, 30 papers were assigned
for full-text review and finally 10 articles were included for data extraction and analy-
sis [4,12–17,21–24]. The process outline and workflow is presented in Figure 1.

Figure 1. Process of the literature search for dietary intervention and cardio-metabolic risk factors
in adults.

The characteristics of clinical studies (randomized and nonrandomized) and pop-
ulations are presented in Tables 1 and 2, respectively. The population consists of 1069
individuals and was characterized by a mean baseline BMI of >29 kg/m2, a mean age
of 35–70 [13] and a predominance of Caucasian ethnicity. The durations of interventions
ranged from 4 week [13] to 24 week [24] (with observations up to 2 year) [16], based on
lifestyle modification [4,12–17,21–24].
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The dietary strategies leading to a decrease in energy intake were based on a reduced
intake of fat or general caloric restriction [4,12–17,21–24]. After the intervention period,
mean BMI values decreased up to 5 units [16,22] and AHI values up to 15 [16] when only
diet was used (Table 1).

The quantitative meta-analysis revealed a significant decrease in AHI per 1 unit of BMI
change (mean difference: −2.83/h; 95% CI: −4.24, −1.41; p < 0.00001, I2 = 95%) (Figure 2).

Figure 2. Forest plot for mean apnea–hypopnea index (AHI) change per 1 unit of body mass index (BMI) reduction in
selected studies.

For each study, the square represents the point estimate of the effect. Horizontal lines
join lower and upper limits of the 95% CI of this effect. The area of shaded squares reflects
the relative weight of the study in the meta-analysis. Diamonds represent the subgroup
mean difference and pooled mean differences. CI indicates the confidence interval (upper
and lower limit) [4,12–17,21–24].

3.2. Changes in Selected Cardio-Metabolic Parameters during Lifestyle Modification in Relation to
BMI Reduction

Details about the analyzed biomarkers, at baseline and at the end of the intervention, or
mean differences between the concentrations, were reported in only six studies [12–17,24].
The changes in TC concentration were followed by only Barnes et al. [12] and Nerfeld
et al. [16]. The changes in TG were analyzed in five studies [12,13,16,17,24], fasting Glc in
four studies [12,13,16,17], fasting insulin in three studies [12,16,17] and blood pressure in
all six included studies [12–17,24] (Table 2).

Mean decreases ranged from 0.26 mmol/L [24] to 0.67 mmol/L [13] for TG concen-
trations, from 0.2 mmol/L [16] to 0.83 mmol/L [13] for Glc levels, up to 66.7 pmol/L for
insulin levels, with changes in BP being highly differentiated [12–17,24] (Table 2).

The meta-analysis revealed a significant association between changes in the following
cardio-metabolic risk factors per 1 unit of BMI change: TC (mean difference: −0.12 mmol/L;
95% CI: −0.22, −0.01; p = 0.03, I2 = 0%), TG (mean difference: −0.24 mmol/L; 95% CI:
−0.46, −0.02; p = 0.03, I2 = 92%) and fasting insulin (mean difference: −7.3 pmol/L; 95% CI:
−11.5, −3.1; p = 0.0007, I2 = 0%) (Figure 3), as well as in SBP (mean difference: −1.86 mmHg;
95% CI: −3.57, −0.15; p = 0.03, I2 = 76%) and DBP (mean difference: −2.07 mmHg; 95% CI:
−3.79, −0.35; p = 0.02, I2 = 90%) (Figure 4).
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Figure 3. Forest plot for mean cardio-metabolic parameters change in subgroup analysis: total cholesterol, triglycerides,
glucose, insulin per 1 unit of body mass index (BMI) reduction in selected studies.
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Figure 4. Forest plot for mean cardio-metabolic parameter changes in subgroup analysis: systolic and diastolic blood
pressure per 1 unit of body mass index (BMI) reduction in selected studies.

For each study, the square represents the point estimate of the effect. Horizontal lines
join lower and upper limits of the 95% CI of this effect. The area of shaded squares reflects
the relative weight of the study in the meta-analysis. Diamonds represent the subgroup
mean difference and pooled mean differences. CI indicates the confidence interval (upper
and lower limit) [12,13,16,17,24].

3.3. Subgroup Analyses

Different subgroup analyses were performed to evaluate the possible influences of
BMI reduction on AHI and cardio-metabolic risk-factor changes (study duration, study
design and type of lifestyle modification). Nevertheless, none of the subgroup analyses,
with regards to AHI changes and cardio-metabolic risk factors, indicated significance
(p > 0.05)—in some cases, due to the limited number of studies, analysis was not possible
(Table 3).
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Table 3. Subgroup analyses for possible influences of BMI reduction on AHI and cardio-metabolic risk-factor changes
(study duration, study design and type of dietary intervention).

Analyzed
Parameter

Duration Design Intervention

Short-Term Long-Term p RCT NRS p LC Diet VLCD p-Value

AHI
[A + H/h]

−7.24
(14.15, −0.34)

−1.87
(−3.37, −0.37) 0.14 −2.95

(−4.65, −1.26)
−2.44

(−4.22, −0.65) 0.68 −3.35
(−5.25, −1.46)

−1.81
(−3.09, −0.53) 0.19

TC (mmol/L) - - - - - - - - -

TG
(mmol/L)

−0.47
(−1.25, 0.31)

−0.11
(−0.19, −0.03) 0.37 −0.39

(−0.87, 0.10)
−0.08

(−0.18, 0.02) 0.22 −0.50
(−1.16, 0.17)

−0.06
(−0.13, 0.01) 0.21

fasting Glc
(mmol/L)

−0.49
(−1.33, 0.35)

−0.06
(−0.30, 0.18) 0.34 −0.63

(−1.32, 0.06)
−0.05

(−0.26, 0.16) 0.11 - - -

fasting
insulin

(pmol/L)
- - - - - - - - -

SBP (mmHg) −3.22
(−5.05, −1.38)

−1.22
(−3.05, 0.62) 0.12 −2.05

(−4.98, 0.89)
−1.87

(−3.94, 0.21) 0.92 −2.49
(−6.11, 1.14)

−1.70
(−3.29, −0.10) 0.70

DBP (mmHg) −4.47
(−10.25, 1.31)

−0.68
(−1.41, 0.05) 0.20 −2.70

(−6.01, 0.60)
−0.87

(−1.63, −0.10) 0.29 −3.31
(−7.33, 0.71)

−1.02
(−1.89, −0.15) 0.28

AHI—the apnea–hypopnea index; DBP—diastolic blood pressure; Glc—glucose; LC—low caloric; SBP—systolic blood pressure; TC-total
cholesterol; TG-triglycerides; NRS—nonrandomized controlled study; p—p-value; RCT—randomized clinical trial; VLCD—very-low-
caloric diet.

3.4. Risk of Bias and Publication Bias

The risk of bias for RCTs [4,13,15,17,21,23,24] is summarized in Figure 5 indicating
mainly low risk or unclear risk. A high risk of bias was recognized for allocation in one
study only [21]. For NRS, the Newcastle–Ottawa scale was applied and the mean score
was 7 [12,16,22].

Figure 5. Risk of bias graph: review authors’ judgments about each risk of bias item presented as
percentages across all included studies.

A funnel plot did not suggest real evidence of a publication bias for changes in AHI
per 1 unit of BMI change (Figure 6a). However, funnel plots for other cardio-metabolic
risk factors did reveal asymmetry, despite only a few studies being outliers, suggesting
evidence of publication bias (Figure 6b,c).
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Figure 6. Funnel plot of standard error by standard differences in means of: (A) apnea–hypopnea index, (B) total cholesterol,
triglycerides, glucose and insulin, (C) systolic and diastolic blood pressure in selected studies per unit of body mass
index reduction.

The summary diamonds at the bottom of the plot represent the summarized effects
using fixed and random effects models, where the random effects estimates are considered
the primary findings for this study, due to heterogeneity [4,12–17,21–24].

4. Discussion

Here we present the first review summarizing the results from clinical studies per-
formed on OSA with a primary interest in changes of selected cardio-metabolic outcomes as
results of BMI reduction after applying lifestyle modification. The findings of the conducted
systematic review present the beneficial effects of lifestyle modification on changes in BMI
in OSA patients with strong clinical implications for positive changes in cardio-metabolic
risk factors (TC, TG, fasting insulin and BP).

It was imperative for the conducted review to show that OSA patients should be
recognized as the core group with a prime interest in changing diet being the determinant
of “metabolic health”. However, only limited data are available with regards to dietary
behaviors in OSA. It has to be highlighted that lifestyle change is very unlikely in this
group of patients; therefore, the likelihood of the positive effect in OSA patients could
be even smaller. It has been shown by Fogelholm et al. [25] that patients with OSA are
more likely to suffer from increased excessive daytime sleepiness, sedentary behaviors
associated with more time to eat, an increase in appetite and a liking for high-fat food.
Therefore, an estimated 60–70% of patients with OSA can be categorized as obese, with a
BMI greater than 30 kg/m2 [26]. Increasing body weight may predict an increase in clinical
indicators of OSA severity, such as the AHI, which measures respiratory events during
sleep [26,27]. For data consistency, we have expressed the changes in analyzed parameters
per unit of BMI reduction. As a result, the differentiated duration of included dietary
interventions could not influence the interpretation of obtained results. As previously
shown in a prospective cohort study conducted from 1989 to 2000, a 10% weight gain may
predict an approximate increase of 32% in the AHI. In contrast, a 10% weight loss may
predict a 26% decrease in the AHI [27]. As shown by our meta-analysis, an improvement
in AHI of more than 2.8/h per unit of BMI reduction may have practical significance.
According to data published by Tuomilehto et al. [28], sustained improvement in body
weight reduction and AHI can also be observed in 2 year post-intervention follow-ups. In
clinical practice, changes from severe to either moderate or mild OSA may improve quality
of life and reduce sleepiness in OSA patients. Specifically, it is worth noting that obesity
itself contributes to daytime somnolence independent of OSA [12]. In clinical practice, it is
possible without great efforts to have patients consult with dieticians in a way that will
result in successful weight loss with long-term body weight maintenance [29,30]. We did
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not assess the benefits from applied dietary intervention in subgroup analysis with regards
to overweight or obese-status analyzed individuals, as individuals in both conditions were
included in the study population at baseline. The application of a very-low-caloric diet
in routine practice needs replication of intervention studies in large-scale cohort studies
and involvement of experienced nutritionists. It seems that the energy density of food is a
simple and effective measure to manage weight in obese individuals with the aim of weight
reduction [31]. A diet with self-regulation of dietary intake seems to be given a prominent
role in the strategy of successful long-term weight loss among the obese [30]. Nevertheless,
this measure could be combined with behavior therapy and physical activity and tailored
to the individual situation [30]. A previously published study [29], based on individualized
dietary counseling for obese subjects, indicated the mean percentage of body weight
changes can be as follows: in the 6th week—5.9%, in the 12th week—10.9% and in the 52nd
week—9.7% (p < 0.0001). These data are similar to those published on the OSA group of
patients. For example, de Melo et al. [32] has shown that even a one month application of a
low-energy diet resulted in body mass reduction in OSA patients (−3.7 ± 2.0% for the low
protein group: 0.8 g of protein/kg/day and −4.0 ± 1.5% for the high protein group: 1.6 g
of protein/kg/day; p < 0.001). It was also confirmed that a long-term lifestyle modification
program could be more effective in reducing BMI (−1.8 kg/m2, 6.0% of the initial BMI
p < 0.001) in comparison to the usual care of OSA patients (−0.6 kg/m2, 2.0% of the initial
BMI; p < 0.001) [33].

The prevalence of cardiovascular diseases is increased in patients with OSA, possibly
related to dyslipidemia in these individuals [34]. The findings from a meta-analysis of
Dong et al. [35] support the idea that moderate–severe OSA significantly increased car-
diovascular risk, in particular, stroke risk. Although insulin resistance is also very often
diagnosed in OSA patients, its contribution to the dyslipidemia of OSA remains unclear.
Our analysis indicates statistically significant positive changes in TC, TG and fasting in-
sulin per unit of BMI reduction, which was also confirmed in single studies after applied
lifestyle modification [12,16,17,24]. However, the change in TC concentration was analyzed
based solely on data from two studies, but with 0% of heterogeneity. Nevertheless, the
observed particular change in TG concentration seems to be more valuable as a marker
for the assessment of dyslipidemia in the current study. Taking into account the results
obtained from a 16 week intervention, based on a low-caloric diet, in a group of obese
women sufferers of dyslipidemia, we could expect changes in TG around 13% [36]. There-
fore, obtaining a similar result when expressed per unit of BMI reduction is sufficient for
OSA to reach a goal of complementary use of diet with medical treatment. Reductions in
hepatic TG content are strongly associated with improved hepatic insulin sensitivity and
lipoprotein metabolism through different mechanisms, including the effect of inflammatory
intermediates on insulin receptor signaling and very-low-density lipoprotein synthesis [37].
In contrast, no effect on peripheral insulin resistance can be observed, which may sup-
port the hypothesis that a relatively small pool of intrahepatic lipids may be responsible
for dysregulated hepatic Glc metabolism [38,39]. In our analysis, no significant change
in Glc concentration was observed, which may suggest long-term dysregulation in Glc
metabolism. Although, the overall effect of diet on SBP and DBP expressed per unit of BMI
reduction was also significant (between 1.86 and 2.07 mmHg per unit of BMI reduction)
in our study, it can be interpret as minor from a clinical point of view. Nevertheless, as
reported by Tuomilehto et al. [17], a notable number of patients were able to discontinue
drug treatment for hypertension, diabetes and hypercholesterolemia after lifestyle modifi-
cation. It seems justified to consider the relationship between BMI reduction and changes
in cardio-metabolic biomarkers in obese and overweight individuals when evaluating
patients found to have OSA. It should be highlighted that, currently, more personalized at-
tention to patients is present, and more focus on different phenotypes of OSA is recognized,
such as REM-dependent phenotype or positional phenotype, which in future studies also
should be considered when analyzing the effect of diet on cardio-metabolic factors [40,41].
Finally, a recent meta-analysis including 39 RCTs with 6954 subjects has shown that there
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is a risk of an increase in BMI in patients with OSA following CPAP treatment, especially
in those with less than 5 h/night of CPAP use [42]. In this context, the greatest reduction
in BP observed in the study by Chirinos et al. (Table 2) was when CPAP was combined
with diet therapy [24], which further emphasizes the importance of lifestyle modifications,
especially in obese individuals with OSA.

5. Limitations

Despite an increasing number of dietary intervention studies, the body of evidence
remains limited by either small sample size (an inclusion-only arm of intervention without
use of devices) or inclusion of nonrandomized trials and studies with behavioral support.
Only future clinical trials with long-term follow-up periods can address this limitation.
Moreover, no information on possible comorbidities of individuals in the analyzed studies
was provided, which could also influence obtained data. Furthermore, the present findings
are based on limited ethnicity (Caucasian); therefore, results could vary as a function of
ethnic background. Although, the duration of the interventions in analyzed studies was
relatively long (up to 24 weeks), we could observe long-term follow-up changes of analyzed
cardio-metabolic parameters in a few studies. We did not analyze interventions based
on physical activity, which is commonly recommended to OSA patients with standard
therapy and applied as a pragmatic strategy (hard to accept by patients having stable
behavior habits), though alone it does not provide significant clinical benefits [39]. It must
be highlighted that only studies that could show the effectiveness of lifestyle modification
(either diet alone or diet with physical activity) were included. Some studies published in
the grey literature may have been missed by our literature search.

6. Conclusions

In conclusion, we find that lifestyle modification resulting in the reduction of one unit
of BMI gives meaningful and positive changes in selected cardio-metabolic risk factors
such as TC, TG, fasting insulin and BP in OSA patients. Broader interventional studies are
needed to assess different dietary approaches in OSA individuals.
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