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Editorial on the Research Topic

The Complex Interaction Between Biological, Metabolic and Neurologic Dysregulation in

Obstructive Sleep Apnea

Obstructive sleep apnea (OSA) is a prevalent chronic disorder characterized by repetitive apneas
and hypopneas during sleep, leading to intermittent hypoxia (IH) and recurrent arousals from
sleep, leading to sleep fragmentation and reduced sleep efficiency (1). Accumulated evidence
suggests that OSA—and the underlying biological, metabolic, and neurologic dysregulation—is
closely associated with cardiometabolic disorders, neurocognitive dysfunction, and chronic mental
diseases (2–4) (Figure 1). In this Research Topic we aimed to further evaluate symptoms and
specific characteristics of OSA patients and their possible interactions in the progression to different
disease states in each individual.

In a nationwide, stratified, epidemiological survey in Cyprus (n = 4,118), Frangopoulos et al.
demonstrated that 155/264 randomly selected adults that underwent a type III sleep study, had
an Apnea/Hypopnea Index (AHI) ≥ 5. These newly diagnosed OSA patients were categorized
as symptomatic or asymptomatic, according to the Epworth Sleepiness Scale (ESS) and/or the
Athens Insomnia Scale (AIS). The two groups did not differ in terms of OSA severity and
in cardiometabolic comorbidities; however, symptomatic patients expressed more often both
depression and anxiety when compared to asymptomatic patients, because of a poorer subjective
sleep quality.

In another cross-sectional study of working adults in Kuwait (n = 651), Al-Qattan et al.
estimated that 20% of participants were at high risk for OSA, according to the Berlin Questionnaire.
The risk factors associated with elevated OSA probability were older age, obesity, lower educational
level, current smoking status, no physical activity, increased television viewing, increased working
hours, and short sleep duration. Individuals at high risk for OSA suffered more often than those at
low risk from arterial hypertension, diabetes mellitus, insomnia, and depression.

Mohammadi et al. revealed that moderate/severe OSA was associated with a significantly
lower spindle density in N3 and a shorter spindle duration in N2, whereas mild OSA showed
no significant adverse effect on sleep spindle characteristics. Sleep spindles are associated with
cognitive, emotional, and social processes and lower sleep spindle activity can be responsible for
the deterioration of memory and cognition in OSA.
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FIGURE 1 | The vicious cycle between biological, metabolic, and neurologic

dysregulation in OSA.

Feng et al. evaluated the associations between objective sleep
parameters derived via polysomnography (PSG) and metabolic
indices. Although the observed associations were weak, both
sleep structure and sleep duration affected the metabolic status
of the participants. Specifically, the microarousal index (MAI)—
an indicator of sleep fragmentation—significantly correlated

with glucose levels and lipids metabolism, independently of
respiratory indices during sleep.

Finally, Qin et al. reviewed the data about heart rate variability

(HRV), as a reliable and non-invasive measure of neuro-cardiac

autonomic regulatory mechanisms in different aspects of OSA.

Altered HRV features can be good predictors of cardiovascular
morbidity and mortality in OSA.

The major challenge in studying OSA is that the disease is
heterogeneous and multifactorial. The clinical OSA phenotypes
can vary in symptoms; sleepy vs. insomniac vs. asymptomatic
patient. Also, the underlying pathophysiological phenotypes
of OSA can be anatomical or non-anatomical, like functional
impairment of pharyngeal dilator muscles during sleep, low
respiratory arousal threshold and increased propensity for
awakenings, or respiratory control instability because of the high
loop gain mechanism. However, behind OSA and apnea-related
parameters (AHI, average saturation of hemoglobin with oxygen
as measured by pulse oximetry [SpO2], and percentage of sleep
time with SpO2 < 90%, t < 90), there is always a common
denominator, the sleep process, that affects clinical picture and
comorbidity. In all valuable contributions in this Research Topic,
subjective or objective disturbed sleep was mainly associated with
symptoms of anxiety and depression, neurocognitive defects, and
cardiometabolic dysregulation.

The vicious cycle between biological, metabolic, and
neurologic dysregulation in OSA still not clear and more studies
are needed to be conducted to better ascertain these relationships.
Future studies should extensively focus on sleep, in terms of
quality, duration, circadian rhythms and architecture—both in
OSA patients and in general population—to better clarify these
complicated underlying pathophysiological mechanisms.
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Background and Objectives: The associations between objective sleep architecture

and metabolic parameters have been rarely studied in patients with obstructive sleep

apnea (OSA). Here, we evaluated the associations between objective sleep measures

derived via polysomnography (PSG) and metabolic parameters.

Methods: A total of 2,308 subjects with suspected OSA were included. We

measured common metabolic parameters such as body mass index (BMI) and glucose,

insulin, blood pressure, total cholesterol (TC), triglyceride (TG), high-density lipoprotein

cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C) levels. All subjects

underwent full-night PSG. PSG sleep parameters included total sleep time (TST), time

spent in slow-wave sleep (SWS) and rapid eye movement (REM) sleep, sleep efficiency,

and the microarousal index (MAI).

Results: The TST correlated with the BMI, glucose level, and systolic blood

pressure. The SWS/TST ratio correlated with BMI and glucose, TC, and TG levels.

The REM/TST ratio correlated with BMI, glucose, insulin, and TG levels, and

diastolic blood pressure. We found significant relationships between sleep efficiency

and BMI, glucose levels, and TG levels. The MAI was significantly correlated

with all metabolic parameters. After adjustment for age, gender, smoking status,

alcohol use, apnea hypopnea index, and oxygen desaturation index (ODI), multiple

linear regression analysis showed that the MAI was independently associated

with glucose level, TC, HDL, and LDL. REM/TST ratio was positively associated

with diastolic blood pressure but negatively associated with glucose metabolism.
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Conclusions: Though some independent correlation between sleep and metabolic

parameters was confirmed, only weak associations were observed, suggesting a

clinically negligible influence of sleep structure. Further prospective studies are warranted

to confirm our findings.

Keywords: obstructive sleep apnea, metabolism, sleep architecture, polysomnography, sleep apnea

INTRODUCTION

Cardiovascular disease (CVD) is a leading cause of death
worldwide. CVD prevalence is rising with increasing tobacco
and alcohol use, physical inactivity, and consumption of
high-fat/sugar diets (1). Obstructive sleep apnea (OSA) is a
risk factor for CVD (2). OSA is commonly associated with
common cardiovascular risk factors such as certain components
of metabolic syndrome (MS) including dyslipidemia, insulin
resistance, hypertension, diabetes, and obesity (3–6). Both
subjective and objective sleep disturbances increase CVD
risk. Between 6 and 8 h of sleep per day reduces the risk
of major cardiovascular events (7). Weak associations have
been reported among excessive daytime sleepiness, CVD, and
coronary heart disease risk (8). The apnea–hypopnea index
(AHI) and oxygen desaturation index (ODI), derived via
polysomnography (PSG), were independently associated with
cardiovascular risk factors including mean oxygen saturation
(9). However, the contributions of other OSA-related sleep
characteristics (quantitative measures of sleep disturbance)
to common CVD risk (i.e., metabolic parameters) have not
been well-studied. In particular, few studies have explored the
relationships of total sleep time (TST), time spent in slow-
wave sleep (SWS) and rapid eye movement (REM) sleep, sleep
efficiency, and the microarousal index (MAI) with metabolic
parameters. Thus, this study tested for independent associations
between these sleep parameters (based on PSG) and themetabolic
risk factors of obesity, high glucose and insulin levels, and a
disturbed lipid profile in patients with OSA. We hypothesized
that subjects with poor sleep characteristics were more likely to
have detrimental metabolic statuses.

METHODS

Population Sampling
This observational study consecutively enrolled adults who
visited the sleep center of Shanghai Jiao Tong University
Affiliated Sixth People’s Hospital from January 2010 to December
2015. The study was approved by the Ethics Committee of
our hospital [2019-KY-050(K)]. Informed consent was obtained
from all participants, who completed questionnaires on medical

Abbreviations: OSA, obstructive sleep apnea; PSG, polysomnography; CVD,

cardiovascular disease; BMI, body mass index; SBP, systolic blood pressure; DBP,

diastolic blood pressure; TC, total cholesterol; TG, triglyceride; HDL-C, high-

density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; AHI,

apnea–hypopnea index; ODI, oxygen desaturation index; MAI, microarousal

index; TST, total sleep time; SWS, slow-wave sleep; REM, rapid eye movement;

CVD, cardiovascular disease.

history, smoking status, alcohol use, and subjective sleep quality.
The subjects were classified as smokers (ex- or current) or
never-smokers and as current alcohol drinkers or nondrinkers.
The exclusion criteria were as follows: (1) aged <18 years;
(2) previous upper airway surgery, use of an oral appliance,
or continuous positive airway pressure treatment; (3) severe
chronic systemic disease (i.e., hepatic, pulmonary, and cardiac
failure); (4) another sleep disorder (severe insomnia, restless leg
syndrome, or narcolepsy) or a mental condition; (5) current use
of antipsychotics; (6) use of medications to treat hypertension,
diabetes mellitus, or hyperlipidemia; and (7) missing data.
Ultimately, 2,308 participants were included in the analysis.

Metabolic Parameters
Height and weight were measured as described previously (10).
Blood pressure was measured twice using the left arm after
a 15-min rest period in the evening at the time of the study
and blood pressure was taken at the same time (8:00 pm) for
all participants, and the mean value was calculated. Fasting
venous blood was collected from each participant at 07:00 for all
participants. Fasting venous blood was collected for analyses of
insulin and glucose levels and the lipid profile [total cholesterol
(TC), triglycerides (TGs), high-density lipoprotein cholesterol
(HDL-C), and low-density lipoprotein cholesterol (LDL-C)] in
the laboratory of our hospital by the same procedures, i.e.,
serum lipid and fasting serum glucose levels were measured in
the hospital laboratory using an autoanalyzer (H-7600; Hitachi,
Tokyo, Japan). The body mass index (BMI) was calculated using
height and weight data. MS was defined as suggested by the Adult
Treatment Panel Report III based on the presence of at least three
of the following: (1) abdominal obesity [waist circumference
(WC) >102 and 88 cm in males and females, respectively]; (2)
elevated TG level [≥1.7 mmol/L (>150 mg/dl)]; (3) low HDL-C
level [<1.03 mmol/L (40 mg/dl) and <1.20 mmol/L (50 mg/dl)
in males and females, respectively]; (4) elevated blood pressure
(≥130/≥85 mmHg) or a history of hypertension; and (5) an
elevated fasting blood glucose level (≥5.6 mmol/L) or any history
of type 2 diabetes mellitus (11).

Polysomnography
All participants underwent full-night PSG (Alice 4 or Alice
5; Respironics, Pittsburgh, PA, USA). The data were recorded
using 18 channels: six for electroencephalography (EEG),
two for electrooculography (EOG), two for surface (chin)
electromyography (EMG), three for electrocardiography (ECG),
and one each for oronasal temperature, nasal pressure, thoracic
and abdominal belt, body position, and oxygen saturation.
Polysomnographic variables were scored manually by skilled
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technicians according to the 2012 guidelines of the American
Academy of Sleep Medicine (AASM) (12); if the PSG were
recorded before 2012, they were reanalyzed according to the
same 2012 AASM criteria. Apnea was defined as at least 90%
reduction in airflow for at least 10 s; hypopnea was defined as
at least 50% reduction in airflow for at least 10 s or longer and
accompanied by at least 3% reduction in oxygen saturation or
arousal, as described previously (5). The AHI was given by the
average number of apneas/hypopneas per hour of sleep. The ODI
was given by the number of times that oxygen saturation fell by
more than 3% per hour of sleep. The MAI was given by the mean
number of arousals per hour of sleep. The TST was recorded as
the total number of minutes of any form of sleep, from onset to
morning awakening. Sleep efficiency was given by the ratio of
TST to the time spent in bed. SWS (stage N3) and REM sleep
durations were also recorded.

Statistical Analysis
All statistical tests were performed using SPSS software (ver. 22.0;
IBM SPSS Statistics, IBM Corp., Armonk, NY, USA), and a two-
sided p-value <0.05 was considered significant. The raw data
were subjected to Kolmogorov–Smirnov testing. Non-normally
distributed data were normalized via log transformation.
Continuous variables are shown as mean ± standard deviation
and categorical variables as percentages. Student’s t-test or one-
way analysis of variance (ANOVA)was used to test for differences
between the groups in univariate variables. Spearman correlation
analysis was used as appropriate to examine bivariate associations
between sleep architecture and metabolic variables. Multiple
linear regression models were used to identify independent
relationships between sleep parameters and metabolic variables
after controlling for age, sex, smoking status, and alcohol
consumption or with additional AHI and ODI.

RESULTS

Baseline Characteristics
A total of 2,308 subjects who were primary snorers were included
in the final analysis. Their baseline anthropometric, metabolic,
and polysomnographic data are listed inTable 1. We assigned the
participants to two groups according to the AHI; one group had
none-to-mild OSA (AHI <15/h) (n = 1,021) and the other had
moderate-to-severe OSA (AHI≥15/h) (n= 1,287). Compared to
those with none-to-mild OSA, subjects with moderate-to-severe
OSA were older (41.20 vs. 38.84 years, p < 0.001) and had higher
BMI (27.05 vs. 24.10 kg/m2, p < 0.001), systolic blood pressure
(SBP) (125.66 vs. 120.41 mmHg, p < 0.001), and diastolic blood
pressure (DBP) (80.88 vs. 77.12, p < 0.001) values, as well as
higher glucose (5.45 vs. 5.05 mmol/L, p < 0.001), insulin (13.33
vs. 9.01µU/mL, p< 0.001), TC (4.86 vs. 4.50mmol/L, p< 0.001),
TG (2.11 vs. 1.42 mmol/L, p < 0.001), and LDL (3.08 vs. 2.78
mmol/L, p< 0.001) levels. In terms of objective sleep parameters,
patients with moderate-to-severe OSA spent less time in SWS
(11.49 vs. 14.92%, p < 0.001) and REM sleep (8.88 vs. 10.38%, p
< 0.001) and had higher sleep efficiency (0.82 vs. 0.78, p < 0.001)
and MAI values (31.38 vs. 17.65/h, p < 0.001).

Relationships Between Sleep Parameters
and Metabolic Parameters
The TST correlated with BMI, glucose level, and SBP. The
SWS/TST ratio correlated with BMI and glucose, TC, and
TG levels. The REM/TST ratio correlated with BMI glucose,
insulin and TG levels, and DBP. Sleep efficiency was significantly
associated with BMI and glucose and TG levels. The MAI
correlated significantly with all metabolic parameters (Table 2).

To minimize the effect of OSA, we excluded subjects with
a high AHI (≥15/h). Sensitivity analysis revealed significant
correlations between the TST and HDL and LDL levels; between
the SWS/TST ratio and glucose level; between the REM/TST ratio
and insulin and TG levels, SBP, and DBP; between sleep efficiency
and the HDL level; and between the MAI and TC and LDL
levels (Table 3).

We performed multiple linear regression analyses to identify
independent relationships between sleep parameters and
metabolic variables after adjusting for multiple confounding
factors, including age, sex, smoking status, and alcohol use
(model 1). The TST, SWS/TST ratio, and MAI were independent
predictors of BMI. Also, sleep efficiency and the MAI were
independent predictors of glucose level. The MAI was an
independent predictor of insulin level, blood pressure, and
the lipid profile (Table 4). REM/TST ratio was negatively
associated with BMI, glucose level, insulin level, and TG level.
The results were stable when we excluded subjects with a high
AHI (≥15/h) (Table 5). After adjusting for variables in model
1 and additional AHI and ODI (model 2), sleep efficiency and
the MAI were independent predictors of glucose level. The MAI
was an independent predictor of TC, HDL, and LDL level. The
REM/TST ratio was negatively associated with BMI, glucose
level, and TG level (Table 4). Similarly, the results were also
stable when we excluded moderate to severe OSA (Table 5).

As we can see, even when excluding patients with AHI
≥15 from the multivariate analysis, though some independent
correlation between sleep and metabolic parameters was
confirmed, only weak associations were observed, suggesting a
clinically negligible influence of sleep structure.

DISCUSSION

To the best of our knowledge, few studies have explored
the association between sleep architecture and metabolic
status. We enrolled a relatively large number of subjects
and found that many metabolic variables were affected by
sleep parameters. A higher proportion of REM sleep was
an independent risk factor for elevated blood pressure,
and a higher MAI was an independent risk factor for
suboptimal lipid metabolism. After controlling for OSA,
these findings remained significant. However, though some
independent correlation between sleep and metabolic
parameters was confirmed, only weak associations were
observed, suggesting a clinically negligible influence of
sleep structure.

OSA is commonly accompanied by disturbed sleep
architecture, including a reduced proportion of SWS sleep
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TABLE 1 | Basic characteristics of all participants.

Characteristic All (n = 2,308) AHI <15/h(n = 1,021) AHI ≥15/h (n = 1,287) p-value

Demographics

Age, years 40.16 ± 11.18 38.84 ± 11.58 41.20 ± 10.74 <0.001

Male (%) 79.5 66.8 89.7 <0.001

BMI, kg/m2 25.74 ± 3.77 24.10 ± 3.31 27.05 ± 3.61 <0.001

Smokers, n (%) 773 (33.5) 237 (23.2) 536 (41.6) <0.001

Alcohol consumption, n (%) 1,028 (44.5) 373 (36.5) 655 (50.9) <0.001

Biochemical variables

Glucose (mmol/L) 5.27 ± 0.99 5.05 ± 0.81 5.45 ± 1.08 <0.001

Insulin (µU/mL) 11.41 ± 7.95 9.01 ± 5.61 13.33 ± 8.96 <0.001

SBP, mmHg 123.33 ± 14.69 120.41 ± 13.60 125.66 ± 15.11 <0.001

DBP, mmHg 79.22 ± 10.94 77.12 ± 10.02 80.88 ± 11.34 <0.001

TC (mmol/L) 4.70 ± 0.97 4.50 ± 0.99 4.86 ± 0.93 <0.001

TG (mmol/L) 1.80 ± 1.48 1.42 ± 1.02 2.11 ± 1.71 <0.001

HDL (mmol/L) 1.13 ± 2.57 1.14 ± 0.27 1.13 ± 3.43 0.915

LDL (mmol/L) 2.94 ± 0.8 2.78 ± 0.80 3.08 ± 0.78 <0.001

Polysomnography

Total sleep time, min 373.65 ± 73.08 363.50 ± 76.54 381.63 ± 69.18 <0.001

SWS, % of TST 13.0 ± 10.7 14.92 ± 10.67 11.49 ± 10.47 <0.001

REM, % of TST 9.54 ± 6.86 10.38 ± 7.11 8.88 ± 6.59 <0.001

Sleep efficiency, % 0.80 ± 0.16 0.78 ± 0.17 0.82 ± 0.16 <0.001

MAI 25.34 ± 19.67 17.65 ± 14.09 31.38 ± 21.26 <0.001

AHI 28.54 ± 26.72 4.94 ± 4.32 47.22 ± 21.78 <0.001

ODI 29.36 ± 28.20 7.16 ± 13.21 46.94 ± 24.25 <0.001

Data are presented as numbers (percentages) or mean ± SD.

Differences in baseline characteristics between patients with AHI <15/h and AHI ≥15/h were explored using the independent t-test or chi-square test.

AHI, apnea–hypopnea index; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein

cholesterol; LDL-C, low-density lipoprotein cholesterol; SWS, slow-wave sleep; TST, total sleep time; REM, rapid eyemovement; ODI, oxygen desaturation index; MAI, microarousal index.

TABLE 2 | Bivariate correlations between sleep parameters and metabolic variables in all subjects.

BMI (kg/m2) Glucose

(mmol/L)

Insulin

(µU/mL)

SBP

(mmHg)

DBP

(mmHg)

TC

(mmol/L)

TG

(mmol/L)

HDL

(mmol/L)

LDL

(mmol/L)

Total sleep time, min 0.093** 0.075** 0.022 0.042* 0.040 0.003 0.031 0.006 −0.016

SWS, % of TST −0.119** −0.086** −0.005 −0.034 −0.011 −0.058** −0.056** 0.027 −0.029

REM, % of TST −0.099** −0.075** −0.053* 0.034 0.058** −0.036 −0.064** 0.014 0.008

Sleep efficiency, % 0.105** 0.089** 0.003 0.006 0.002 0.018 0.042* −0.005 0.020

MAI 0.230** 0.145** 0.225** 0.090** 0.137** 0.134** 0.145** 0.050* 0.182**

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density

lipoprotein cholesterol; SWS, slow-wave sleep; TST, total sleep time; REM, rapid eye movement; MAI, microarousal index.

All numbers represent correlation coefficients.

Spearman correlation analysis: **significant at the 0.01 level; *significant at the 0.05 level.

and lower sleep efficiency in children with a common phenotype
of OSA (13). In adults with OSA, regardless of sleep duration,
alterations in sleep architecture prevent adequate rest (14).
We also found shorter SWS and REM sleep durations and a
higher MAI in OSA patients. A previous study found that more
SWS, increased sleep efficiency, and a greater TST improved
glucose and insulin homeostasis in overweight/obese children
and adolescents (15). In such adolescents, insufficient/excessive
sleep was associated with hyperglycemia, and a decreased SWS
was linked to a decrease in insulin level (16). However, it remains

unclear how sleep architecture affects the metabolic status
of adults.

During REM sleep, autonomic status is unstable, reflected
in fluctuations in the parasympathetic and sympathetic
nervous systems. As cortical desynchronization develops during
REM sleep, the respiratory and circulatory systems become
increasingly unstable (17), which will affect the blood pressure.
We found that a longer REM sleep duration was an independent
risk factor for higher blood pressure. Persistently high levels of
sympathetic activity during REM sleep may explain the increases
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TABLE 3 | Bivariate correlations between sleep parameters and metabolic variables in subjects without moderate-to-severe OSA.

BMI (kg/m2) Glucose

(mmol/L)

Insulin

(µU/ml)

SBP

(mmHg)

DBP

(mmHg)

TC (mmol/L) TG

(mmol/L)

HDL (mmol/L) LDL

(mmol/L)

Total sleep time, min 0.029 0.046 0.036 0.006 0.001 −0.048 0.019 −0.096** −0.074*

SWS, % of TST −0.048 −0.069* 0.052 −0.007 0.024 −0.016 −0.032 0.014 0.023

REM, % of TST −0.034 −0.040 −0.082** 0.068* 0.071* −0.006 −0.067* 0.021 0.012

Sleep efficiency, % 0.026 0.045 0.006 −0.012 −0.032 −0.037 0.015 −0.065* −0.050

MAI 0.041 0.010 0.051 −0.020 −0.017 0.078* 0.032 0.029 0.134**

OSA, obstructive sleep apnea; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein

cholesterol; LDL-C, low-density lipoprotein cholesterol; SWS, slow-wave sleep; TST, total sleep time; REM, rapid eye movement; MAI, microarousal index.

**significant at the 0.01 level.

*significant at the 0.05 level.

TABLE 4 | Multiple linear regression analysis of the effects of sleep parameters on metabolic variables in the overall population.

Model 1 Model 2

Outcome Predictor β Standard error p-value Predictor β Standard error p-value

BMI (kg/m2 ) MAI 0.037 0.004 <0.001 REM/TST (%) −0.025 0.011 0.016

SWS/TST (%) −0.030 0.007 <0.001

TST 0.004 0.001 <0.001

REM/TST (%) −0.042 0.011 <0.001

Glucose (mmol/L) MAI 0.007 0.001 <0.001 MAI 0.002 0.001 0.036

SE (%) 0.406 0.125 0.001 SE (%) 0.323 0.125 0.01

REM/TST (%) −0.007 0.003 0.017 REM/TST (%) −0.006 0.003 0.048

Insulin (µU/mL) MAI 0.086 0.008 <0.001 (-) (-) (-) (-)

REM/TST (%) −0.076 0.023 0.001

SBP (mmHg) MAI 0.051 0.016 <0.001 (-) (-) (-) (-)

DBP (mmHg) MAI 0.062 0.012 <0.001 REM/TST (%) 0.132 0.033 <0.001

REM/TST (%) 0.103 0.033 0.002

TC (mmol/L) MAI 0.006 0.001 <0.001 MAI 0.003 0.001 0.004

TG (mmol/L) MAI 0.009 0.002 <0.001 REM/TST (%) −0.009 0.004 0.043

REM/TST (%) −0.012 0.004 0.006

HDL (mmol/L) MAI 0.008 0.003 0.005 MAI 0.011 0.003 <0.001

LDL (mmol/L) MAI 0.007 0.001 <0.001 MAI 0.005 0.001 <0.001

Model 1 was adjusted for age, sex, smoking status, and alcohol use; model 2 was adjusted for variables in model 1 and additional AHI and ODI.

BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density

lipoprotein cholesterol; SE, sleep efficiency; TST, total sleep time; REM, rapid eye movement; MAI, microarousal index.

in blood pressure. Previous studies showed that AHI during REM
sleep was independently associated with hypertension, insulin
resistance, MS, and diabetes (18–21). The increased numbers
of apneas and hypopneas during REM sleep may also explain
why blood pressure increases. However, we found that longer
REM sleep proportion was associated with lower insulin and
glucose (Tables 4, 5). Few studies had explored the relationship
between REM sleep proportion and glucose metabolism; further
prospective or randomized controlled studies are warranted to
confirm our findings.

Increased microarousal rate, one of the most important
features of OSA, was shown to be independently associated
with hyper-LDL cholesterolemia (22). We also found that the
MAI was independently associated with lipid metabolism. There
are several possible explanations for this: first, the MAI closely

reflects sympathetic hyperactivity, which is associated with
lipolysis. Second, microarousals may activate the hypothalamic–
pituitary–adrenal (HPA) axis, further elevating the levels of
cortisol and other hormones and thus triggering lipolysis (23).
Third, microarousals are associated with systemic inflammation,
which also plays an important role in lipid metabolism (24).

We found that SWS sleep duration was independently
associated with insulin level, similar to a previous study
reporting that decreased SWS was associated with a dose-
dependent increase in OSA-associated hypertension (25). SWS
is “restorative” sleep; during SWS, the sympathetic tone is
weakened, slow-wave activity is increased, and cortisol secretion
is decreased. Sympathetic overactivity caused by a shorter
SWS stimulates insulin secretion. Thus, improvements in sleep
architecture improve metabolic status.
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TABLE 5 | Multiple linear regression analysis of the effects of sleep parameters on metabolic variables in subjects without OSA.

Model 1 Model 2

Outcome Predictor β Standard error p-value Predictor β Standard error p-value

BMI (kg/m2 ) (-) (-) (-) (-) (-) (-) (-) (-)

Glucose (mmol/L) (-) (-) (-) (-) (-) (-) (-) (-)

Insulin (µU/mL) REM/TST (%) −0.074 0.025 0.003 REM/TST (%) −0.071 0.025 0.005

SWS/TST (%) 0.035 0.017 0.038 SWS/TST (%) 0.035 0.017 0.038

SBP (mmHg) REM/TST (%) 0.156 0.059 0.008 REM/TST (%) 0.164 0.059 0.005

DBP (mmHg) REM/TST (%) 0.109 0.044 0.014 REM/TST (%) 0.110 0.044 0.013

TC (mmol/L) MAI 0.005 0.002 0.012 MAI 0.005 0.002 0.036

TG (mmol/L) (-) (-) (-) (-) (-) (-) (-) (-)

HDL (mmol/L) TST 0.01 0.01 <0.001 TST 0.000 0.000 0.001

LDL (mmol/L) MAI 0.007 0.002 <0.001 MAI 0.006 0.002 0.001

Model 1 was adjusted for age, sex, smoking status, and alcohol use; model 2 was adjusted for variables in model 1 and additional AHI and ODI.

OSA, obstructive sleep apnea; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; TC, total cholesterol; TG, triglyceride; HDL-C, high-density lipoprotein

cholesterol; LDL-C, low-density lipoprotein cholesterol; TST, total sleep time; REM, rapid eye movement; MAI, microarousal index.

The strengths of our study included the relatively large
sample size, adequate adjustment for potential confounders,
and use of standard PSG to obtain objective measures of sleep
architecture. However, several potential limitations should also
be addressed. First, the cross-sectional design did not allow us
to infer causality. Second, we performed PSG only once, in a
laboratory environment, so there may have been a “first night
effect” and the sleep architecture might have differed somewhat
from normal. Third, although we enrolled residents of southeast
China with similar lifestyles, we did not adjust for various factors
that affect metabolic variables, including dietary components and
physical activity level. Finally, this was a hospital-based study, so
the findings cannot be generalized to the general population. In
conclusion, whether high-quality sleep of adequate duration is
required to maintain metabolic status and might reduce the risk
of CVD in OSA is still uncertain. Further prospective studies are
warranted to confirm our findings.
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Introduction: Little information exists in the general population whether clinical

presentation phenotypes of obstructive sleep apnea (OSA) differ in terms of sleep quality

and comorbidities.

Aim: The purpose of our study was to assess possible differences between symptomatic

and asymptomatic OSA patients concerning syndrome’s severity, patients’ sleep quality,

and comorbidities.

Subjects and methods: First, in a nationwide, stratified, epidemiological survey, 4,118

Cypriot adult participants were interviewed about sleep habits and complaints. In the

second stage of the survey, 264 randomly selected adults underwent a type III sleep

study for possible OSA. Additionally, they completed the Greek version of Pittsburgh

Sleep Quality Index (Gr-PSQI), Epworth Sleepiness Scale (ESS), Athens Insomnia Scale

(AIS), and Hospital Anxiety and Depression Scale (HADS).

Results: From 264 enrolled participants, 155 individuals (40 females and 115 males)

were first diagnosed with OSA. Among these 155 patients, 34% had ESS ≥ 10 and

49% AIS ≥ 6. One or both symptoms present categorized the individual as symptomatic

(60%) and neither major symptom as asymptomatic (40%). There were no significant

statistical differences (SSDs) between the two groups (symptomatic–asymptomatic) with

regard to anthropometrics [age or gender; neck, abdomen, and hip circumferences;

and body mass index (BMI)]. The two groups had no differences in OSA severity—as

expressed by apnea–hypopnea index (AHI), oxygen desaturation index (ODI), and mean

oxyhemoglobin saturation (SaO2)—and in cardiometabolic comorbidities. Symptomatic

patients expressed anxiety and depression more often than asymptomatics (p < 0.001)

and had poorer subjective sleep quality (Gr-PSQI, p < 0.001). According to PSQI

questionnaire, there were no SSDs regarding hours in bed and the use of sleep

medications, but there were significant differences in the subjective perception of sleep

quality (p < 0.001), sleep efficiency (p < 0.001), duration of sleep (p = 0.001), sleep
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latency (p = 0.007), daytime dysfunction (p < 0.001), and finally sleep disturbances

(p < 0.001).

Conclusion: According to our data, OSA patients reporting insomnia-like symptoms

and/or sleepiness do not represent a more severe phenotype, by the classic definition of

OSA, but their subjective sleep quality is compromised, causing a vicious cycle of anxiety

or depression.

Keywords: obstructive sleep apnoea, sleep quality, anxiety, depression, cardiometabolic comorbidities

INTRODUCTION

Obstructive sleep apnea (OSA) is defined as a disorder of sleep
presenting repetitive (either complete or partial) closure of the
upper airway. These apneas and hypopneas lead to oxygen
desaturation, activation of the autonomous nervous system,
and micro arousals. OSA is related with increased morbidity
and mortality, and literature indicates an association among
OSA, hypertension, cardiovascular disease (CVD), and insulin
resistance (1). OSA is a very common disorder with a great
additive impact on public health. Epidemiologic data in Northern
Europe estimate the prevalence of moderate and severe OSA to
23.4% in women and 49.7% in men (2). A recent epidemiologic
study in the general population of Cyprus approximates the
intermediate-to-high risk for OSA prevalence to be 50% in
males and 18% in females (3). The increase of reported OSA
prevalence over time is attributed to the obesity epidemic,
the advanced polysomnographic recording techniques, and the
revision of the diagnostic criteria (4). In a South American
population-based epidemiologic study, 32.8% of the participants
had OSA and 16.9% had an apnea–hypopnea index (AHI)
≥ 15. In the same study, Epworth Sleepiness Scale (ESS) >

9 and/or frequencies higher than once a week of the eighth
question of Pittsburgh Sleep Quality Index (PSQI) classified the
participants in the 55% of the population experiencing sleepiness
(5). A study in Spain recorded hypersomnolence in 18% of
the subjects and was not related with OSA (6). Interestingly, a
longitudinal study of the Wisconsin Sleep Cohort estimated a
3-fold greater mortality risk for participants with severe sleep-
disordered breathing (SDB), independently of sleepiness (7). In
a large cluster analysis, depression was the lowest (5.2%) in the
group with young overweight, minimally symptomatic without
comorbidities group and greater (26.4%) in the middle-aged
symptomatic multimorbid OSA group (8). Even less evidences
exist in the literature concerning insomnia and OSA, as initially it
was not considered a symptom related to OSA.What could be the
clinical importance of daytime symptoms is yet to be answered.

Several screening questionnaires have been validated to
identify patients with OSA, based mainly on symptoms and
demographics data. Patients often complain about sleepiness
and/or insomnia-like symptoms. There is considerable variability
in symptom perception and expression, biological severity, and
consequences of the syndrome and sleep quality among patients,
even though OSA diagnosis is usually defined by AHI.

Recent studies have suggested that this heterogeneity of OSA
could be due to different phenotypes in terms of symptoms

and have aimed to identify clinical subtypes of OSA, taking
into account demographics, severity of disease, symptoms, and
comorbidities (9–12). A pioneer study identified three groups:
(a) disturbed sleep (insomnia and restless sleep), (b) minimally
symptomatic, and (c) excessive sleepiness during daytime
(9). Consequent studies identified similar or more specific-
oriented groups. For example, a multicenter study described
five clinical phenotypes: (a) disturbed sleep, (b) minimally
symptomatic, (c) upper airway symptoms with sleepiness, (d)
upper airway symptoms dominant, and (e) sleepiness dominant
(with few other symptoms) (10). A prospective longitudinal
study of adult patients with OSA (AHI of ≥5/h) examined four
clinical presentation phenotypes considering daytime symptoms
described as excessive daytime sleepiness (EDS) and nocturnal
sleep problems other than OSA (insomnia): (1) EDS, (2)
EDS/insomnia, (3) non-EDS/non-insomnia, (4) and insomnia
phenotype (11). In another attempt to investigate treatment
outcomes on different clinical phenotypes, a study identified five
distinct clusters with marked clinical differences (12). Sleepiness,
insomnia, and lack of symptoms are the common components of
all taxonomy efforts.

Multiple subcategorizations, though interesting, minimally
improve our diagnostic abilities, treatment options, progression
of the syndrome, and outcome prediction. Our attempt was
to investigate potential differences between two main groups:
those expressing major symptoms (sleepiness and/or insomnia)
and those with minimal symptoms. The latent is a silent group,
difficult to identify during screening and with potentially the
same harmful consequences of OSA. We designed this study in
order to assess possible differences between symptomatic and
asymptomatic patients, concerning the severity of the syndrome,
the prevalence of comorbidities, the subjective sleep quality, and
common mental disturbances, namely, anxiety and depression.

SUBJECTS AND METHOD

In a large-scale epidemiologic study conducted in the adult
general population, 4,118 adult participants were interviewed
in order to estimate OSA prevalence in Cyprus [Cyprus Sleep
Apnea Epidemiological Study (CySAES)] (3). The initial sample
consisted of adult individuals residing in Cyprus. Inclusion
criteria were (1) age ≥ 18 years, (2) Cypriot citizens, and (3)
consent to participate in the study. The sample was categorized
based on the last demographic report (2016) by district, rural,
or urban area; gender; and age (13). The questionnaire was
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FIGURE 1 | Study selection flowchart.

administered using computer-assisted telephone interviewing
(CATI) method (14). First, all eligible participants were
interviewed by phone and answered a modified STOP-Bang
questionnaire in order to estimate OSA risk. A secondary cross-
sectional nationwide survey was piloted to examine the validity
of the estimated screening results. From the initial representative
sample, 344 adults were randomly selected to participate in the
second stage procedure by undertaking a type III sleep study.
A type III sleep testing device monitors a minimum of four
channels that include one or more channels of respiratory effort,
airflow, oxygen saturation, and heart rate/electrocardiogram. No
strict inclusion or exclusion criteria were applied in this second
phase of the study, in order to guarantee no bias in the selection,
minimize the necessary sample size, and achieve reliable results.
Participants were excluded from the analyses only if they had

a previous known history of sleep apnea and/or were under
treatment with continuous positive airway pressure (CPAP)
or other therapies. The flowchart of the study is summarized
in Figure 1.

A total of 264 adults (76.74%, age: 21–83 years) finally
underwent a type III sleep study assessment for possible OSA.
Standards from the American Academy of Sleep Medicine
(AASM) manual were used to score respiratory events (15).
The AHI was calculated as the mean number of apneas and
hypopneas per hour of sleep study. AHI ≥ 5 was considered
diagnostic for sleep apnea regardless of symptoms.

Additionally, all subjects provided a self-reported medical
history about previously diagnosed comorbidities (hypertension,
arrhythmias, heart failure, ischemic heart disease, previous
stroke, and diabetes mellitus) and answered the Greek version of
PSQI (Gr-PSQI), ESS, Athens Insomnia Scale (AIS), andHospital
Anxiety and Depression Scale (HADS).

PSQI questionnaire contains 19 self-rated questions and 5
questions rated by the bed partner or roommate. Only self-rated
questions are included in the scoring. The 19 self-rated questions
are combined to form 7 component scores; each one has a range
of 0–3 points and represents 7 clinically derived domains of sleep
difficulties. In all cases, 0 indicates no difficulty, while 3 indicates
severe difficulty. The seven component scores are then summed
to yield total surrogate PSQI score (global PSQI) with a range
of 0–21 points, with 21 indicating severe difficulties in all areas
(16). Self-administered score of >5 has a diagnostic sensitivity
of 89.6% and specificity of 86.5% to distinguish “poor” sleepers
from “good” sleepers, even though it is not related to objective
sleep measures [actigraphy and polysomnography (PSG)] in a
community sample.

ESS measures the general level of sleepiness by asking people
to rate their usual chances of dozing off or falling asleep
in eight different situations or activities of their daily lives.
Although a score > 10 is considered affirmative for excessive,
self-rated, daytime sleepiness, the correlation between ESS and
mean sleep latency or measures of sleep apnea severity is
low (17).

AIS is designed to assess the nature, severity, and impact of
insomnia and monitor treatment response in adults. A cutoff
score of ≥6 is used to establish the diagnosis of insomnia
(18). The eradication of primary and secondary definitions of
insomnia allows the clinicians to diagnose insomnia regardless
of the causes of the disorder.

Finally, HADS is a reliable instrument for detecting and
separating the states of depression and anxiety, by excluding
somatic symptoms (19). Scores of >10 are indicative of
psychological morbidity, whereas scores between 8 and 10 are
considered borderline.

Known psychiatric pathologies were ruled out at the
time of inclusion, by using a self-reported medical history
table describing the major psychiatric and neurologic
pathologies and medication that could affect the scores of
the symptom questionnaires.

We divided newly diagnosed sleep apneic patients in
symptomatics (Group A) and asymptomatics (Group B)
in order to investigate possible differences between the

Frontiers in Psychiatry | www.frontiersin.org 3 February 2021 | Volume 12 | Article 63016215

https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org
https://www.frontiersin.org/journals/psychiatry#articles


Frangopoulos et al. Sleep and Obstructive Sleep Apnea

TABLE 1 | Characteristics of the SDB group participants.

Gender 1 =

female 2 = male

Age BMI ESS AIS PSQI HADS-Anxiety HADS-Depression AHI

2 78 31.9 4 0 4 1 2 13.2

2 65 35.8 7 15 14 8 11 45.3

2 64 28.9 2 4 5 1 3 22

2 81 23.1 1 3 5 7 5 13.3

2 57 27.4 0 0 5 1 2 20.4

2 36 30.8 10 9 7 6 8 33.2

1 58 29.5 11 7 4 4 7 38.8

2 48 30.0 9 8 4 4 7 9.4

2 69 33.3 2 3 1 7 6 18.6

1 54 29.4 8 4 5 5 2 14.1

1 63 25.0 6 4 9 3 6 6.2

1 65 34.2 4 5 6 4 1 40.1

2 66 27.0 2 1 7 2 9 86

2 65 24.0 17 2 2 6 2 14.3

1 60 29.7 3 9 6 5 5 10.5

2 55 28.7 11 4 7 6 6 30.1

1 72 32.4 4 6 6 2 2 28.9

1 67 25.2 5 3 5 7 8 28.8

1 87 45.0 10 17 7 9 6 14

2 69 35.2 2 1 3 0 0 19.4

2 66 35.2 13 6 4 3 6 42.9

1 44 24.8 10 5 5 1 0 5.1

1 64 21.3 17 2 5 1 2 30.5

2 39 28.1 8 4 7 6 5 15.4

2 52 45.0 10 10 7 6 9 58.6

2 33 25.8 7 1 5 2 0 15.6

2 67 27.4 5 6 5 5 8 6.2

2 49 28.4 5 7 6 6 2 16.1

2 53 30.9 9 7 4 3 5 14.7

2 58 24.8 5 8 9 1 1 7.7

1 54 34.4 15 5 10 7 7 24.5

2 46 25.2 7 5 4 3 5 8.9

2 59 32.5 12 11 14 14 8 13.3

2 58 40.5 6 13 9 9 13 48.2

1 65 25.4 4 4 3 4 1 1.6

2 81 22.9 2 4 6 3 1 13.3

1 68 29.7 8 20 6 16 11 7.9

2 68 38.6 14 11 13 1 6 34.4

2 72 24.2 11 4 4 6 7 15.7

2 42 34.5 19 10 18 18 17 9.3

2 43 32.6 8 10 6 0 9.8

1 36 40.3 15 14 13 15 12 27.5

1 51 30.5 17 6 8 13 7 30

1 65 36.7 7 5 2 8 4 11.5

2 71 38.8 8 7 2 0 0 40.1

2 69 23.5 2 2 2 4 13 6.4

2 58 27.5 10 1 7 10 9 7.9

1 55 44.8 21 14 13 2 2 13.2

2 66 23.7 3 4 5 6 7 10.6

2 72 38.0 16 14 9 6 11 22.1

2 63 35.2 9 17 13 10 5 36.8

(Continued)
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TABLE 1 | Continued

Gender 1 =

female 2 = male

Age BMI ESS AIS PSQI HADS-Anxiety HADS-Depression AHI

2 60 37.2 8 1 4 3 5 9.2

2 23 34.9 4 10 8 1 4 6.4

2 56 30.3 12 9 9 1 1 14

2 43 36.1 14 1 5 1 0 8.9

2 59 32.1 2 2 6 1 0 22.8

2 75 28.4 14 11 11 12 10 7.3

2 69 30.6 2 4 6 2 2 23.1

2 49 24.1 19 5 3 4 7 5.4

2 49 27.4 2 6 6 3 5 14.2

2 51 27.2 12 12 11 9 9 8

2 46 24.7 2 2 4 3 1 6.5

1 54 36.6 5 4 3 1 7 82

2 39 26.6 9 5 4 5 2 7.2

2 68 28.3 12 10 10 5 3 44.8

2 51 27.2 17 8 8 13 9 8

2 40 31.7 6 8 7 9 10 10.9

2 57 31.9 3 2 2 1 2 23.4

2 51 33.2 16 18 13 9 8 26

1 59 32.0 18 11 7 12 8 26.7

2 24 37.2 12 12 13 12 7 9.5

2 48 23.4 7 5 5 8 4 7.6

2 76 27.4 6 5 4 2 4 14.7

2 57 29.8 7 5 8 3 1 18.8

1 49 26.8 8 9 7 9 9 5.5

2 71 30.4 2 2 2 1 0 48.1

2 33 25.2 17 15 15 4 3 9.8

2 78 24.5 0 3 4 2 0 22.6

2 34 24.8 11 5 4 6 1 8.2

2 51 21.3 8 14 13 6 2 14.9

1 50 32.0 8 4 10 4 4 10

2 73 34.9 8 9 9 1 1 27.1

1 51 38.6 17 15 11 8 6 78.7

2 37 27.8 5 10 5 7 5 32.7

1 60 33.0 6 4 7 4 2 13

1 39 23.1 5 17 7 3 3 7.9

1 64 37.2 4 6 9 14 7 10.1

1 62 24.0 15 10 10 2 6 24.6

2 38 33.9 13 2 4 1 1 5.3

2 77 32.6 14 16 16 11 13 20.8

2 51 25.3 7 3 5 1 3 8.4

1 61 33.3 0 3 5 3 2 10.4

2 71 36.3 14 7 12 3 8 44.6

1 59 24.1 20 8 7 10 10 12.5

2 56 33.8 9 13 13 8 8 9.1

2 63 28.4 8 0 3 0 0 30.7

2 44 25.0 13 16 13 3 4 13.6

2 57 28.7 14 9 13 8 2 10.5

2 46 29.1 5 10 5 9 11 11.1

2 72 19.9 8 13 17 9 9 15.3

2 53 25.5 2 0 1 0 0 5.6

2 59 26.0 12 9 7 11 9 17.8

(Continued)
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TABLE 1 | Continued

Gender 1 =

female 2 = male

Age BMI ESS AIS PSQI HADS-Anxiety HADS-Depression AHI

2 68 33.4 4 5 4 1 1 13.6

1 56 35.6 5 10 7 8 5 7.7

2 50 25.3 8 11 7 8 4 11.4

1 61 32.4 2 5 5 8 5 12.2

2 61 26.1 20 8 6 6 0 11.7

1 77 34.7 7 4 11 0 1 33.3

2 76 24.6 1 3 4 6 5 7.6

2 54 30.4 5 1 3 0 0 17.1

1 64 33.3 4 10 12 12 5 11.9

2 47 25.9 13 7 4 3 9 11.3

2 78 31.2 1 7 7 2 2 11.2

2 21 35.6 8 3 3 3 5 15.3

2 60 21.6 5 2 3 6 8 39.3

2 68 32.2 4 3 3 1 10.3

1 54 22.7 15 3 4 9 5 10.7

2 57 36.1 9 3 8 10 5 62.8

1 54 23.7 2 1 4 5 2 5.4

2 58 32.1 18 12 11 8 11 47.1

2 74 22.8 5 3 5 3 6 15.5

2 37 27.1 11 3 4 0 4 10.1

1 55 20.4 13 9 15 10 9 13.1

2 73 30.5 8 16 16 9 8 9.2

2 69 29.8 6 15 11 6 5 18.7

2 59 25.2 9 5 6 7 3 42.5

2 59 26.4 5 5 4 2 2 19.1

2 64 29.6 4 2 5 3 4 48.4

2 52 30.7 11 10 6 1 1 31.5

2 65 24.8 3 6 3 1 1 8.4

2 50 20.7 6 5 4 6 1 5.8

2 71 28.7 6 6 9 5 9.6

2 69 26.0 9 8 12 15 13 7.4

1 73 29.7 0 6 15 2 2 7.3

2 59 36.0 13 0 0 8 2 7.6

2 32 31.1 2 1 4 3 0 11.7

2 55 26.1 2 9 10 5 7 18

1 69 23.6 5 0 4 0 0 32.8

2 37 25.4 8 2 1 4 0 7

2 52 28.7 10 1 3 2 2 6.5

2 47 25.8 5 5 7 5 1 9.6

2 39 39.4 4 6 2 3 0 5.3

2 48 23.1 4 1 5 3 1 13.3

2 68 30.5 17 3 2 0 0 17.6

2 57 32.6 15 1 2 0 0 33

2 34 25.7 9 9 6 12 9 5.5

1 60 37.0 4 9 19 6 4 13.9

2 57 47.2 2 0 3 0 0 30.3

2 59 21.2 1 2 4 3 5 9.7

1 42 35.4 3 4 3 6 5 39.8

1 49 28.2 10 15 11 13 10 14.4

2 47 37.2 4 7 3 2 5 28.1

(Continued)
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TABLE 1 | Continued

Gender 1 =

female 2 = male

Age BMI ESS AIS PSQI HADS-Anxiety HADS-Depression AHI

2 60 40.4 12 6 5 3 3 12.5

2 53 31.1 3 4 5 15 18 8.9

1 74 26.8 7 9 10 6 10 49.7

SDB, sleep-disordered breathing; BMI, body mass index; ESS, Epworth Sleepiness Scale; AIS, Athens Insomnia Scale; PSQI, Pittsburgh Sleep Quality Index; HADS, Hospital Anxiety

and Depression Scale; AHI, apnea–hypopnea index.

TABLE 2 | Anthropometrics data of the study population.

With symptoms

(Group A)

(mean ± SD)

Without symptoms

(Group B)

(mean ± SD)

Sex, male (%) 72.9 74.35

Age (years) 55.78 ± 12.5 59.29 ± 12.77

Neck circumference

(cm)

42.30 ± 4.22 41.76 ± 4.27

Hip circumference (cm) 112.8 ± 10.77 110.74 ± 10.95

Abdomen

circumference (cm)

107.6 ± 15.83 104.64 ± 14.15

Body mass index

(kg/m2 )

30.69 ± 5.64 28.94 ± 5.09

two groups concerning syndrome’s severity, patients’ sleep
quality, and comorbidities. One or both symptoms (sleepiness
and/or insomnia-like) present categorized the individual as
symptomatic (93 individuals, 60%) and neither major symptom
as asymptomatic (62 individuals, 40%).

The study protocol was approved by the Institutional Review
Board of both the General Hospital in Nicosia, Cyprus, and
the “Alexandra” University Hospital in Greece, and the Cyprus
Bioethics Committee (EEBK/EP/2016/35). All subjects gave
consent to participate in the study after appropriate information
was given.

Statistical analysis included summarization of the data
in tables and charts, and it was performed by using a
statistical analysis software platform (IBM SPSS Statistics
v.25 program). Specifically, χ

2 test was performed when
comparing nominal variables, and t-tests were performed
when comparing continuous variables. Continuous variables
are summarized with means and standard deviations and
compared using t-tests. Categorical variables are summarized
using frequencies and percentages and compared among
groups using chi-squared. Descriptive statistics procedures
for complex survey data (chi-square) were used to examine
demographic and health characteristics for all participants.
Two-sided hypothesis testing was performed in order to
reject or not the null hypothesis. All results reported are
based on two-sided tests. Tests were adjusted for all pairwise
comparisons within a row of each innermost sub-table using the
Bonferroni method of correction. A p < 0.05 was regarded as
statistically significant.

TABLE 3 | OSA severity in terms of respiratory indices.

Symptoms (no = 0, yes = 1) Mean Std. deviation

AHI 0 20.26 17.08

1 18.89 14.19

ODI 0 14.71 15.78

1 15.18 13.92

Mean SaO2 (%) 0 93.92 1.73

1 93.69 2.09

OSA, obstructive sleep apnea; AHI, apnea–hypopnea index; ODI, oxygen

desaturation index.

RESULTS

From 4,118 eligible responders, stratified to represent the Cypriot
population, a cohort of 344 individuals—randomly selected
by SPSS—were enrolled; and 264 subjects (77%) underwent
type III sleep test. According to the diagnostic criteria for
breathing disturbances, 155 had AHI ≥ 5. From these 155
(40 female and 115 male) individuals, 34% had ESS > 10
and 49% AIS ≥ 6. The characteristics of the sleep disturbance
(SDB) group are summarized in Table 1. One or both symptoms
present categorized the individual as symptomatic (Group A, 93
individuals, 60%) and neither major symptom as asymptomatic
(Group B, 62 individuals, 40%).

Males were 72.9% of symptomatic and 74.35 of asymptomatic
OSA patients. Age was 55.78 ± 12.5 in symptomatics and 59.29
± 12.77 in asymptomatics. To ensure the internal validity of our
research, the two groups were tested for confounding factors,
namely, gender, age, and body mass index (BMI). There were no
significant statistical differences (SSDs) between the two groups
(symptomatic–asymptomatic) concerning anthropometrics
(neck, abdomen, and hip circumferences; BMI; age; or gender;
Table 2). The two groups had also no SSD in OSA severity as
concluded by AHI, oxygen desaturation index (ODI), mean
oxygen saturation (SaO2), and comorbidities. Sleep test data are
summarized in Table 3.

Sleep Quality
Symptomatics had statistically significant poorer sleep quality
than asymptomatics (GR-PSQI, 8.41 ± 4.23, vs. 4.88 ± 2.43,
p = 0.000), with no SSD regarding hours in bed (7.14 ± 1.05
vs. 7.24 ± 1.21) and the use of sleep medications (0.45 ± 1.06
vs. 0.18 ± 0.65, comp6). SSDs between OSA patients with and
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FIGURE 2 | Designated effect of categories on PSQI in OSA patients with and without symptoms. PSQI, Pittsburgh Sleep Quality Index; OSA, obstructive sleep apnea.

without symptoms were observed in the subjective perception of
sleep quality (1.61 ± 0.93 vs. 0.81 ± 0.61, p = 0.000, comp1),
sleep latency (1.28 ± 1.05 vs. 0.85 ± 0.87, p = 0.007, comp2),
sleep duration (1.62 ± 0.94 vs. 1.18 ± 0.75, p = 0.001, comp3),
sleep efficiency (1.07 ± 1.25 vs. 0.43 ± 0.80, p = 0.000, comp4),
sleep disturbance (1.6 ± 0.68 vs. 1.07 ± 0.47, p = 0.000, comp5),
and daytime dysfunction (0.79 ± 0.73 vs. 0.38 ± 0.52, p =

0.000, comp7).
The global PSQI score for symptomatics was mainly

determined by sleep disturbance (22.42%), duration of
sleep (20.63%), and subjective sleep quality (19.53%). For
asymptomatics, the decisive factors were primarily duration of
sleep (27.36%) and sleep disturbance (24.62%) (Figure 2). There
was SSD only in the defining contribution of duration of sleep
(p = 0.013) in the configuration of global PSQI between the
two groups (6.20 ± 1.15 for symptomatics vs. 6.66 ± 1.19 for
asymptomatics, p = 0.049), as no SSD was observed in sleep
onset and offset and time in bed.

Finally, when OSA patients with insomnia-like symptoms
were compared with the rest individuals with AHI ≥ 5, all
components of PSQI were SSDs, including the use of sleep
medication. On the contrary, when the sleepy group was
compared with the rest individuals with AHI ≥ 5, there was
no SSD for hours in bed, sleep latency, and use of medication
(Table 4).

Anxiety–Depression–Fatigue
The prevalence and severity of anxiety, depression, and fatigue
were higher in patients with symptoms.

Anxiety was present in 18.1% of symptomatic OSA patients
compared with 2.9% of asymptomatics (p = 0.003), whereas

depression was likely in 12% of symptomatic patients compared
with 2.9% of asymptomatics (p = 0.037). Symptomatics were
more anxious (6.55 ± 4.37 vs. 3.65 ± 3.01, p = 0.000) and
more depressed (6.08 ± 3.81 vs. 3.26 ± 3.28, p = 0.000)
than asymptomatics, according to the HADS score. No SSD
of previous mental illnesses existed between the two groups
(11.1% of symptomatics and 8.7% of asymptomatics). Moreover,
63.4% of symptomatics complained about fatigue vs. 30.3% of
asymptomatics (p = 0.000), with a total score of 4.65 ± 1.61 vs.
3.16± 1.6 (p= 0.000).

We further included the possible confounder PSQI total
score as a variable in our regression models; in this way, we
controlled for the impact of the confounding variable. The
estimated measure of association before and after adjusting for
confounding was examined. The coefficient for symptomatics
dropped more than 10%, when total PSQI was introduced into
the model, meaning that PSQI was a confounding variable that
affected anxiety (p < 0.001, dependent variable) in a causal
relationship, as well as the symptoms (p = 0.027, independent
variable). It was also a confounding variable related with the
depression (p < 0.001) and symptomatic groups (p= 0.011).

Verification
To further support our findings, comparisons were conducted
between a baseline–non-OSA population sample. Sleep quality
was estimated in a control sample of 109 non-SDB subjects with
normal AHI (<5/h). The control sample was not divided into
symptomatics and asymptomatics, as the AHI was the controlled
coefficient. The control sample was summoned after the analysis
of the sleep studies (Figure 1). When compared with the subjects
with abnormal AHI (≥5/h), there was no SSD regarding HADS,
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TABLE 4 | Differences in sleep quality between insomniacs and sleepiness group.

OSA patients

with

insomnia-like

symptoms

(mean ± SD, p)

Sleepy OSA

patients

(mean ± SD, p)

Category 1 Subjective sleep

quality

1.85 ± 0.82 1.53 ± 0.95

Category 2 Sleep latency 1.54 ± 1.00 1.00 ± 1.02

Category 3 Duration of

sleep

1.82 ± 0.97 1.62 ± 0.93

Category 4 Sleep efficiency 1.35 ± 1.28 1.04 ± 1.19

Category 5 Sleep

disturbance

1.71 ± 0.63 1.64 ± 0.71

Category 6 Use of sleep

medication

0.53 ± 1.14 0.54 ± 1.15

Category 7 Daytime

dysfunction

0.86 ± 0.70 0.79 ± 0.77

Global PSQI 9.65 ± 3.91 8.15 ± 4.27

OSA, obstructive sleep apnea; PSQI, Pittsburgh Sleep Quality Index.

TABLE 5 | Verification analysis results.

Group No PSQI HADS-Anxiety HADS-Depression

AIS ≥ 6 76 9.65 ± 3.91 7.23 ± 4.34 6.89 ± 3.72

AIS < 6 79 4.77 ± 2.4 3.81 ± 3.19 3.33 ± 3.2

ESS > 10 46 8.15 ± 4.27 6.45 ± 4.54 5.91 ± 3.93

ESS ≤ 10 109 6.15 ± 3.60 4.60 ± 3.66 4.21 ± 3.67

Both symptoms 32 10.42 ± 3.52 7.73 ± 4.54 7.33 ± 3.8

0 or 1 symptom 123 5.86 ± 3.47 4.56 ± 3.66 4.10 ± 3.56

No symptoms 65 4.88 ± 2.43 3.65 ± 3.01 3.26 ± 3.28

Only AIS ≥ 6 44 8.84 ± 4.18 6.71 ± 4.12 6.40 ± 3.64

Both symptoms 32 10.42 ± 3.52 7.73 ± 4.54 7.33 ± 3.80

Only ESS > 10 14 4.40 ± 2.30 4.35 ± 3.77 3.55 ± 2.95

PSQI, Pittsburgh Sleep Quality Index; HADS, Hospital Anxiety and Depression Scale; AIS,

Athens Insomnia Scale; ESS, Epworth Sleepiness Scale.

AIS, PSQI, and all its components. The PSQI score was similar
between the two groups: it was 6.33 ± 3.39 in the control group
vs. 6.75± 3.99 in the SDB group. This reinforces the outcomes of
the study, suggesting the importance of symptoms in subjective
sleep quality. ESS score was significantly higher in AHI≥ 5 group
(6.26 ± 4.16 in the control group vs. 8.31 ± 5.52, p = 0.001).
To further strengthen the clinical relevance of the results of the
study, a separate analysis between subjects with AHI < 15 and
AHI≥ 15 was performed. There was no significant difference for
AIS, ESS, PSQI, depression, and anxiety. An extra proof that AHI
severity is almost irrelevant to the investigated parameters.

Although the AHI or REI metrics are subject to criticism
nowadays, they remain the way we assess patients (20); therefore,
a further classification according to the standard severity of OSA
was conducted. Interestingly, only ESS was significantly higher
between severeOSA and control group (6.26± 4.16 in the control
group vs. 9.47 ± 5.32, p = 0.007), while insomnia, anxiety, and

depression were almost evenly distributed between groups. PSQI
was also insignificantly different, pointing out the importance
of symptoms and not AHI in the quality of sleep. Therefore,
the usual markers of OSA severity do not address efficiently
the sleep quality and psychiatric consequences of the syndrome
if the questionnaires centered on patient-reported symptoms
are not applied. Nevertheless, the small numbers of the four
groups did not allow us to extract solid results between classically
determined severity groups.

The analysis was repeated by using a cutoff of 15/h, which is
the current way to establish the need for treatment. There was
a significant difference only for sleep efficiency (0.74 ± 1.01 in
the control vs. 0.84 ± 1.23, p = 0.005, comp4). Interestingly,
anxiety and depression had no significant difference between the
two groups.

The addition of a control group in the comparison did
not allow us to establish that the symptoms reported,
namely, insomnia and sleepiness, are solely due to the
associated OSA, as these daytime symptoms are expressions
of multiple different conditions and only sleepiness in
severe OSA was statistically different to the control group.
Nevertheless, such an establishment was not the objective
of the study. The comparison with the control group
fortified the importance of symptoms in sleep quality
and psychiatric disturbances, as they differ not because
of AHI but of the symptoms per se. In this regard, the
analysis of classic OSA severity markers did not help in
establishing more firm OSA phenotypes, as the sample
was limited.

Further verification analysis was performed; results are
depicted in Table 5. We compared the patients from the SDB
group according to their response to AIS, ESS, and both. For
patients with or without insomnia, there were strong significant
differences for PSQI (p < 0.000), anxiety (p < 0.000), and
depression (p < 0.000); similar differences were recorded for
patients with or without both symptoms (PSQI, p < 0.000;
anxiety, p < 0.000; and depression, p < 0.000). For patients
with sleepiness compared with patients without sleepiness, there
were also SSDs for PSQI (p < 0.005), anxiety (p < 0.012),
and depression (p < 0.009). A similar sensitivity analysis
for four categories of patients, with solely sleepiness or only
insomnia, both symptoms, or no symptoms, was conducted.
There were significant differences for PSQI between the no
symptoms group and the only insomnia group (p < 0.000)
and the no symptoms group and the both symptoms group
(p < 0.000), but not with the only somnolence group. In
an analogous pattern, there were significant differences for
anxiety between the no symptoms group and the only insomnia
group (p < 0.000) and the no symptoms group and the both
symptoms group (p < 0.000), but not with the only somnolence
group. Similarly, for depression, there were SSDs of the no
symptoms group, respectively, with the only insomnia group
(p < 0.000) and both symptoms group (p < 0.000), but not
the only somnolence group. The results verify the impact of
major sleep symptoms to the psychiatric disturbances, primarily
insomnia, but somnolence cannot be acquitted due to the small
sample groups.
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DISCUSSION

The concept of apnea index was first introduced by Guilleminault
as a metric for sleep apnea syndromes (21). Hypopneas were
officially embraced in the index in a consensus report by
the AASM (22). Subsequently, a persistent argument raised
concerning the cutoff level of desaturation for scoring hypopneas
and the tallying of arousals following respiratory events in the
severity index (respiratory disturbance index) (23). The index
multiplies when lower cutoff points for hypopneas are introduced
and arousals are added in the calculation. AHI is criticized
for correlating weakly with endotype (underlying etiology),
phenotype (symptoms and adverse outcomes), and response to
treatment (23, 24). Rephrasing an elegant editorial by Levy et
al. (25) AHI reflects only a metric in OSA with limited impact
and meaning on a complex entity. That is why novel composite
scores taking into account subjective complaints, comorbidities,
and AHI (26) or integrated scores for multiple constituents of
disease severity (27) gain ground in describing OSA severity. The
widely accepted severity cutoffs 5, 15, and 30 per hour were used
for further analysis even though they are considered invalid for
clinical decision making, as they correlate poorly with symptoms,
comorbidities, and outcomes (28).

It is nowadays broadly recognized that the sole calculation
of the AHI is not sufficient to correctly classify our apneic
patients. Furthermore, excessive daytime hypersomnolence is
not associated with AHI, while insomnia is the dominant
symptom of OSA.Multiple phenotypes with different clinical and
demographic characteristics have been reported, as the syndrome
is more complex by definition. The attempt is to enhance
categorization of OSA patients, link each category to a favorable
treatment option, and ultimately to accomplish precision-based
medicine for OSA patients (24).

Our study intended to address some of the most important
clinical questions and challenges regarding (1) whether clinical
phenotyping of OSA by means of symptom expression,
subjectively measured with ESS and AIS, is related to disease
severity as measured by AHI or other proposed indexes and
(2) whether EDS and/or insomnia-like symptoms in OSA
have adverse effect on PSQI and subsequently or bilaterally
neuropsychiatric disorders (NPDs). According to our data in a
general population of Cyprus, OSA patients reporting insomnia-
like symptoms and/or sleepiness do not represent a more severe
phenotype, by the classic definition of OSA with AHI, but their
subjective sleep quality is compromised, causing a vicious cycle
of anxiety or depression.

The current state of knowledge indicates that the diagnosis
and treatment of OSA, focusing on the number of respiratory
events during sleep, are an oversimplified taxonomy (26). The
complex pathophysiology, the variety of clinical presentation
(e.g., daytime sleepiness, insomnia-like and mood disturbances,
or minimal symptoms), and the relevant comorbidities
(recognized to be highly associated with OSA, e.g., arterial
hypertension) comprise a heterogeneous syndrome.

Recent concepts on differing clinical phenotypes provide
opportunities for a better understanding of the syndrome.
Clustering of symptoms and comorbidities allows discrimination

between clinical subgroups with different characteristics. There
were several attempts to identify clinical subtypes of OSA (8,
9, 11, 12, 29, 30); however, the generalizability of available
data is limited due to methodological differences. Nevertheless,
three generally accepted subgroups are patients with paucity of
symptoms, patients with EDS, and patients with complaints of
insomnia-like sleep disturbance. The conventional description
of a typical OSA patient has focused on symptoms of increased
daytime sleepiness; however, insomnia patients represent the
dominant phenotype in clinical practice. The frequency of
reported insomnia symptoms in different OSA cohorts varies
between 39 and 55% (31). Not < 56% in a cohort were labeled
as an EDS-insomnia or insomnia phenotype (11).

Taking into account the frequent coexistence of symptoms
(EDS-insomnia), we recognized the existence of two clusters
of patients: one with relatively low symptom burden and
another with predominant insomnia-like sleep disturbance
symptoms and/or daytime sleepiness, among newly diagnosed
patients with AHI ≥ 5, in a general population-based study.
These differences in expressing or not nocturnal or diurnal
symptoms may be an add on risk factor for sleep apnea
severity, comorbidities, mental symptoms, and, last but not the
least, sleep quality. Moreover, it is important to know whether
phenotyping the patients for symptoms that are characteristic but
not exclusively attributed to OSA has any clinical importance.
Finally, understanding of the silent asymptomatic cluster of OSA
patients is important in order to re-establish our screening tools
and referral patterns. Simplification to the two most common
specific OSA presentation—asymptomatic vs. symptomatic—
groups is essentially sufficient to assess severity profiles and
collateral consequences.

Symptoms in OSA (EDS, insomnia, depression, fatigue,
etc.) are considered to be influenced by sex, age, and
the presence of other comorbidities (32). In our study,
there were no statistical differences between the two groups
(symptomatic–asymptomatic) in terms of gender, age, or
comorbidities. Actually, there were different outcomes in
the literature concerning EDS and insomnia-like symptoms.
Although sleepiness was linked to cardiovascular morbidity and
mortality outcomes (33), it was not associated with an increase of
prevalence in CVD in a large cohort (34). In another population-
based, cross-sectional study, insomnia prevalence did not differ
between subjects with and without OSA, but moderate-to-severe
OSA subjects reported less insomnia symptoms than subjects
without OSA (35). It is possible that other coexisting sleep
disorders, definition, and assessment of the symptoms and the
studied population also affect the results (9, 36).

PSG is the reference assessment tool for the diagnosis of OSA
(20). Cumulative data demonstrated a weak relationship between
daytime excessive sleepiness and the conventional measures of
OSA severity (e.g., the AHI), and that was also confirmed in our
results. The two groups—symptomatic vs. asymptomatic—had
no differences in terms of AHI, ODI, and mean SaO2 magnitude.
Patients with a high AHI may score low on symptom scales and
vice versa (37). This diversity may be attributed to differences
in individual susceptibility to the systemic effects of OSA. The
clinical definition of OSA based on the combination of AHI
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and daytime symptoms is compromised by the high prevalence
of elevated AHI in the general population and by the poor
correlation of EDS with AHI (38). Type III studies do not include
sleep staging and are expected to give a lower AHI compared
with the calculation based on PSG where periods of wakefulness
during the sleep study are excluded in the calculation of AHI
(39). Underestimation of AHI did not affect our results, as the
dependent factor was symptoms and both groups were subject to
the same bias.

However, our symptomatic group reported poorer sleep
quality on PSQI and complained more often about symptoms
of depression, anxiety, and fatigue than did the asymptomatic
group. The global PSQI score for symptomatics was mainly
determined by sleep disturbance, duration of sleep, and
subjective sleep quality, whereas for asymptomatics, the decisive
factors were primarily duration of sleep and sleep disturbance.

Duration of sleep was less for symptomatics than for
asymptomatics and the best predictor of subjective sleep quality,
but there was no SSD on time in bed. Wake after sleep onset
(WASO) time is not reflected on PSQI calculation, but in our
opinion, it is an important sleep quality factor. In a sleep quality
study in renal transplant patients, the patients with PSQI >

5 were consider as poor sleepers and showed a higher total
medical comorbidity score, poorer mental health, and more
severe anxiety but no difference in depressive symptoms when
compared with the good sleepers group (40). In another sleep
quality study, subjective sleep quality was strongly negative
correlated with depression score, physical symptoms, and trait
anxiety (41), similar to our results. Subjective sleep quality’s
association with sleep onset latency was stronger than with sleep
duration. In a community-dwelling adults study, with mean
PSQI score of 6.3, PSQI and ESS were related poorly with each
other. Participants grouped by either cluster analysis of PSQI
and ESS scores differed from each other on psychological/stress
symptoms, but not on polysomnographic indices. Higher PSQI
scores were associated with greater psychological distress and
larger sleep disturbance on sleep diaries. Finally, the PSQI was
more closely related to psychological symptom ratings and sleep
diary measures than the ESS (42).

Poor sleep quality has a major long-term impact on mental
and physical health. Our study identified a cause-and-effect
relationship between PSQI and symptoms of anxiety and
depression. PSQI had a causal relation to the symptoms,
especially insomnia; and symptoms’ expression correlated
with poor sleep quality and separately with anxiety and
depression. There is growing evidence for an increased
frequency of OSA in a variety of NPDs, including stroke,
neurodegenerative/muscular disorders, major depression, and
post-traumatic stress disorder (43, 44). Several studies suggest
that OSA not only may be frequent but also represents an
independent risk factor for the subsequent development of
NPDs, such as depression (45).

AHI was not related to the risk for hospitalization for
depression in a study by Kendzerska et al. (46), and a causal
link between OSA and severe depression was not supported.
Nevertheless, higher depressive symptoms were reported in
OSA patients (47), almost doubled in prevalence for the OSA

group compared with the no-OSA group in a population-
based study (48). About 17% of OSA patients had a major
depressive disorder in a large community sample (49) and up
to 40% in clinical samples (47, 50). Moreover, a large general
population study found an association between EDS, rather than
OSA per se, and depression (51) and introduced symptoms
in the equation. Association between OSA and depressive
symptoms is questioned, but findings indicate that depression is a
consequence of OSA (52, 53), and major sleep-related symptoms
may be the mediators in this relation. Correction for confounders
for depression like obesity, young age, female sex, and hypnotic
medication use was not applied, as there were no SSDs between
groups for these characteristics.

AHI proved once more a convenient metric but with limited
clinical implications. The results of our study suggest that
patients with depression should be routinely questioned for
symptoms of insomnia and/or sleepiness, as further assessment
and treatment for sleep-disordered breathing may mitigate
depressive symptoms. The effects of OSA treatment in depression
and anxiety especially in the symptomatic phenotype have to
be assessed.

The major strength of our research is the validity of our
findings, which is documented by the large representative
population-based sample size and by the high response rate.
This allows us to generalize the results, enabling extrapolation
of findings to the original population. Moreover, we included
all adult age groups, from 18+ to 80+ years old. Another
major advantage of our study is the community-based, randomly
selected sample that is optimal for epidemiological studies. As
subjects were recruited from the community and not from
clinical sleep canters, there is no referral bias, causing a
spurious association of OSA with risk of comorbidities. The
study identified a sleep lab-naive sample; and as OSA patients
were excluded from the study, a better assessment of the
natural history of untreated OSA is possible. A strength of
our study is also the application of common questionnaires
and simple phenotyping methodology across a population-based
sample. Our study did not include all possible symptoms and
comorbidities nor complicated phenotyping but only focused on
major sleep symptoms that may occur in patients with OSA.
This simplification in two groups minimizes the need for a larger
sample to support SSD. Moreover, most of the previous studies
included patients with moderate-to-severe OSA, and the clusters
found may not be generalizable to patients with milder OSA.
An important feature of our study is that all individuals with
AHI ≥ 5 were introduced in the study. Reflecting the established
demographic risk factors for OSA, the cohort was generally
middle-aged, moderately obese, and predominantly male.

Limitations must also be acknowledged. A self-reported
questionnaire concerning the history of comorbid diseases was
assembled, but no medical assessment was provided in those
with a negative history in order to identify non-diagnosed
comorbidities. Another limitation is the absence of a psychiatric
revision of the participants according to their self-reported
mental questionnaires. Any differences with previous reports
may be attributed to cultural or regional differences in symptom
reporting (54, 55) or referral strategies and access to care,
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together with existing known variation in OSA etiology across
ethnic groups (56–60).

As Young stated, there is more to be done in the quantification
of the adverse health consequences of OSA in order to define
the overall social burden (61). Experts recognizing the poor
correlation between AHI and daytime symptoms, as well the
multivariate expression of the syndrome, advised a revision of
the diagnostic criteria and severity thresholds for OSA, taking
into consideration the different clinical and pathophysiological
phenotypes and relevant comorbidities (26). To conclude,
identification of two distinct groups according to the expressed
daytime symptoms, symptomatics and asymptomatics, requires
future surveys concerning diagnostic screening, consequences,
and effective treatments.

CONCLUSION

According to our study, OSA patients reporting insomnia and
or sleepiness do not represent a more severe phenotype as to
the classic taxonomy of syndrome’s gravity categorized by the
number of apneas and hypopneas per hour of sleep. Neither
do symptomatics report a greater number of comorbidities.
Nevertheless, symptomatics express poor sleep quality and mood
disturbances significantly different from asymptomatics. The
explanation given is that their sleep quality is compromised,
causing a vicious cycle of anxiety or depression.

The results of the study indicate that the severity of the sleep
respiratory pathology represented by AHI is inadequate. Even
with the addition of oxygenation indices for the cardiovascular
manifestations of the syndrome as we demonstrated in a previous
study (62) and the daytime symptoms as we proposed in this
study, one is uncertain to suggest a novel classification, as there
are more elements missing. Nevertheless, objective assessment
using symptom questionnaires is in our opinion essential and
should be compulsory, as they illuminate the sleep quality aspect
and predisposition for psychic imbalance.

This study contributes to the understanding of the impact
of EDS and insomnia in OSA. According to our results, we
ought to reconsider our screening techniques, customized to the

patient’s complaints, probably with the utility of sleep quality
questionnaires and screening tools for NPDs. Moreover, it
will be desirable to validate clinical assessment methods that
correctly classify a new OSA patient. This understanding could
enhance personalized treatment approaches in OSA patients.
Finally, a new conceptual framework to evaluate disease severity
of OSA may be developed. The diagnostic workup should
incorporate this multifactorial approach and define severity,
not only considering AHI but also including EDS, NPDs (e.g.,
cognitive impairment and depression), related sleep disturbances
(e.g., insomnia), consequences, and prognoses.

A confirmation of the current findings in longitudinal studies
would be needed to more precisely evaluate the value of defining
clinical presentation phenotype.
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Background: We compared the density and duration of sleep spindles topographically

in stage 2 and 3 of non-rapid eye movement sleep (N2 and N3) among adults diagnosed

with Obstructive Sleep Apnea Syndrome (OSAS) and healthy controls.

Materials and Methods: Thirty-one individuals with OSAS (mean age: 48.50 years)

and 23 healthy controls took part in the study. All participants underwent a whole night

polysomnography. Additionally, those with OSAS were divided into mild, moderate and

severe cases of OSAS.

Results: For N2, sleep spindle density did not significantly differ between participants

with and without OSAS, or among those with mild, moderate and severe OSAS. For N3,

post-hoc analyses revealed significantly higher spindle densities in healthy controls and

individuals with mild OSAS than in those with moderate or severe OSAS. Last, in N2 a

higher AHI was associated with a shorter sleep spindle duration.

Conclusion: OSAS is associated with a significantly lower spindle density in N3 and

a shorter spindle duration in N2. Our results also revealed that, in contrast to moderate

and severe OSAS, the sleep spindle characteristics of individuals with mild OSAS were

very similar to those of healthy controls.

Keywords: spindle density, spindle duration, obstructive sleep apnea syndrome, N2, N3 apnea/hypopnea index

INTRODUCTION

Obstructive sleep apnea syndrome (OSAS) is one of the most common breathing-related sleep
disorders. The American Academy of Sleep Medicine (1) defines OSAS as repetitive episodes of
complete or partial upper airway obstruction during sleep. Such complete or partial upper airway
obstructions lead to a reduced blood oxygen saturation with brief arousals. Further, OSAS is
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diagnosed based on the patient complaints of daytime sleepiness,
non-restorative sleep, fatigue or insomnia symptoms, along with
awakening of sleep with breath holding, gasping or choking,
and with their report of habitual snoring and/or breathing
interruptions. Next, polysomnographic analyses (PSG) show
five or more predominantly obstructive respiratory events
[(obstructive and mixed apneas, hypopneas or respiratory effort-
related arousals (RERAs)]. Relatedly, OSAS is diagnosed, if
PSG analyses record 15 or more predominantly obstructive
respiratory events (apneas, hypopneas, or RERAs) per hour (1).

As regards prevalence rates of OSAS, a meta-analysis reported
the following figures: 3% of women, and 10% of men aged 30 to
49 years suffer frommoderate to severe OSAS; 9% of women, and
17% of men aged 50 to 70 years suffer from moderate to severe
OSA (2). Population-based studies reported prevalence rates of
23.4% for women and 49.7% for men (3, 4).

Obstructive sleep apnea syndrome is not only associated
with a reduced sleep efficiency, but also with a lower quality
of life (5) and an increased risk of systemic comorbidities
such as cardiovascular diseases, hypertension, and metabolic
syndrome (6–8). Relatedly, the most important epidemiological
risk factors for OSAS are obesity and male gender (9, 10). In
addition, higher OSAS is associated with a decreased cognitive
executive performance and memory consolidation (11), with
early changes in biomarkers for Alzheimer’s Disease (12),
and with the hypoactivation of brain regions associated with
cognition (13, 14).

Within the broad range of encephalographic and sleep-related
signals, sleep spindles are understood as 0.5 to 3 s episodes of
9–16Hz electroencephalogram oscillations resulting from the
intra-thalamic network of nucleus Reticularis thalami (nRt)
and thalamocortical neurons during non-rapid eye movement
(nREM) sleep (15–18). Sleep spindles are well-known as
neurophysiological underpinnings of stage 2 nREM sleep (N2),
but they can also occur in stage 3 nREM sleep (N3) (19).

Sleep spindles have attracted increased attention for their
associations with cognitive, emotional and social processes:
Sleep spindle activities are associated with neural structures and
functions (20); it follows that sleep spindles are considered an
important index both for typically developing neurocognitive
processes and for sleep disorders (21, 22). To illustrate, a
higher sleep spindle density was associated with increased
memory consolidation (23), motor development, language
abilities, learning, and cognitive performance (24). Among
preschoolers, a higher spindle density predicted current and
future cognitive-emotional and social skills (25–27). In contrast,
a lower sleep spindle activity is observed among older individuals
with dementia (28).

The pattern of sleep spindle indices among individuals
with OSAS is inconsistent. As regards the assessment of
sleep spindles, both visual and automatic spindle detection
methods are used, along with spectral analysis techniques
for detecting sigma band frequencies, either separately or in
combination. In some studies individuals with OSAS had
statistically similar patterns of spindle density and sigma
power, compared to controls (29). In contrast, individuals
with OSAS had a lower spindle density, slower spindle

frequency, and lower sigma power, compared to healthy
control (30–34).

As regards sleep stages, studies reported significant differences
in sleep spindle characteristics between individuals with and
without OSAS during all NREM stages but not during REM
(33, 35, 36). Himanen et al. (37) observed an increased spindle
frequency at the end of the night among healthy controls, but not
among individuals with OSAS. Some studies reported significant
differences in spindle characteristics between the two groups in
REM sleep (38).

In children and adolescents, a lower spindle density in N2
but not in N3 was observed in children with mild OSAS, when
compared to healthy controls (39). In contrast, Madaeva et al.
(40) used a automatized software for sleep spindle detection
and reported higher levels of spindles and spindle density, but a
lower spindle amplitude and frequency during N2 in overweight
adolescents with OSAS, compared to overweight or normal
weight adolescents with no OSAS. No differences were observed
for spindle duration between overweight adolescents with and
without OSAS, and normal weight adolescents (40).

Last, spindle activity increases when OSAS is treated with
positive airway pressure therapy (41–43). This effect could
be understood as a normalization of sleep continuity, sleep
architecture and sleep spindle activity in individuals with OSAS
and treated with this therapy.

The pattern of mixed and inconclusive results noted above
may reflect variations in sample sizes, age ranges, and different
clinical criteria for recruiting and assessing participants, together
with different methodologies of spindle detection at different
sleep stages, and different outcome variables such as sigma
band power, total number of spindles, spindle density and
spindle duration.

Sleep spindles protect sleep from arousal-induced incidents,
that is to say: Thalamocortical neuronal activation during spindle
oscillations filters external sensory inputs to the neocortex and
increases the threshold for response to external stimuli (15).
Conversely, OSAS is likely to produce arousal as an internal
arousal inducer, to disrupt sleep continuity and to lead to
fragmented sleep. Given that both OSAS and lower sleep spindle
activity were associated with a reduced memory consolidation
(11, 23, 24), it is possible that the degradation of sleep spindles
activity is responsible for the negative effects of OSAS onmemory
and cognition.

To summarize, the findings reported above do not allow
to draw a uniform and coherent frame of association between
OSAS and sleep spindle activity. Given this background, the
aim of the present study was to shedding some further light on
the associations between OSAS and sleep spindles. To this end,
we analyzed the sleep spindle activity among individuals with
mild, moderate and severe OSAS, and among healthy controls.
We hypothesized that the spindle density and duration would
differ between individuals with mild, moderate and severe OSAS,
and compared to controls. Specifically, we expected that with
higher OSAS sleep spindle patterns (spindle density and spindle
duration) would be more impaired. The present study expands
upon most previous work in that we also assessed individuals
with severe OSAS. Further, there have been few studies of
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spindle duration, and the present study offers an opportunity
to clarify the role of the spindle duration and its interaction
with spindle density during both N2 and N3 stages. The present
results could have clinical importance because individuals with
OSAS are at increased risk of neurocognitive impairments and
this may be at least partially explained by a deterioration in
sleep spindle activity. The results from this study could also
be important for practical reasons: Treating OSAS may also
improve sleep spindle activities, resulting in improved behavior
and cognitive performance.

MATERIALS AND METHODS

Sample and Procedure
Individuals with OSAS and age-, sex-, and BMI-matched
controls were invited to participate at the present study.
Participants were fully informed about the aims of the
study and the confidential data handling. Thereafter, they
all signed the written informed consent. All participants
underwent a thorough medical examination, and their sleep
was objectively assessed via polysomnography. Sleep assessments
took place at the Sleep Disorders Research Center (SDRC) of
Kermanshah University of Medical Sciences (KUMS) between
2013 and 2016. The ethical committee of the Kermanshah
University of Medical Sciences (KUMS, Kermanshah, Iran; code:
KUMS.REC.1395.337) approved the study, which was performed
in accordance with the ethical principles laid down in the seventh
and current edition (44) of the Declaration of Helsinki.

Samples
Individuals With Obstructive Sleep Apnea Syndrome

(OSAS)
A total of 31 individuals with OSAS were enrolled in the study
(mean age: 49.41 years, SD = 8.96; age range: 33–59 years;
84% males). Inclusion criteria were: (1) Age between 18 and
65 years; (2) Breathing-related sleep complaints, as assessed via
a thorough clinical interview and based on polysomnographic
data; (3) Compliance with the study conditions such as
undergoing overnight polysomnography at the sleep research
center; (4) Signed written informed consent. Exclusion criteria
were: (1) Current severe psychiatric issues such as acute
suicidality, acute psychosis, or severe substance use disorder
(opium, alcohol, cannabis, amphetamines, methamphetamines;
medications); (2) Severe chronic neurological or cardiovascular
issues; (3) Unwilling or unable to comply with the study
conditions. (4) Unable or unwilling to withdraw from sleep-
altering medications (narcotics, antihistamines, etc.) 2 weeks
before the polysomnographic assessment; (5) Periodic limb
movements of sleep; (6) Shift work; (7) Female participants:
currently pregnant or breastfeeding.

Healthy Controls
A total of 23 individuals without any kind of sleep disturbances
were enrolled in the study (mean age: 45.17 years, SD = 10.73;
age range: 34–56 years; 70% males). Inclusion criteria were: (1)
Age between 18 and 65 years; (2) No sleep complaints, and
above all no breathing-related sleep complaints, as assessed via

a thorough clinical interview and based on polysomnographic
data; (3) Compliance with the study conditions such as
undergoing overnight polysomnography at the sleep research
center; (4) Signed written informed consent. Exclusion criteria
were identical to the exclusion criteria of individuals with OSAS.

Detailed Data Collection
Participants were invited to the SDRC sleep laboratory
(Kermanshah, Iran). They were advised not to have any coffee,
tea, a heavy diet or a cigarette and not to snooze or sleep
during the day. They were asked to arrive at the laboratory at 9
p.m. Then, they completed a short demographic questionnaire
including age and sex, employee conditions, smoking, shift
work; thereafter, their height and weight were measured by an
experienced technician. Next, the PSG procedure was explained.
The PSG room was standardized for any noise and visual
stimulus based on international standards (1). An overnight PSG
(SOMNOscreen plus R©, Somnomedics, Randersacker, Germany)
was performed for each participant. PSG recordings were started
based on the individual’s usual sleep habits, and each patient was
recorded for a minimum of 7 h.

Polysomnography
The PSG recording and scoring of sleep stages and respiratory
events were performed by a sleep physician employing the
American Academy of Sleep Medicine (AASM) guidelines
(19). Measurement of PSG was based on the AASM guidelines
according to the standard techniques, with monitoring of
the electroencephalogram using frontal, central and occipital
leads referenced to the mastoids (C3M2, F3M2, O1M2, C4M1,
F4M1, and O2M1 derivations) according to the 10–20 system,
electro-oculogram (EOG), electromyogram (EMG), flow (by
oronasal thermistor and nasal air pressure transducer), thoracic
and abdominal respiratory effort (induction plethysmography),
oximetry, and body position. Respiration was monitored with
oronasal thermocouples and nasal pressure transducers.
Thoracoabdominal movements were monitored using
piezoelectric strain gauges. Continuous pulse oximetry was
also monitored.

The AASM criteria (1, 45) were applied to calculate the
apnea/hypopnea index (AHI). Hypopnea is defined as a partial
cessation of breathing; peak signal excursions drop by ≥ 30%,
compared to the pre-event baseline for at least 10 s; further,
compared to the pre-event baseline, oxygen saturation decreases
by ≥ 3%; or the partial cessation of breathing is associated with
an arousal. Apnea is defined as complete cessation of breathing;
compared to the pre-event baseline the peak signal excursion
drops by ≥ 90% for at least 10 s. AHI is calculated as the sum
of apnea and hypopnea events per hour of sleep. AHI was used
to confirm the clinical diagnosis. Further, based on the global
AHI index, participants were classified into non-OSA (AHI <5),
mild (5≤AHI<15), moderate (15≤AHI<30), and severe OSA
(30≤AHI) groups. Wake index was calculated as the number of
awakenings per hour of sleep. Arousal index is considered as the
number of notable EEG shift toward a higher frequency for at
least 3 s but no more than 15 s during all non-REM (NREM)
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stages per hour of sleep. Sleep efficiency (SE) was calculated as
a ratio of total sleep time (TST) to time in bed× 100.

EEG Analysis
All PSG data were digitized with a sampling rate of 256Hz and
the resolution of 16 bits, and then converted into the European
Data Format (EDF) for further analysis in Matlab. The EEG
signals were first band-pass filtered between 0.5 and 35Hz using
a 12th order Chebyshev Type II filter. EMG, ECG, and EOG
artifacts were removed from the EEG signals by the independent
component analysis (ICA). Thirty minutes of the EEG signals,
15min from the beginning and 15min from the end of each
whole-night sleep recording were excluded from analysis to avoid
unreliable data collected during wakefulness.

Spindle Detection
We used the method proposed by Ferrarelli et al. (46) to
detect sleep spindles through bandpass filtering and amplitude
thresholding as implemented in Pareto-optimization software
(46, 47). With few adjustable parameters, this method provides
a good trade-off between performance and computational
complexity (47). To differentiate spindles from EEG background
activities and artifacts, the algorithm first preprocesses the EEG
signal with a filter using the bandpass setting published byWarby
et al. (48). The envelope of the rectified filtered signal peaks is
then thresholded (p1 and p2) by two lower and upper amplitude
thresholds used to identify spindle candidates. In this approach,
to consider variations in signal amplitude between channels,
thresholds are set relative to mean signal amplitude. A spindle
is detected if its peak amplitude exceeds the upper threshold. The
beginning and end of the spindle are determined before and after
the spindle peak if the amplitude of the time series drops below
the lower threshold. Finally, each spindle candidate is examined
by the lower and upper duration criteria p3 and p4 sec. In our
analysis, we first bandpass filtered the EEG data between 12
and 15Hz (−3 dB at 12 and 15Hz). We set the spindle lower
(p1) and upper (p2) boundary threshold ratios to two and four
times the average amplitude of the EEG signal for each channel,
respectively, so as to achieve maximum sensitivity and low false
detection rates. We then selected spindle candidates having a
duration within [p3 p4], which were set to 0.5 to 3 s, respectively,
as recommended in Liu et al. (47). For each channel, we then
computed the spindle density (average number of spindles per
minute) and average spindle duration (in sec) for N2 and N3.
Spindle density in N2 and N3 was calculated as the ratio of the
number of sleep spindles to the number of minutes of N2 and
N3 separately.

Statistical Analysis
Comparison of sociodemographic (age, sex) and anthropometric
dimensions (BMI) between participants without and with mild,
moderate, and severe OSAS was made via a series of X2-tests
and ANOVAs. Sleep characteristics and spindle parameters were
compared between the four groups via ANOVAs. Eta squared was
used to measure effect size. Post-hoc Tukey test were performed
for multiple comparisons between the four groups. The statistical
comparisons weremade on a channel-by-channel basis. Pearson’s

correlations were computed for associations between AHI,
spindle density and spindle duration for all electrode sites
(F3, F4, C3, C4, O1, O2). All statistical computations were
performed with SPSS R© 25.0 (IBM Corporation, Armonk NY,
USA) for Windows R©.

RESULTS

Sociodemographic and Anthropometric
Findings
Table 1 provides the descriptive and inferential statistical indices
for age, sex, and BMI, between the four groups. There were no
significant differences between groups. Accordingly, age, sex, and
BMI were not introduced as possible confounders.

Sleep Dimensions
Table 2 provides the descriptive and inferential statistical indices
for all sleep dimensions, including AHI and O2% saturation,
between the four groups.

A series of ANOVAs was performed to compare sleep
characteristics between the groups. AHI, TST, SE, N1, and N3
sleep percent, sleep arousal index, wake index, and minimum
sleep O2% saturation differed significantly between the groups.
More specifically, SE and N3% was significantly lower in the
groups with moderate and severe OSA, compared to the groups
with no and mild OSA. N1% was significantly higher in the
group with severe OSA, compared to the groups with no, mild
and moderate OSA. N1% did not differ between the groups with
no, mild and moderate OSA. No statistically significant group
differences were observed for N2% and REM%. The arousal index
was significantly higher in the group with severe OSA, compared
to the groups with no, mild and moderate OSA. Wake index was
statistically significantly higher in the groups of moderate and
severe OSA, compared to the groups with no and mild OSA.

Spindles Characteristics
Tables 3, 4 and Figures 1–4 (along with Supplementary

Tables 1–4) provide the descriptive and inferential statistical
indices of spindle-related characteristics between the four groups.
Spindle density was compared between the three OSA groups
and control separately for N2 andN3.While descriptively spindle
density varied as a function of AHI in N2, for all electrode sites
there were no statistically significant mean differences between
groups (Table 3, Figure 1, Supplementary Table 1).

In N3, spindle density progressively declined from the
control group to the group with severe OSAS (Figure 2,
Supplementary Table 2). Differences were statistically
significant between control and the groups with moderate and
severe OSAS; no statistically significant mean differences were
observed between the groups with no and mild OSA. Further, no
statistically significant mean differences were observed between
the groups with mild, moderate and severe OSA (Table 3,
Figure 2, Supplementary Table 2). These patterns of results
were observed in all electrode sites; however, the difference was
higher for frontal than for occipital sites.
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TABLE 1 | Sociodemographic and anthropometric descriptive and inferential statistical indices of healthy controls and individuals with mild, moderate and severe

Obstructive Sleep Apnea.

Groups Statistics

Healthy controls Mild OSAs Moderate OSAs Severe OSAs

N 23 8 8 15

n/n n/n n/n n/n

Sex (male/female) 16/7 5/3 6/2 13/2 X2 (N = 54, df = 3) = 2.04, p = 0.56

M (SD) M (SD) M (SD) M (SD)

Age (years) 45.17 (10.73) 44.12 (10.75) 49.37 (8.86) 52.26 (7.11) F (3,51) = 2.11, p = 0.11

BMI 27.96 (4.96) 28.66 (3.32) 31.25 (3.97) 31.12 (5.04) F (3,51) = 1.89, p = 0.14

BMI, Body Mass Index.

TABLE 2 | Descriptive and inferential statistical indices of sleep-disordered breathing and objective sleep-EEG parameters of healthy controls and individuals with mild,

moderate and severe Obstructive Sleep Apnea.

Groups Statistics

Healthy controls Mild OSAs Moderate OSAs Severe OSAs

N 23 8 8 15 F (3,51); partial etM2; post-hoc tests

M (SD) M (SD) M (SD) M (SD)

AHI 1.55 (0.97) 10.78 (1.63) 23.81 (3.33) 53.28 (15.96) 114.01**; 0.87 (M); HC < MiOSAs, MoOSAs, SeOSAs; MiOSAs <

MoOSAs, SeOSAs; MoOSAs < SeOSAS

TST (h) 7.21 (0.29) 6.99 (0.53) 6.30 (0.88) 6.63 (0.94) 4.78**; 0.22 (L); HC = MiOSAs; HC > MoOSAs, SeOSAs;

MiOSAs = MoOSAs = SeOSAs

SE 92.92 (3.72) 93.42 (6.67) 80.72 (11.60) 86.11 (7.92) 8.05**, 0.33 (L); HC = MiOSAs; HC > MoOSAs, SeOSAs;

MiOSAs > MoOSAs; MiOSAs = SeOSAS; MoOSAs = SeOSAs

N1% 32.16 (13.90) 39.25 (14.01) 41.61 (23.29) 56.59 (17.79) 6.57**,.28 (L); HC < SeOSAs; MiOSAs = MoOSAs = SeOSAs

N2% 22.44 (13.66) 20.13 (13.38) 28.20 (24.01) 20.92 (11.62) 0.50,.03 (S); HC = MiOSAs = MoOSAs = SeOSAs

N3% 30.44 (15.42) 29.61 (19.37) 12.96 (11.63) 9.36 (10.24) 8.35**,.33 (L); HC > MoOSAs, SeOSAs; MiOSAs > SeOSAs;

MoOSAs = SeOSAs

REM% 14.70 (15.73) 10.98 (10.92) 16.05 (15.86) 11.80 (10.63) 0.39, 0.02 (S); HC = MiOSAs = MoOSAs = SeOSAs

Arousals index 25.83 (5.29) 25.32 (3.85) 24.23 (4.76) 31.96 (11.20) 3.04*, 0.15 (L); HC = MiOSAs = MoOSAs = SeOSAs

Wake index 2.45 (1.35) 2.50 (3.13) 5.87 (5.22) 4.81 (3.14) 3.92**, 0.19 (L); HC < MoOSAs; MiOSAs = MoOSAs = SeOSAs

Minimum SpO2% 90.30 (1.76) 82.87 (6.46) 75.50 (11.09) 67.33 (12.48) 24.74***, 0.60 (L); HC > MoOSAs, SeOSAs; MiOSAs > SeOSAs;

MoOSAS = SeOSAs

AHI, apnea/hypapnea index; TST, total sleep time (hour); SE, sleep efficiency; N1%, percent of N1 stage; N2%, percent of N2 stage; N3%, percent of N3 stage; REM%, percent of REM

stage; OSAS, Obstructive Sleep Apnea Syndrome; *p < 0.05; **p < 0.01; ***p < 0.001; (S), small effect size; (M), medium effect size; (L), large effect size; >, longer than; <, shorter

than, =, as long as; HC, healthy controls; MiOSAs, mild Obstructive Sleep Apnea Syndrome; MoOSAs, moderate Obstructive Sleep Apnea Syndrome; SeOSAs, severe Obstructive

Sleep Apnea Syndrome.

Spindle duration was also compared between the groups
of no, mild, moderate and severe OSA, and separately for
N2 and N3.

Spindle duration differed significantly between the groups
with no, mild, moderate and severe OSA in N2, but not in N3.

In N2, for all electrodes except for C3 and O2, there
was a statistically significant mean difference in spindle
duration between the four groups (Table 4, Figure 3,
Supplementary Table 3). Specifically, for frontal electrodes,
the Tukey post-hoc analysis showed statistically significant
differences between the groups with no, mild, moderate and
severe OSA. For central electrodes, compared to the group with
no, mild and moderate OSA, the group with severe OSA had a
significantly shorter spindle duration.

In N3, no significant differences in spindle duration were
found between the groups with no, mild, moderate and severe
OSA (Table 4, Figure 4, Supplementary Table 4).

Correlations Between AHI and
Spindle-Related Dimensions
Table 5, Figures 5–8 (Supplementary Material) provide the
correlations between AHI and spindle-related dimensions,
separately for the four groups. No significant correlations
were found between AHI and spindle density in N2 (Table 5,
Figure 5). Significant negative correlations were found between
AHI and spindle density for all electrodes in N3 (r < −0.54; p <

0.01; Table 5, Figure 6).
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TABLE 3 | Descriptive and inferential statistical indices of spindle density indices between healthy controls, and individuals with mild, moderate, and severe Obstructive

Sleep Apnea.

Groups Statistics

Healthy controls Mild OSAs Moderate OSAs Severe OSAs

N 23 8 8 15

M (SD) M (SD) M (SD) M (SD) F (3,51); partial etM2; post-hoc tests

N2 stage

F3-M2 1.07 (0.15) 0.89 (0.08) 0.83 (0.07) 0.92 (0.14) 9.28**; 0.36 (L); HC > MiOSAs; MoOSAs; SeOSAs; MiOSAs =

MoOSAs = SeOSAs;

F4-M1 1.06 (0.16) 0.90 (0.09) 0.86 (0.14) 0.88 (0.13) 7.09**; 0.30 (L); HC = MoOSAs = SeOSAs;

C3-M2 1.09 (0.26) 0.96 (0.14) 0.94 (0.36) 0.88 (0.12) 2.46(*); 0.13 (M): HC = MoOSAs = SeOSAs;

C4-M1 1.03 (0.25) 0.93 (0.14) 0.92 (0.21) 0.84 (0.10) 2.86*; 0.15 (L); HC = MoOSAs = SeOSAs;

O1-M2 0.91 (0.14) 0.83 (0.08) 0.78 (0.11) 0.79 (0.84) 4.28**; 0.20 (L); HC = MoOSAs = SeOSAs;

O2-M1 0.90 (0.13) 0.85 (0.09) 0.82 (0.15) 0.81 (0.11) 1.94; 0.10 (M); HC = MoOSAs = SeOSAs;

N3 stage

F3-M2 0.99 (0.17) 0.85 (0.06) 0.86 (0.17) 0.90 (0.16) 2.98*; 0.15 (L); HC > MiOSAs; MoOSAs; SeOSAs; MiOSAS >

SeOSAs; MoOSAs = SeOSAs

F4-M1 0.97 (0.16) 0.81 (0.07) 0.87 (0.17) 0.89 (0.17) 2.43(*); 0.13 (M); HC > MoOSAs; SeOSAs; MoOSAs = MiOSAS

= SeOSAs

C3-M2 1.01 (0.25) 0.87 (0.13) 1.22 (0.96) 0.91 (0.21) 1.32; 0.07 (M); HC < MoOSAs; HC > SeOSAs; MiOSAS =

SeOSAs

C4-M1 0.94 (0.20) 0.85 (0.12) 0.90 (0.25) 0.82 (0.13) 1.36; 0.08 (M); HC > MiOSAs; SeOSAs; MiOSAs = MoOSAs =

SeOSAs

O1-M2 0.83 (0.09) 0.79 (0.14) 0.91 (0.37) 0.80 (0.13) 0.76; 0.04 (S); HC < MiOSAS; HC > SeOSAs; MiOSAs =

MoOSAs = SeOSAs

O2-M1 0.81 (0.08) 0.78 (0.08) 0.76 (0.09) 0.76 (0.11) 1.26; 0.07 (M); HC > MoOSAs; SeOSAs; MiOSAs = MoOSAs =

SeOSAs

OSAS, Obstructive Sleep Apnea Syndrome; (*)p < 0.1; *p < 0.05; **p < 0.01; (S), small effect size; (M), medium effect size; (L), large effect size; >, longer than; <, shorter than,

=, as long as; HC, healthy controls; MiOSAs, mild Obstructive Sleep Apnea Syndrome; MoOSAs, moderate Obstructive Sleep Apnea Syndrome; SeOSAs, severe Obstructive Sleep

Apnea Syndrome.

Figure 7 depicts the gradual decline in spindle duration as a
function of AHI in N2. This result was replicated for all electrode
sites. In N2, spindle duration was negatively correlated with AHI
for all electrodes (r < −0.39; p < 0.01) (Table 5). Although
no statistically significant differences were found in spindle
duration between the groups for any electrode site (Table 4),
a tendency to spindles with shorter durations was observed
with increasing AHI in N3 and for all electrodes (Figure 8).
The correlation between AHI and spindle duration in N3 was
only significant for F3, C4, and O2 electrodes (r < −0.30; p <

0.02) (Table 5).

DISCUSSION

In the present study, sleep spindle density and sleep spindle
duration, along with sleep architecture indices, were investigated
topographically in N2 and N3 sleep-EEG signals in a sample of
individuals with mild, moderate and severe OSAS and in healthy
controls. The key findings were as follows: (1) with increasing
OSA severity sleep spindle density decreased in N3, but not in
N2. (2) no differences in spindle density were observed between
individuals with no and mild OSA, and between individuals with
moderate and severe OSA. (3) Such differences were found in
the frontal, but not in the occipital area. (4) A higher OSA

severity was associated with a shorter spindle duration in N2,
but not in N3. (5) A higher spindle density was associated
with a lower AHI index in N2, but not in N3. (6) Sleep
architecture indices did not differ between individuals with no
and mild OSA. (7) Sleep efficiency and total sleep time were
significantly lower among participants with moderate and severe
OSAS than in participants with mild OSAS or no OSAS. The

present pattern of results adds to the current literature in an

important way, in that we confirmed that in individuals with

OSA sleep spindle density and duration vary in a sophisticated

fashion, also depending from the sleep stage (N2 vs. N3), the
topographical area (frontal area vs. occipital area) and from the
AHI index.

The results on sleep architecture and sleep spindles are
considered now in turn.

For sleep architecture, N2% and REM% did not significantly
differ between participants without and with mild, moderate
and severe OSAS. In contrast, N3% was significantly lower
in participants with moderate and severe OSAS, compared
to participants with no or mild OSAS; further, N1% was
significantly higher in participants with severe OSA than
in the other three groups. The pattern of results observed
in the present study appears to contradict previous results.
Swihart et al. (49) stated that OSA did not influence PSG
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TABLE 4 | Descriptive and inferential statistical indices of spindle duration between healthy controls, and individuals with mild, moderate and severe Obstructive Sleep

Apnea.

Groups Statistics

Healthy controls Mild OSAs Moderate OSAs Severe OSAs

N 23 8 8 15

M (SD) M (SD) M (SD) M (SD) F (3,51); partial etM2; post-hoc tests

N2 stage

F3-M2 1.07 (0.15) 0.89 (0.08) 0.83 (0.07) 0.92 (0.14) 9.28**; 0.36 (L); HC > MiOSAS, MoOSAs, SeOSAs; MiOSAs =

MoOSAs = SeOSAs

F4-M1 1.06 (0.16) 0.90 (0.09) 0.86 (0.14) 0.88 (0.13) 7.09**; 0.30 (L); HC > MiOSAS, MoOSAs, SeOSAs; MiOSAs =

MoOSAs = SeOSAs

C3-M2 1.09 (0.26) 0.96 (0.14) 0.94 (0.36) 0.88 (0.12) 2.46(*); 0.13 (M) HC = MiOSAs = MoOSAs = SeOSAs

C4-M1 1.03 (0.25) 0.93 (0.14) 0.92 (0.21) 0.84 (0.10) 2.86*; 0.15 (L); HC > SeOSAs; MiOSAs = MoOSAs = SeOSAs

O1-M2 0.91 (0.14) 0.83 (0.08) 0.78 (0.11) 0.79 (0.84) 4.28**; 0.20 (L): HC > MoOSAs, SeOSAs;

O2-M1 0.90 (0.13) 0.85 (0.09) 0.82 (0.15) 0.81 (0.11) 1.94; 0.10 (M); HC= SeOSAs; MiOSAs = MoOSAs = SeOSAs

N3 stage

F3-M2 0.99 (0.17) 0.85 (0.06) 0.86 (0.17) 0.90 (0.16) 2.98*; 0.15 (L): HC= SeOSAs; MiOSAs = MoOSAs = SeOSAs

F4-M1 0.97 (0.16) 0.81 (0.07) 0.87 (0.17) 0.89 (0.17) 2.43(*); 0.13 (M); HC= SeOSAs; MiOSAs = MoOSAs = SeOSAs

C3-M2 1.01 (0.25) 0.87 (0.13) 1.22 (0.96) 0.91 (0.21) 1.32; 0.07 (M); HC= SeOSAs; MiOSAs = MoOSAs = SeOSAs

C4-M1 0.94 (0.20) 0.85 (0.12) 0.90 (0.25) 0.82 (0.13) 1.36; 0.08 (M); HC= SeOSAs; MiOSAs = MoOSAs = SeOSAs

O1-M2 0.83 (0.09) 0.79 (0.14) 0.91 (0.37) 0.80 (0.13) 0.76; 0.04 (S); HC= SeOSAs; MiOSAs = MoOSAs = SeOSAs

O2-M1 0.81 (0.08) 0.78 (0.08) 0.76 (0.09) 0.76 (0.11) 1.26; 0.07 (M); HC= SeOSAs; MiOSAs = MoOSAs = SeOSAs

OSAS, Obstructive Sleep Apnea Syndrome; (*)p < 0.1; *p < 0.05; **p < 0.01; (S), small effect size; (M), medium effect size; (L), large effect size; >, longer than; <, shorter

than, =, as long as; HC, healthy controls; MiOSAs, mild Obstructive Sleep Apnea Syndrome; MoOSAs, moderate Obstructive Sleep Apnea Syndrome; SeOSAs, severe Obstructive

Sleep Apnea Syndrome.

FIGURE 1 | Boxplots displaying the median and interquartile range of sleep spindle density between patients with OSA and normal sleepers in N2 in different

measurement sites.

dimensions such as total sleep time or stage percentages.
Likewise, Bianchi et al. (50) did not observe significant differences
in sleep efficiency between individuals with mild and severe
OSAS, while the same authors reported significant differences
in percentages of REM, N2 and N3, but not N1 between
individuals with mild and severe OSAS. In addition, Andreou
et al. (51) reported that N1, N3 and REM decreased, and

N2 increased in individuals with OSAS when compared to a
control group.

Next, similar to present study, Ratnavadivel et al. (52) reported
more N1 and less deep sleep in individuals with OSAS than in
healthy controls. Furthermore, Ng and Guan (53) reported that
individuals with severe OSAS spentmore time in REM-sleep than
in deep or light sleep.
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FIGURE 2 | Boxplots displaying the median and interquartile range of sleep spindle density between patients with OSA and normal sleepers in N3 in different

measurement sites.

FIGURE 3 | Boxplots displaying the median and interquartile range of sleep spindle duration for patients with OSA and normal sleepers in N2 in different measurement

sites.

We also observed that participants with severe OSAS had a
significantly higher arousal index than their counterparts with no
or with mild or moderate OSAS.

As regards the wake index, this was higher in participants with
moderate and severe OSAS than in participants with no or with
moderate OSAS. This confirms previous findings (33, 50, 54).

For sleep spindles, these are considered as markers of N2
or nREM sleep microstructures (55, 56). Previous studies have
investigated this neurophysiologic phenomenon either only in
N2 (22, 37, 40, 57, 58) or in both N2 and N3 stages (58).
In the present study, we performed spindle analyses separately
for N2 and N3. More specifically, we investigated sleep spindle
density and duration in N2 in frontal, central and occipital
sites. In addition, for the first time, the duration and density
of spindles were investigated separately in N3 stage. Although
spindle density did gradually decrease with increasing OSA

severity (that is, from no OSA to mild, moderate and severe
OSA) the difference between groups was significant in N3, but
not in N2. Thus, it appears that, for the first time, differences in
sleep spindle signatures were observed in N3 between individuals
without and with different degrees of OSAS. Interestingly, a
dichotomy in spindle density was found: participants with no or
with mild OSAS contrasted clearly with those participants with
moderate and severe OSA. Based on this result, we suggest that
apnea-hypopnea events below the threshold of 15 events/h may
not disrupt normal sleep spindle activity. Or to put it the other
way around: While mild OSA does not appear to disrupt the
neurophysiological course of spindle density, moderate to severe
OSAS does have a negative impact on spindle density.

Next, in N3, spindle density gradually decreased from
frontal to occipital electrodes among all participants, and group
differences also declined from the frontal to occipital area. To
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FIGURE 4 | Boxplots displaying the median and interquartile range of sleep spindle duration for patients with OSA and normal sleepers in t N3 in different

measurement sites.

FIGURE 5 | Spindle density distribution vs. AHI in N2 for each group.

put it another way: Spindle density differences between the four
groups were more pronounced in the frontal area than in the
occipital area. To summarize, we believe that the progressive
decline in spindle density with increasing OSAS severity reflects
its disruptive effect on the synchronization of the spindle pattern
generator in N3 stage.

As in the present study, Schonwald et al. (22) found no
significant differences in spindle density between individuals

with mild or moderate OSAS and healthy controls in the N2
stage. However, the present study expands upon their results
as we investigated spindle density indices in both N2 and N3.
Himannen et al. (37) found no significant differences between
individuals with and without OSAS in visually detected bi-
hemispheric synchronous spindle density during NREM sleep.
However, they collapsed N2 and N3 in their analysis while in the
present study we analyzed N2 and N3 separately.
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TABLE 5 | Correlation coefficients between apnea/hypopnea indices (AHI) and

sleep spindle density and duration, separately for different electrodes for the whole

sample.

Correlation coefficient p

Density N2 stage

F3-A2 −0.11 0.40

F4-A1 −0.13 0.32

C3-A2 −0.11 0.42

C4-A1 −0.13 0.33

O1-A2 −0.12 0.37

O2-A1 −0.18 0.19

Density N3 stage

F3-A2 −0.61 <0.01

F4-A1 −0.60 <0.01

C3-A2 −0.57 <0.01

C4-A1 −0.56 <0.01

O1-A2 −0.54 <0.01

O2-A1 −0.54 <0.01

Duration N2 stage

F3-A2 −0.48 <0.01

F4-A1 −0.47 <0.01

C3-A2 −0.41 <0.01

C4-A1 −0.44 <0.01

O1-A2 −0.42 <0.01

O2-A1 −0.39 <0.01

Duration N3 stage

F3-A2 −0.34 0.01

F4-A1 −0.23 0.08

C3-A2 −0.23 0.09

C4-A1 −0.30 0.02

O1-A2 −0.15 0.27

O2-A1 −0.38 <0.01

Similarly, Huupponen et al. (59) reported no significant
differences between individuals with and without OSAS in
the total number of spindles. These authors employed an
automatic spindle detector and analyzed the whole night sleep-
EEG regardless of sleep stages. These differences might explain
why the present results did not match those of Huupponen
et al. (59).

Ondze et al. (33) found a lower spindle density during
NREM sleep (both N2 and N3) in individuals with mild
SDB than in healthy controls, but they found no significant
differences between individuals with and without OSAS in REM
spindle density.

Interestingly, Madaeva et al. (40) reported a higher number
of spindles and higher spindle density during N2 in overweight
adolescents with OSAS than in either overweight or normal
weight healthy controls. As in the present study, Madaeva et al.
(40) used an automatic software method to detect sleep spindles.
As mentioned, previous studies of adults have investigated
spindle density either solely in N2 (40), or for the whole sleep
(59), or in NREM sleep (33), while no other study has, as in the
present case, focused specifically on N3. One study of children
examined spindle density separately in N2 and N3 (39) but its
findings are the reverse of our own.

As regards spindle duration, this differed significantly between
groups in N2 (except for C3 and O2 electrodes) but not in
N3. We also note that only a few studies have investigated
spindle duration in individuals with OSAS. In contrast to the
present results, Schonwald et al. (22) did not observe significant
differences in the spindle duration in N2 when comparing
individuals with mild and moderate OSAS to healthy controls.
Similarly, Madaeva et al. (40) reported no significant differences
in spindle duration during N2 between overweight adolescent
individuals with OSAS and either overweight or normal weight
healthy controls.

Next, we also found significant associations between a higher
spindle density and a lower AHI in N3, and between a
longer spindle duration and a lower AHI in N2. Similarly,
Li et al. (36) reported a significant association between a
higher number of sleep spindle in N3 and a lower AHI,
independently of sleep efficiency. Likewise, Madaeva et al. (40)
reported significant associations between more favorable spindle
characteristics and a lower AHI, a higher SaO2, and a lower total
arousal index.

To summarize, our results show that OSAS produces a
significant disruption of spindle density in N3, but not in N2.
Unlike density, spindle duration was lower in moderate/severe
OSAS during N2. It seems that, in individuals with moderate
and severe OSAS, first the duration of spindles decreases during
N2, and then the numbers of the spindles decrease in N3.
The gradual decline in spindle duration in N2 may have led
to reduction to such a level as to be too short to identify
spindle activities. A similar process might have occurred for
spindle density decline in N3. Our results also revealed that in
contrast to moderate and severe OSAS, the mild condition of
the disorder does not have a significant adverse effect on sleep
spindle characteristics.

Some researchers have excluded apnea and hypopnea events
so as to minimize any potential confounding effect caused by
alpha activity in the automatic detection of slow spindles (22,
57). But respiratory events such as apnea have been shown
to affect EEG frequency (29, 60). Dingli et al. (29) reported
a significant elevation in sigma power among individuals with
OSAS following respiratory events associated with an arousal (vs.
without an arousal) during NREM and total sleep. Although they
linked this finding to arousal-induced EMG activity and its effect
on EEG, increased sigma power might reflect the hypothesized
sleep maintenance function of spindle activity (34). Apnea and
hypopnea events were not filtered out from the analysis in the
present study because of the critical impact of these events on
EEG activity.

Overall, the present controversy in the scientific literature
as regards the occurrence (or otherwise) of sleep spindles in
individuals with OSAS may be due to methodological issues, the
use of different methodologies for spindle detection, choice of
different sleep stages for analysis, and investigation of different
characteristics such as sigma band power, total number of
spindles, spindle density and duration.

Despite the novelty of the results, the following limitations
should be taken into consideration. First, while we divided the
OSA sample into subgroups on the basis of OSA severity, the
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FIGURE 6 | Spindle density distribution vs. AHI in N3 for each group.

FIGURE 7 | Spindle duration distribution vs. AHI in N2 for each group.
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FIGURE 8 | Spindle duration vs. AHI in N3 for each group.

resulting small sample sizes might have precluded more fine-
grained patterns of results. However, the statistical analyses were
also based on effect size calculations, which by definition are
not sensitive to sample sizes. Second, we made a whole night
EEG analysis, and dynamic changes in spindles and densities
across the night may have influenced the results. Or simply
put, no time-of-night effects were tested, although these were
found to be relevant in earlier reports. Third, we didn’t perform
any analysis on fast vs. slow spindle characteristics. Fourth,
we used a relatively simple and efficient spindle detection
method providing a good trade-off between performance and
computational complexity with few adjustable parameters. There
are, however, more efficient tools with higher complexities,
which require parameter optimization using multi-objective
evolutionary algorithms as suggested in Chokroverty et al. (48).
Next, the temporal evolution of slow and fast spindles in terms
of amplitude and frequency and their density over the course
of a full night’s sleep can provide valuable information about
the influence of OSA severity on spindle frequency distribution.
These limitations highlight an important focus for future
investigations. In addition, no control for multiple comparisons
was considered. Further, there is evidence that a shortened sleep
spindle duration was associated with dementia (28). In this
line, a lower sleep spindle activity was associated with a lower
cognitive performance (11–14, 21–24), and social competences
in primary school children (25–27). It follows that future studies
on sleep spindle indices in individuals with OSA should assess
also participants’ cognitive processes. Next, longitudinal studies
might investigate, if among individuals with OSA sleep spindle
indices are related to a lower quality of life (5), an increased

risk of systemic comorbidities such as cardiovascular diseases,
hypertension, and metabolic syndrome (6–8). Last, the quality of
the data did not allow to test the hypothesis, if group differences
in N3 sleep, but not so much in N2 sleep, was the result of an
increasing frequency of apnea events during the course of the
deepening of sleep.

CONCLUSION

Although sleep spindles are primarily considered as
characteristics of the N2 stage, our results showed that an
increasing OSA severity was associated with a significant
disruption of spindle density in N3, but not in N2. We
recommend investigation of spindle characteristics in both N2
and N3 in future studies. Unlike density, spindle duration was
lower in individuals with moderate and severe OSAS during the
N2 stage. Our results also revealed that, in contrast to moderate
and severe OSAS, the mild condition of the disorder does not
have a significant adverse effect on sleep spindle characteristics.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Kermanshah University of Medical
Sciences, Kermanshah, Iran. The patients/participants

Frontiers in Neurology | www.frontiersin.org 12 February 2021 | Volume 12 | Article 59863238

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Mohammadi et al. Sleep Spindles and OSAS

provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and
intellectual contribution to the work, and approved it
for publication.

FUNDING

This work was supported by Kermanshah University of Medical
Sciences (grant number: 95602).

ACKNOWLEDGMENTS

Authors acknowledge the staff of SDRC (Kermanshah, Iran)
for their assistances. We also thank the Clinical Research
Development Center of Imam Reza Hospital in Kermanshah for
their statistical advice. Finally, we thank Nick Emler (University
of Surrey, Surrey UK) for proofreading the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fneur.
2021.598632/full#supplementary-material

REFERENCES

1. American Academy of Sleep Medicine. The International Classification of

Sleep Disorders (Third edition ed.). Darien, IL: American Academy of Sleep

Medicine. (2014).

2. Peppard PE, Young T, Barnet JH, Palta M, Hagen EW, Hla KM. Increased

prevalence of sleep-disordered breathing in adults. Am J Epidemiol. (2013)

177:1006–14. doi: 10.1093/aje/kws342

3. Heinzer R, Vat S, Marques-Vidal P, Marti-Soler H, Andries D, Tobback

N, et al. Prevalence of sleep-disordered breathing in the general

population: the HypnoLaus study. Lancet Respiratory Med. (2015) 3:310–8.

doi: 10.1016/S2213-2600(15)00043-0

4. Tufik S, Santos-Silva R, Taddei JA, Bittencourt LRA. Obstructive sleep apnea

syndrome in the São Paulo Epidemiologic Sleep Study. Sleep Med. (2010)

11:441–6. doi: 10.1016/j.sleep.2009.10.005

5. Khazaie H, Najafi F, Rezaie L, TahmasianM, Sepehry AA, Herth FJ. Prevalence

of symptoms and risk of obstructive sleep apnea syndrome in the general

population. Arch Iran Med. (2011) 14:335–8. doi: 10.1016/j.sleep.2013.11.390

6. Al Lawati NM, Patel SR, Ayas NT. Epidemiology, risk factors, and

consequences of obstructive sleep apnea and short sleep duration. Prog

Cardiovasc Dis. (2009) 51:285–93. doi: 10.1016/j.pcad.2008.08.001

7. Dewan NA, Nieto FJ, Somers VK. Intermittent hypoxemia and

OSA: implications for comorbidities. Chest. (2015) 147:266–74.

doi: 10.1378/chest.14-0500

8. Pedrosa RP, Barros IM, Drager LF, Bittencourt MS, Medeiros AKL, Carvalho

LL, et al. OSA is common and independently associated with hypertension

and increased arterial stiffness in consecutive perimenopausal women. Chest.

(2014) 146:66–72. doi: 10.1378/chest.14-0097

9. Davies R. The relationship between neck circumference, radiographic

pharyngeal anatomy, and the obstructive sleep apnoea syndrome. Eur

Respiratory J. (1990) 3:509–14.

10. Reichmuth KJ, Austin D, Skatrud JB, Young T. Association of sleep apnea

and type II diabetes: a population-based study. Am J Respir Critical Care Med.

(2005) 172:1590–5. doi: 10.1164/rccm.200504-637OC

11. Djonlagic I, Guo M, Matteis P, Carusona A, Stickgold R, Malhotra

A. Untreated sleep-disordered breathing: links to aging-related decline

in sleep-dependent memory consolidation. PLoS ONE. (2014) 9:e85918.

doi: 10.1371/journal.pone.0085918

12. Liguori C, Mercuri NB, Izzi F, Romigi A, Cordella A, Sancesario G,

et al. Obstructive sleep apnea is associated with early but possibly

modifiable Alzheimer’s disease biomarkers changes. Sleep. (2017) 40.

doi: 10.1093/sleep/zsx011

13. Daulatzai MA. Evidence of neurodegeneration in obstructive sleep apnea:

relationship between obstructive sleep apnea and cognitive dysfunction in the

elderly. J Neurosci Res. (2015) 93:1778–94. doi: 10.1002/jnr.23634

14. Sharma RA, Varga AW, Bubu OM, Pirraglia E, Kam K, Parekh A, et al.

Obstructive sleep apnea severity affects amyloid burden in cognitively normal

elderly. A longitudinal study. Am J Respir Crit Care Med. (2018) 197:933–43.

doi: 10.1164/rccm.201704-0704OC

15. Astori S, Wimmer RD, Luthi A. Manipulating sleep spindles–expanding

views on sleep, memory, and disease. Trends Neurosci. (2013) 36:738–48.

doi: 10.1016/j.tins.2013.10.001

16. Genzel L, Kroes MC, Dresler M, Battaglia FP. Light sleep versus slow wave

sleep in memory consolidation: a question of global versus local processes?

Trends Neurosci. (2014) 37:10–9. doi: 10.1016/j.tins.2013.10.002

17. Rasch BR, Born J. About sleep’s role in memory. Physiol Rev. (2013) 93:681–

766. doi: 10.1152/physrev.00032.2012

18. Silber MH, Ancoli-Israel S, Bonnet MH, Chokroverty S, Grigg-Damberger

MM, Hirshkowitz M, et al. The visual scoring of sleep in adults. J Clin Sleep

Med. (2007) 3:121–31. doi: 10.5664/jcsm.26814

19. Iber C, Ancoli-Israel S, Chesson AL, Quan SF. The AASM Manual

for the Scoring of Sleep and Associated Events: Rules, Terminology and

Technical Specifications (Vol. 1). Westchester, IL: American Academy of Sleep

Medicine. (2007).

20. Piantoni G, Poil SS, Linkenkaer-Hansen K, Verweij IM, Ramautar

JR, Van Someren EJ, et al. Individual differences in white matter

diffusion affect sleep oscillations. J Neurosci. (2013) 33:227–33.

doi: 10.1523/JNEUROSCI.2030-12.2013

21. De Gennaro L, Ferrara M, Vecchio F, Curcio G, Bertini M. An

electroencephalographic fingerprint of human sleep. Neuroimage. (2005)

26:114–22. doi: 10.1016/j.neuroimage.2005.01.020

22. Schonwald SV, Carvalho DZ, de Santa-Helena EL, Lemke N, Gerhardt GJ.

Topography-specific spindle frequency changes in obstructive sleep apnea.

BMC Neurosci. (2012) 13:89. doi: 10.1186/1471-2202-13-89

23. Lustenberger C, Wehrle F, Tushaus L, Achermann P, Huber R. The

Multidimensional Aspects of Sleep Spindles and Their Relationship

to Word-Pair Memory Consolidation. Sleep. (2015) 38:1093–103.

doi: 10.5665/sleep.4820

24. Urakami Y, Ioannides AA, Kostopoulos GK. Sleep Spindles—as a Biomarker of

Brain Function and Plasticity (Vol. 4): chapter (2012). doi: 10.5772/48427

25. Mikoteit T, Brand S, Beck J, Perren S, vonWyl A, von Klitzing K, et al. Visually

detected NREM Stage 2 sleep spindles in kindergarten children are associated

with stress challenge and coping strategies. World J Biol Psychiatry. (2012)

13:259–68. doi: 10.3109/15622975.2011.562241

26. Mikoteit T, Brand S, Beck J, Perren S, Von Wyl A, Von Klitzing K, et al.

Visually detected NREM Stage 2 sleep spindles in kindergarten children are

associated with current and future emotional and behavioural characteristics.

J Sleep Res. (2013) 22:129–36. doi: 10.1111/j.1365-2869.2012.01058.x

27. Mikoteit T, Brand S, Perren S, von Wyl A, von Klitzing K, Kurath J,

et al. Visually detected non-rapid eye movement stage 2 sleep spindle

density at age five years predicted prosocial behavior positively and

hyperactivity scores negatively at age nine years. Sleep Med. (2018) 48:101–6.

doi: 10.1016/j.sleep.2018.03.028

28. Ktonas P, Golemati S, Xanthopoulos P, Sakkalis V, Ortigueira MD, Tsekou

H, et al. “Potential dementia biomarkers based on the time-varying

microstructure of sleep EEG spindles,” in Paper presented at the 2007 29th

Annual International Conference of the IEEE Engineering in Medicine and

Biology Society. Lyon (2007). doi: 10.1109/IEMBS.2007.4352827

Frontiers in Neurology | www.frontiersin.org 13 February 2021 | Volume 12 | Article 59863239

https://www.frontiersin.org/articles/10.3389/fneur.2021.598632/full#supplementary-material
https://doi.org/10.1093/aje/kws342
https://doi.org/10.1016/S2213-2600(15)00043-0
https://doi.org/10.1016/j.sleep.2009.10.005
https://doi.org/10.1016/j.sleep.2013.11.390
https://doi.org/10.1016/j.pcad.2008.08.001
https://doi.org/10.1378/chest.14-0500
https://doi.org/10.1378/chest.14-0097
https://doi.org/10.1164/rccm.200504-637OC
https://doi.org/10.1371/journal.pone.0085918
https://doi.org/10.1093/sleep/zsx011
https://doi.org/10.1002/jnr.23634
https://doi.org/10.1164/rccm.201704-0704OC
https://doi.org/10.1016/j.tins.2013.10.001
https://doi.org/10.1016/j.tins.2013.10.002
https://doi.org/10.1152/physrev.00032.2012
https://doi.org/10.5664/jcsm.26814
https://doi.org/10.1523/JNEUROSCI.2030-12.2013
https://doi.org/10.1016/j.neuroimage.2005.01.020
https://doi.org/10.1186/1471-2202-13-89
https://doi.org/10.5665/sleep.4820
https://doi.org/10.5772/48427
https://doi.org/10.3109/15622975.2011.562241
https://doi.org/10.1111/j.1365-2869.2012.01058.x
https://doi.org/10.1016/j.sleep.2018.03.028
https://doi.org/10.1109/IEMBS.2007.4352827
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Mohammadi et al. Sleep Spindles and OSAS

29. Dingli K, Assimakopoulos T, Fietze I, Witt C, Wraith PK, Douglas NJ.

Electroencephalographic spectral analysis: detection of cortical activity

changes in sleep apnoea patients. Eur Respir J. (2002) 20:1246–53.

doi: 10.1183/09031936.02.00288202

30. Abdullah H, Maddage NC, Cosic I, Cvetkovic D. Cross-correlation of EEG

frequency bands and heart rate variability for sleep apnoea classification.Med

Biol Eng Comp. (2010) 48:1261–9. doi: 10.1007/s11517-010-0696-9

31. D’Rozario AL, Cross NE, Vakulin A, Bartlett DJ, Wong KKH, Wang D,

et al. Quantitative electroencephalogram measures in adult obstructive sleep

apnea - potential biomarkers of neurobehavioural functioning. Sleep Med Rev.

(2017) 36:29–42. doi: 10.1016/j.smrv.2016.10.003

32. Jones SG, Riedner BA, Smith RF, Ferrarelli F, Tononi G, Davidson

RJ, et al. Regional reductions in sleep electroencephalography power in

obstructive sleep apnea: a high-density EEG study. Sleep. (2014) 37:399–407.

doi: 10.5665/sleep.3424

33. Ondze B, Espa F, Dauvilliers Y, Billiard M, Besset A. Sleep architecture, slow

wave activity and sleep spindles in mild sleep disordered breathing. Clin

Neurophysiol. (2003) 114:867–74. doi: 10.1016/S1388-2457(02)00389-9

34. Weiner OM, Dang-Vu TT. Spindle oscillations in sleep disorders: a systematic

review. Neural Plast. (2016) 2016:7328725. doi: 10.1155/2016/7328725

35. Guilleminault C, Do Kim Y, Chowdhuri S, Horita M, Ohayon M, Kushida C.

Sleep and daytime sleepiness in upper airway resistance syndrome compared

to obstructive sleep apnoea syndrome. Eur Respiratory J. (2001) 17:838–47.

doi: 10.1183/09031936.01.17508380

36. Li W, Duan Y, Yan J, Gao H, Li X. Association between loss of sleep-specific

waves and age, sleep efficiency, body mass index, and apnea-hypopnea index

in human N3 sleep. Aging Dis. (2020) 11:73–81. doi: 10.14336/AD.2019.0420

37. Himanen SL, Virkkala J, Huupponen E, Hasan J. Spindle frequency remains

slow in sleep apnea patients throughout the night. Sleep Med. (2003) 4:361–6.

doi: 10.1016/S1389-9457(03)00155-2

38. Appleton SL, Vakulin A, D’Rozario A, Vincent AD, Teare A, Martin

SA, et al. Quantitative electroencephalography measures in rapid eye

movement and nonrapid eye movement sleep are associated with apnea–

hypopnea index and nocturnal hypoxemia in men. Sleep. (2019) 42:zsz092.

doi: 10.1093/sleep/zsz092

39. Brockmann PE, Damiani F, Pincheira E, Daiber F, Ruiz S, Aboitiz F, et al.

Sleep spindle activity in children with obstructive sleep apnea as a marker

of neurocognitive performance: a pilot study. Eur J Paediatr Neurol. (2018)

22:434–9. doi: 10.1016/j.ejpn.2018.02.003

40. Madaeva I, Berdina O, Rychkova L, Bugun O. Sleep spindle characteristics

in overweight adolescents with obstructive sleep apnea syndrome. Sleep Biol

Rhythms. (2017) 15:251–7. doi: 10.1007/s41105-017-0104-z

41. Chokroverty S, Bhat S, Donnelly D, Gupta D, Rubinstein M, DeBari VA. Sleep

spindle density increases after continuous positive airway pressure titration in

severe obstructive sleep apnea: a preliminary study. SleepMed. (2015) 16:1029.

doi: 10.1016/j.sleep.2015.05.004

42. Saunamaki T, Huupponen E, Loponen J, Himanen SL. CPAP treatment partly

normalizes sleep spindle features in obstructive sleep apnea. Sleep Disord.

(2017) 2017:2962479. doi: 10.1155/2017/2962479

43. Yetkin O, Aydogan D. Effect of CPAP on sleep spindles in patients with

OSA. Respir Physiol Neurobiol. (2018) 247:71–3. doi: 10.1016/j.resp.2017.

09.008

44. World Medical Association. World medical association declaration

of Helsinki: ethical principles for medical research involving

human subjects. JAMA. (2013) 310:2191–4. doi: 10.1001/jama.2013.

281053

45. Kapur VK, Auckley DH, Chowdhuri S, Kuhlmann DC, Mehra R, Ramar

K, et al. Clinical practice guideline for diagnostic testing for adult

obstructive sleep apnea: an American Academy of Sleep Medicine clinical

practice guideline. J Clin Sleep Med. (2017) 13:479–504. doi: 10.5664/

jcsm.6506

46. Ferrarelli F, Huber R, Peterson MJ, Massimini M, Murphy M, Riedner BA,

et al. Reduced sleep spindle activity in schizophrenia patients.Am J Psychiatry.

(2007) 164:483–92. doi: 10.1176/ajp.2007.164.3.483

47. Liu MY, Huang A, Huang NE. Evaluating and improving automatic sleep

spindle detection by using multi-objective evolutionary algorithms. Front

Hum Neurosci. (2017) 11:261. doi: 10.3389/fnhum.2017.00261

48. Warby SC, Wendt SL, Welinder P, Munk EG, Carrillo O, Sorensen HB,

et al. Sleep-spindle detection: crowdsourcing and evaluating performance of

experts, non-experts and automatedmethods.NatMethods. (2014) 11:385–92.

doi: 10.1038/nmeth.2855

49. Swihart BJ, Caffo B, Bandeen-Roche K, Punjabi NM. Characterizing

sleep structure using the hypnogram. J Clin Sleep Med. (2008) 4:349–55.

doi: 10.5664/jcsm.27236

50. Bianchi MT, Cash SS, Mietus J, Peng C-K, Thomas R. Obstructive sleep

apnea alters sleep stage transition dynamics. PLoS ONE. (2010) 5:e11356.

doi: 10.1371/journal.pone.0011356

51. Andreou G, Vlachos F,Makanikas K. Effects of chronic obstructive pulmonary

disease and obstructive sleep apnea on cognitive functions: evidence for a

common nature. Sleep Disord. (2014) 2014:768210. doi: 10.1155/2014/768210

52. Ratnavadivel R, Chau N, Stadler D, Yeo A, McEvoy RD, Catcheside PG.

Marked reduction in obstructive sleep apnea severity in slow wave sleep. J Clin

Sleep Med. (2009) 5:519–24. doi: 10.5664/jcsm.27651

53. Ng AK, Guan C. Impact of obstructive sleep apnea on sleep-wake

stage ratio. Conf Proc IEEE Eng Med Biol Soc. (2012) 2012:4660–3.

doi: 10.1109/EMBC.2012.6347006

54. Malhotra A, Jordan A. The importance of arousal in obstructive sleep apnea—

updates from the American Thoracic Society 2016. J Thoracic Dis. (2016)

8:S542–S544. doi: 10.21037/jtd.2016.06.81

55. Fogel SM, Smith CT. The function of the sleep spindle: a physiological

index of intelligence and a mechanism for sleep-dependent

memory consolidation. Neurosci Biobehav Rev. (2011) 35:1154–65.

doi: 10.1016/j.neubiorev.2010.12.003

56. Schabus M, Dang-Vu TT, Albouy G, Balteau E, Boly M, Carrier J, et al.

Hemodynamic cerebral correlates of sleep spindles during human non-

rapid eye movement sleep. Proc Natl Acad Sci USA. (2007) 104:13164–9.

doi: 10.1073/pnas.0703084104

57. Carvalho DZ, Gerhardt GJ, Dellagustin G, de Santa-Helena EL, Lemke

N, Segal AZ, et al. Loss of sleep spindle frequency deceleration

in obstructive sleep apnea. Clin Neurophysiol. (2014) 125:306–12.

doi: 10.1016/j.clinph.2013.07.005

58. Lee YJ, Kim JW, Lee YJ, Jeong DU. Sleep EEG characteristics in young and

elderly patients with obstructive sleep apnea syndrome. Psychiatry Investig.

(2016) 13:217–21. doi: 10.4306/pi.2016.13.2.217

59. Huupponen E, Himanen S-L, Hasan J, Värri A. Automatic analysis of electro-

encephalogram sleep spindle frequency throughout the night. Med Biol Eng

Comp. (2003) 41:727–32. doi: 10.1007/BF02349981

60. Chervin RD, Burns JW, Ruzicka DL. Electroencephalographic changes during

respiratory cycles predict sleepiness in sleep apnea. Am J Respir Critical Care

Med. (2005) 171:652–8. doi: 10.1164/rccm.200408-1056OC

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Mohammadi, Aarabi, Rezaei, Khazaie and Brand. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Neurology | www.frontiersin.org 14 February 2021 | Volume 12 | Article 59863240

https://doi.org/10.1183/09031936.02.00288202
https://doi.org/10.1007/s11517-010-0696-9
https://doi.org/10.1016/j.smrv.2016.10.003
https://doi.org/10.5665/sleep.3424
https://doi.org/10.1016/S1388-2457(02)00389-9
https://doi.org/10.1155/2016/7328725
https://doi.org/10.1183/09031936.01.17508380
https://doi.org/10.14336/AD.2019.0420
https://doi.org/10.1016/S1389-9457(03)00155-2
https://doi.org/10.1093/sleep/zsz092
https://doi.org/10.1016/j.ejpn.2018.02.003
https://doi.org/10.1007/s41105-017-0104-z
https://doi.org/10.1016/j.sleep.2015.05.004
https://doi.org/10.1155/2017/2962479
https://doi.org/10.1016/j.resp.2017.09.008
https://doi.org/10.1001/jama.2013.281053
https://doi.org/10.5664/jcsm.6506
https://doi.org/10.1176/ajp.2007.164.3.483
https://doi.org/10.3389/fnhum.2017.00261
https://doi.org/10.1038/nmeth.2855
https://doi.org/10.5664/jcsm.27236
https://doi.org/10.1371/journal.pone.0011356
https://doi.org/10.1155/2014/768210
https://doi.org/10.5664/jcsm.27651
https://doi.org/10.1109/EMBC.2012.6347006
https://doi.org/10.21037/jtd.2016.06.81
https://doi.org/10.1016/j.neubiorev.2010.12.003
https://doi.org/10.1073/pnas.0703084104
https://doi.org/10.1016/j.clinph.2013.07.005
https://doi.org/10.4306/pi.2016.13.2.217
https://doi.org/10.1007/BF02349981
https://doi.org/10.1164/rccm.200408-1056OC
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


ORIGINAL RESEARCH
published: 06 April 2021

doi: 10.3389/fneur.2021.620799

Frontiers in Neurology | www.frontiersin.org 1 April 2021 | Volume 12 | Article 620799

Edited by:

Luigi De Gennaro,

Sapienza University of Rome, Italy

Reviewed by:

Abdulghani Sankari,

Wayne State University, United States

Mohammed Al-Abri,

Sultan Qaboos University, Oman

*Correspondence:

Ali H. Ziyab

ali.ziyab@ku.edu.kw

†These authors have contributed

equally to this work

Specialty section:

This article was submitted to

Sleep Disorders,

a section of the journal

Frontiers in Neurology

Received: 26 October 2020

Accepted: 10 March 2021

Published: 06 April 2021

Citation:

Al-Qattan H, Al-Omairah H,

Al-Hashash K, Al-Mutairi F,

Al-Mutairat M, Al-Ajmi M,

Mohammad A, Alterki A and Ziyab AH

(2021) Prevalence, Risk Factors, and

Comorbidities of Obstructive Sleep

Apnea Risk Among a Working

Population in Kuwait: A

Cross-Sectional Study.

Front. Neurol. 12:620799.

doi: 10.3389/fneur.2021.620799

Prevalence, Risk Factors, and
Comorbidities of Obstructive Sleep
Apnea Risk Among a Working
Population in Kuwait: A
Cross-Sectional Study
Husain Al-Qattan 1†, Hamad Al-Omairah 2†, Khaled Al-Hashash 3, Fahad Al-Mutairi 4,

Mohammad Al-Mutairat 5, Mohammad Al-Ajmi 6, Anwar Mohammad 7,

Abdulmohsen Alterki 8,9 and Ali H. Ziyab 10*

1Department of Nuclear Medicine, Adan Hospital, Ministry of Health, Kuwait City, Kuwait, 2Department of Ophthalmology,

Al-Bahar Eye Center, Ministry of Health, Kuwait City, Kuwait, 3Department of Obstructive and Gynecology, Maternity

Hospital, Ministry of Health, Kuwait City, Kuwait, 4Department of Internal Medicine, Farwaniya Hospital, Ministry of Health,

Kuwait City, Kuwait, 5 Al-Rawda Health Center, Ministry of Health, Kuwait City, Kuwait, 6 Al-Shuhada Health Center, Ministry of

Health, Kuwait City, Kuwait, 7Department of Biochemistry and Molecular Biology, Dasman Diabetes Institute, Kuwait City,

Kuwait, 8Department of Otolaryngology, Head, and Neck Surgery, Zain and Al-Sabah Hospitals, Ministry of Health,

Kuwait City, Kuwait, 9Medical Division, Dasman Diabetes Institute, Kuwait City, Kuwait, 10Department of Community
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Background: Obstructive sleep apnea (OSA) affects a considerable proportion of adults

globally and is associated with elevated morbidity and mortality. Given the lack of

epidemiologic data on the burden of OSA in Kuwait, this study sought to estimate

its prevalence, associated risk factors, and comorbid conditions among a working

population in Kuwait.

Methods: This was a cross-sectional study of a sample of working adults (n = 651)

from public institutions in Kuwait. High/low risk for OSA was ascertained according to the

Berlin Questionnaire criteria. Participants self-reported their coexisting health conditions.

Associations were assessed using Poisson regression with robust variance estimation;

adjusted prevalence ratios (aPRs) and 95% confidence intervals (CIs) were estimated.

Results: Overall, 20.0% (130/651) of participants were classified as being at high risk

for OSA, with more male than female subjects being at high risk (24.0% [56/233] vs.

17.7% [74/418], P = 0.053), though this difference did not gain statistical significance.

Moreover, a high risk for OSA was more common among older and obese subjects.

Factors associated with increased prevalence of a high risk for OSA included current

smoking status (aPR= 1.58, 95% CI: 1.02–2.06), longer hours spent watching television

(1.76, 1.10–2.81), and lower self-perceived physical health (2.11, 1.15–3.87). However,

decreasing trends in the prevalence of high risk for OSA were observed with frequent

engagement in vigorous physical activity and longer nightly sleep duration. Compared

to those at a low risk for OSA, the subjects at high risk for OSA were more likely

to have insomnia disorder (2.83, 1.81–4.41), diabetes (1.94, 1.15–3.27), hypertension

(3.00, 1.75–5.16), and depression (4.47, 1.80–11.08).
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Conclusion: This study estimated that 1/5 of working adults in Kuwait were at high risk

for OSA, and the prevalence varied according to personal characteristics and lifestyle

factors. Also, a high risk for OSA classification was associated with multiple comorbid

health conditions.

Keywords: obstructive sleep apnea, risk factors, comorbidities, prevalence, Kuwait, adults

INTRODUCTION

Sleep disorders are broadly defined as medical disorders affecting
sleep quality and quantity that are associated with increased
morbidity and mortality, reduced quality-of-life, and impaired
physical and mental functioning (1, 2). Signs and symptoms
of sleep disorders may include excessive daytime sleepiness,
irregular breathing or increased movement during sleep, and
difficulty falling asleep and maintaining sleep (1, 3). Obstructive
sleep apnea (OSA) is a common and major sleep disorder that
is characterized by frequent and repeated episodes of partial
(hypopnea) or complete (apnea) collapses of the upper airway
during sleep that interrupt normal breathing (4). The most
common cause that leads to arousal from sleep and/or oxygen
desaturation during OSA events is oropharyngeal collapse at the
back of the throat (4, 5), which results from a combination of
anatomical factors that predispose the upper airway to collapse
during inspiration and an insufficiency of neuromuscular
compensation to maintain airway patency during sleep (6, 7).
Snoring is the most common symptom experienced during
sleep that is associated with OSA, whereas daytime symptoms
include fatigue, excessive sleepiness, morning headaches, and
poor concentration (5, 7, 8). Collectively, if left untreated, OSA
can have serious and life-shortening consequences.

Worldwide, OSA remains a major source of morbidity and
mortality, although estimates of its prevalence vary depending
on personal characteristics (e.g., age, sex, obesity, race/ethnicity),
as well as the methods and definitions used to ascertain OSA
status (9, 10). Based on polysomnography assessment, prevalence
estimates of mild OSA (apnea-hypopnea index [AHI] ≥5 to
<15) have been shown to range from 9 to 38%, and estimates
of the prevalence of moderate-to-severe OSA (AHI ≥15) vary
from 6 to 17% among adults in the general population (9, 11).
In large epidemiologic studies, the use of polysomnography is
constrained by cost and logistics; hence, several questionnaires
have been developed to identify subjects at a “high risk for
OSA” in large population-based studies. These include the
Berlin Questionnaire, the STOP questionnaire, the STOP-Bang
questionnaire, and the Epworth Sleepiness Scale, with each
instrument demonstrating differing accuracy (12–14).

Several unmodifiable and modifiable risk factors have been
identified that influence the development of OSA. Unmodifiable
risk factors include older age, male sex, race/ethnicity, family
history of OSA, menopause in women, and craniofacial
abnormalities (5, 15–17). The major modifiable risk factors
of OSA include obesity, smoking, and alcohol use (5, 17,
18). Moreover, OSA has been linked with several comorbid
conditions, such as stroke, myocardial infarction, hypertension,

hyperlipidemia, diabetes, depression, and cognitive impairment
(5, 6, 18–21). Thus, OSA affects a considerable proportion of
the general population worldwide and is associated with an
elevated public health burden, and empirical evidence leading
to a better understanding of the burden of OSA is essential
to guide prevention strategies. In Kuwait, obesity, a major risk
factors for OSA, is highly prevalent and has been estimated to
affect 40.3% (men: 36.5%; women: 44.0%) of adults (22). Hence,
such an elevated prevalence of obesity may correlate with higher
burden of OSA among adults in Kuwait. Given the scarcity of
epidemiologic data on the OSA burden in Kuwait, this study
sought to estimate the prevalence of those categorized as being
at “high risk for OSA” using the Berlin Questionnaire among a
working population in Kuwait and to ascertain the associated risk
factors and comorbidities.

MATERIALS AND METHODS

Study Setting, Design, and Participants
A population-based cross-sectional study was conducted to
estimate the prevalence of being at a high-risk for OSA
and to determine the potential associated risk factors and
comorbidities among a working population in Kuwait. Study
subjects were recruited from governmental/public workplaces
(ministries/authorities) across Kuwait to represent working
adults. From a comprehensive list of all the ministries and
public authorities in Kuwait, seven venues were randomly
selected using random digits. Subsequently, permissions were
obtained to gain access to the selected venues, and employees
(n = 651, aged 21–60 years) at the respective workplaces were
enrolled as a convenience sample between December 2014 and
January 2015. Hence, available and willing employees at the
time of the study were enrolled. The study was approved by the
Health Sciences Center Ethics Committee for Student Research
at Kuwait University. Written informed consent was obtained
from each study participant prior to enrolment. The study was
conducted in accordance with the principles and guidelines
of the Declaration of Helsinki for medical research involving
human subjects.

Study Questionnaires and Variable
Definitions
Study participants were asked to complete the study
questionnaire, which collected information on demographic
characteristics, including height and weight, history of clinical
conditions, lifestyle factors, and behavioral habits. In addition,
the Berlin Questionnaire was used to ascertain each participant’s
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OSA risk status (23), and the Insomnia Symptom Questionnaire
(ISQ) was used to determine each subject’s insomnia status (24).
The study questionnaire (including the Berlin Questionnaire
and the ISQ) was develop using English language and then
translated into Arabic language. The comprehensibility and
meaning of the translated questionnaire were pre-tested by 10
Arabic and English speaking subjects, and modifications were
made as necessary. The final version of the Arabic questionnaire
was back translated to English by an independent bilingual
person to ensure neutral and valid translation. The back
translated version was highly comparable to the original English
language questionnaire. The used Arabic-translated Berlin
Questionnaire is provided as an online supplementary material
(see Supplementary Material).

Body mass index (BMI) was calculated as the weight in
kilograms divided by the height in meters squared (kg/m2).
Standard BMI groupings were applied, which included
the following: underweight (BMI < 18.5), normal weight
(BMI 18.5–24.9), overweight (BMI 25.0–29.9), obesity class I
(BMI 30.0–34.9), and obesity class II/III (BMI ≥35) (25). The
underweight category was combined with the normal weight
category, as only 15 (2.4%) subjects were classified as being
underweight. Cigarette smoking was self-reported based on the
following three categories: “never smoked,” “former smoker” (did
not smoke cigarettes in the past 30 days), and “current smoker”
(any cigarette smoking in the past 30 days). The frequency in
which the subjects engaged in vigorous physical activities was
assessed by the following question: “How many times a week
do you engage in vigorous physical activity long enough to
make you breathe hard?” The duration of television viewing
was assessed by the following question: “During a normal week,
how many hours a day (24 h) do you watch television?” Each
participant’s self-perceived physical health was assessed by asking
the following question: “How would you rate your physical
health?” The possible responses included “excellent,” “very
good,” “good,” “fair,” and “poor.” The average number of daily
hours of paid work was reported by each participant. Similarly,
the average number of hours of nightly sleep during a regular
working week was also reported.

With regard to existing health conditions, participants were
asked the following question: “Has a doctor, nurse, or other health
care provider ever told you that you have any of the following
health conditions?” The listed conditions included diabetes,
hypertension, hyperlipidemia, asthma, depression, and anxiety
disorders. Moreover, the suffering of insomnia was ascertained
based on participants’ responses to the ISQ. Briefly, the ISQ is
a 13-item self-report instrument designed to identify insomnia
according to the following three sleep-related domains: (1) the
presence of a complaint of difficulty initiating or maintaining
sleep, or feeling that the sleep was nonrestorative or unrefreshing;
(2) the frequency of sleep-related complaints and the duration
of these symptoms; and (3) the severity of daytime impairment
related to the sleep complaint(s) (24). If the participant met
the criteria for all three domains, they were identified as having
insomnia disorder; otherwise, they were not (24).

The Berlin Questionnaire, a widely applied instrument, was
used to identify subjects who were at either a high risk or a low

risk for developing OSA based on three symptom categories that
inquire about known risk factors for OSA (23), namely snoring
behavior, sleepiness or fatigue during waking hours, and the
presence of obesity (i.e., BMI ≥ 30 kg/m2) or hypertension (self-
reported). A “high risk for OSA” classification was assigned if the
criteria for two or more categories were met, whereas a “low risk
for OSA” classification was assigned if the criteria of either one or
no categories was fulfilled (23).

Statistical Analysis
Analyses were conducted using SAS 9.4 (SAS Institute, Cary,
NC, USA). The statistical significance level was set at α = 0.05
for all association analyses. Descriptive analyses were conducted
to calculate frequencies and proportions of categorical variables.
Chi-square (χ2) tests were used to assess whether prevalence
estimates of a “high risk for OSA” differed across categories
of sex, age groups, BMI, educational attainment, and monthly
household income. Moreover, linear trends in the prevalence of
a “high risk for OSA” classification across categories of lifestyle
and behavioral factors, perceived physical health, working hours,
and sleep duration were assessed using the Cochran-Armitage
test for trend.

Adjusted associations were assessed by applying a modified
Poisson regression with robust variance estimation using the
GENMOD procedure in SAS 9.4 to estimate and infer the
adjusted prevalence ratios (aPRs) and their 95% confidence
intervals (CIs) (26). We evaluated the associations between
being at a “high risk for OSA” (outcome variable) and cigarette
smoking status, frequency of vigorous physical activity, duration
of weekly television viewing, self-perceived physical health,
hours of daily work, and duration of nightly sleep (exposure
variables). Moreover, we evaluated the associations between
being at a “high risk for OSA” (exposure variable) and health
conditions (outcome variables) while statistically adjusting for
the effects of demographic characteristics, as well as lifestyle and
behavioral factors.

RESULTS

Description of the Study Sample
In total, 651 subjects (233 males and 418 females) were enrolled
in the study, with a mean (standard deviation) age of 34.0 (9.1)
years. Based on the BMI categories, 13.7% (85/620) and 8.1%
(54/620) of the study participants were classified as belonging
to obesity class I and obesity class II/III, respectively (Table 1).
Moreover, most of the study participants reported having
attained a university degree or higher (56.6%, 388/651; Table 1).

Prevalence of the “High Risk for OSA”
Classification
The prevalence of a “high risk for OSA” classification, as identified
by the Berlin Questionnaire, was estimated to be 20.0% (130/651;
95% CI: 16.9–23.0%) in the total study sample. The prevalence
of a “high risk for OSA” classification was higher in males
(24.0%) than in females (17.7%, P = 0.053; Table 1), though
this difference did not gain statistical significance. Moreover,
the prevalence of a “high risk for OSA” classification increased
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TABLE 1 | Characteristics of study participants in the total study sample and

according to the risk of obstructive sleep apnea (OSA).

Variables Total study

sample

(n = 651), % (n)

High risk for OSA

% (n/total) P-value*

Sex

Male 35.8 (233) 24.0 (56/233) 0.053

Female 64.2 (418) 17.7 (74/418)

Age groups (years)

21–29 39.1 (253) 10.7 (27/253) <0.001

30–39 37.8 (245) 17.6 (43/245)

40–49 14.8 (96) 39.6 (38/96)

≥50 8.3 (54) 40.7 (22/54)

Missing, (n) (3) –

Body mass index groups (BMI) (kg/m2)

Underweight/normal weight†

(≤24.9)

43.7 (271) 6.6 (18/271) <0.001

Overweight (25.0–29.9) 34.5 (214) 13.1 (28/214)

Obesity class I (30.0–34.9) 13.7 (85) 57.7 (49/85)

Obesity class II/III (≥35) 8.1 (50) 62.0 (31/50)

Missing, (n) (31) –

Educational attainment

High school degree or less 9.2 (60) 38.3 (23/60) <0.001

Diploma 31.2 (203) 18.7 (38/203)

University degree or higher 59.6 (388) 17.8 (69/388)

Monthly household income (KWD)

<1,000 35.9 (234) 24.4 (57/234) 0.069

1,000–1,999 37.2 (242) 16.1 (39/242)

2,000–2,999 14.5 (94) 23.4 (22/94)

≥3,000 12.4 (81) 14.8 (12/81)

Kg, kilograms; m2, meter squared; KWD, Kuwaiti Dinar.

*Calculated using the chi-square test to compare proportions.
†The underweight group (BMI < 18.5) was combined with the normal weight group (BMI

between 18.5 and 24.9) because only 15 (2.4%) study participants were classified as

being underweight.

with age, reaching as high as 40.7% among those aged ≥50
years (P < 0.001). Similarly, a “high risk for OSA” classification
increased as BMI increased, with 62.0% of those classified as
belonging to obesity class II/III being at “high risk for OSA”
(P < 0.001; Table 1). With regard to educational attainment, the
prevalence of a “high risk for OSA” classification was highest
among subjects with a high school degree or less (38.3%, P
< 0.001). However, the prevalence did not vary across income
categories (P= 0.069; Table 1).

Risk Factors for a “High Risk for OSA”
Classification
Table 2 shows associations between different risk factors and
being considered at a “high risk for OSA.” Compared with
having never smoked, current smoking status was associated
with a higher prevalence of being at a “high risk for OSA”
(aPR = 1.58, 95% CI: 1.02–2.06). The frequency of vigorous
physical activity was inversely associated with the prevalence of
a “high risk for OSA” classification (Ptrend = 0.001); however,

after adjusting for possible confounding factors, the effect was not
statistically significant (≥3 times per week vs. never/occasionally
performing vigorous physical activity: aPR = 0.80, 95% CI:
0.48–1.33; Table 2). A longer daily duration of television viewing
was associated with a higher prevalence of a “high risk for
OSA” classification (≥5 h vs. <1 h per day: aPR = 1.76, 95% CI:
1.10–2.81). Moreover, lower self-perceived physical health was
associated with increased prevalence of being at a “high risk for
OSA” (fair/poor vs. excellent: aPR= 2.11, 95% CI: 1.15–3.87). As
average daily working hours increased the prevalence of being at a
“high risk for OSA” increased, with 17.5% of those who reported
seven or fewer daily working hours being considered at a high
risk compared to 40.0% of those who reported nine or more daily
working hours (Ptrend < 0.001). A longer average nightly sleep
duration was associated with a reduced prevalence of a “high
risk for OSA” classification (≥8 h vs. ≤6 h: aPR = 0.64, 95% CI:
0.40–0.98; Table 2).

Health Conditions in Relation to a “High
Risk for OSA” Classification
The associations between various health conditions and being
considered at a “high risk for OSA” are shown in Table 3.
Insomnia disorder was more prevalent among subjects who
were classified as being at “high risk for OSA” compared to
those classified as being at “low risk for OSA” (24.6% vs. 11.7%,
aPR = 2.83, 95% CI: 1.81–4.41). Moreover, a “high risk for
OSA” as compared to a “low risk for OSA” was associated
with a higher prevalence of diabetes (aPR = 1.94, 95% CI:
1.15–3.27), hypertension (aPR = 3.00, 95% CI: 1.75–5.16), and
depression (aPR = 4.47, 95% CI: 1.80–11.08). In contrast, there
was no association between the risk for OSA and hyperlipidemia,
asthma, or anxiety disorders (Table 3).

DISCUSSION

The current study estimated the prevalence of a “high risk
for OSA” classification among a working population in Kuwait
for the first time, determined the associated risk factors, and
identified several coexisting health conditions. This investigation
showed that 20.0% of the enrolled subjects were at high risk
for OSA, as measured by the Berlin Questionnaire. A high risk
for OSA was more prevalent among males, older participants,
obese subjects, and those with low educational attainment.
Moreover, current smoking, never/occasionally being involved
in vigorous physical activity, longer daily hours spent watching
television, a lower level of self-perceived physical health,
increased hours of daily work, and a short nightly sleep duration
were associated with an increased prevalence of being classified
at a high risk for OSA. Certain health conditions, including
insomnia disorder, diabetes, hypertension, hyperlipidemia, and
depression were more prevalent among participants classified
as being at high risk for OSA compared to those at low risk
for OSA.

A prior systematic review of the literature that included
studies that objectively measured OSA among adults in the
general population using laboratory instruments showed wide
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TABLE 2 | Associations of lifestyle (behavioral) factors, perceived physical health,

working hours, and sleep duration with risk of obstructive sleep apnea (OSA).

Total Study

sample,

% (n/total)

High risk for OSA

% (n/total) aPR* (95% CI)

Cigarette smoking status

Never smoked 75.7 (493/651) 17.0 (84/493) 1.00 (Reference)

Former smoker 8.0 (52/651) 25.0 (13/52) 1.42 (0.90–2.78)

Current smoker 16.3 (106/651) 31.1 (33/106) 1.58 (1.02–2.06)†

P§
trend – < 0.001 –

Vigorous physical activity per week

Never/occasionally 44.1 (287/651) 25.8 (74/287) 1.00 (Reference)

Once or twice per week 38.9 (253/651) 16.2 (41/253) 0.75 (0.55–1.03)

Three or more times per week 17.0 (111/651) 13.5 (15/111) 0.80 (0.48–1.33)

P§
trend – 0.001 –

Daily hours of television viewing

Less than one hour 34.6 (225/650) 14.7 (33/225) 1.00 (Reference)

More than one but less than

three hours

44.2 (287/650) 21.6 (62/287) 1.19 (0.84–1.66)

More than three but less than

five hours

13.2 (86/650) 22.1 (19/86) 1.46 (0.92–2.32)

Five or more hours 8.0 (52/650) 30.8 (16/52) 1.76 (1.10–2.81)‡

P§
trend – 0.006 –

Self-perceived physical health

Excellent 23.9 (155/648) 11.0 (17/155) 1.00 (Reference)

Very good 42.1 (273/648) 13.2 (36/273) 1.06 (0.64–1.74)

Good 28.7 (186/648) 32.3 (60/186) 1.58 (0.97–2.56)

Fair/poor 5.3 (34/648) 50.0 (17/34) 2.11 (1.15–3.87)‡

P§
trend – <0.001 –

Average daily hours of work

Seven or fewer hours 73.8 (479/649) 17.5 (84/479) 1.00 (Reference)

Eight hours 20.0 (130/649) 23.1 (30/130) 0.89 (0.63–1.24)

Nine or more hours 6.2 (40/649) 40.0 (16/40) 1.49 (0.96–2.29)

P§
trend – <0.001 –

Average sleep duration in hours per night

Six or fewer hours 66.8 (434/650) 24.2 (105/434) 1.00 (Reference)

Seven hours 19.1 (124/650) 9.7 (12/124) 0.44 (0.27–0.72)‡

Eight or more hours 14.1 (92/650) 14.1 (13/92) 0.64 (0.40–0.98)†

P§
trend – 0.002 –

aPR, Adjusted prevalence ratio; CI, Confidence interval.

*Adjusted for sex, age, body mass index, educational attainment, monthly household

income, and all variables shown in the table. †P < 0.05. ‡P < 0.01. §Calculated using

the Cochran-Armitage test for a trend in proportions.

variations in the prevalence of OSA, with estimates of mild
OSA (AHI ≥ 5 to <15) ranging from 9 to 38%, and estimates
of moderate-to-severe OSA (AHI ≥15) varying from 6 to 17%
(9). Another systematic review focusing on studies published
among Asian adults reported that OSA prevalence ranged
from 3.7 to 97.3% (27). At the regional level, a study based
on a large sample of Saudi school employees estimated the
prevalence of OSA to be 8.8% (12.8% in men and 5.1% in
women) based on polysomnography assessments (28). Such
a wide variability in the reported prevalence of OSA can be
partially explained by the method of ascertainment (objective

TABLE 3 | Associations of obstructive sleep apnea (OSA) risk with comorbid

health conditions.

Health

condition

Risk for OSA aPR*

(95% CI)

P-value

Low risk,

% (n/total)

High risk,

% (n/total)

Insomnia 11.7 (61/521) 24.6 (32/130) 2.83 (1.81–4.41) < 0.001

Diabetes 6.4 (33/520) 16.2 (22/130) 1.94 (1.15–3.27) 0.012

Hypertension 5.8 (30/520) 33.9 (44/130) 3.00 (1.75–5.16) < 0.001

Hyperlipidemia 15.0 (78/520) 26.9 (35/130) 1.12 (0.76–1.67) 0.564

Asthma 12.7 (66/520) 13.9 (18/130) 1.49 (0.78–2.89) 0.229

Depression 4.0 (21/521) 7.7 (10/130) 4.47 (1.80–11.08) 0.001

Anxiety

disorders

8.5 (44/520) 13.1 (17/130) 1.41 (0.70–2.83) 0.331

aPR, Adjusted prevalence ratio; CI, Confidence interval.

*Adjusted for sex, age, body mass index, educational attainment, monthly household

income, cigarette smoking status, vigorous physical activity status, daily hours of television

viewing, self-perceived physical health, average daily hours of work, and average nightly

sleep duration in hours.

[laboratory-based] vs. subjective [questionnaire-based]) and the
study population’s risk for OSA (i.e., pretest probability of
OSA). In the current study, 20.0% of the participants were
identified as being at high risk for OSA according to the Berlin
Questionnaire criteria. This estimate is within the mild OSA
prevalence range (9% to 38%) reported by Senaratna et al. (9).
Moreover, our estimate is consistent with previously reported
OSA prevalence estimates in general adult populations from
studies that used the Berlin Questionnaire to ascertain OSA
risk status. For example, the results of the National Sleep
Foundation Sleep in America 2005 poll showed that 26% of
the study participants met the Berlin Questionnaire criteria
for a high risk for OSA (29). Moreover, a nationwide survey
conducted among the Korean adult population reported that
15.8% of the participants were classified as being at high risk
for OSA based on the same Berlin Questionnaire definition
(30). In a primary health care setting, a study conducted in the
United Arab Emirates estimated the prevalence of a high risk
for OSA to be 20.9% using the Berlin Questionnaire criteria
(31). Nevertheless, comparing OSA prevalence estimates between
populations should be interpreted with caution, as characteristics
of study subjects and ascertainment methods could contribute to
the observed inter-population heterogeneity.

In this report, a higher prevalence of a high risk for OSA
was observed among male (sex-based difference did not gain
statistical significance), older aged, and obese participants, which
is in agreement with the existing literature (4–6, 32). Moreover,
current smoking status compared to never having smoked
was associated with an increased prevalence of being classified
at a high risk for OSA among our study participants. This
observation has been reported previously and is hypothesized
to be explained by the potential health-related changes caused
by smoking, including increases in sleep instability and airway
inflammation (6, 15, 33). With regard to protective factors,
we observed a lower prevalence of being classified at a
high risk for OSA among participants who reported regular
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engagement in vigorous physical activity compared to those
who were never/occasionally involved in such activities. This
observation further highlights the positive effects of physical
activity on general health and OSA risk. An analysis based on the
Ontario Health Study reported that increased levels of vigorous-
intensity activity and walking were associated with reduced
OSA risk (34), which further corroborates our observation. In
contrast, an increased number of daily hours spent watching
television was associated with a higher prevalence of a “high
risk for OSA” in the current report, even after adjusting for
potential confounding factors, including obesity status. Increased
television viewing is probably a surrogate marker of a sedentary
lifestyle and unhealthy dietary intake (35, 36). Interestingly, we
observed a positive association between the average number
of daily hours spent working and a high risk for OSA, where
those reporting at least nine daily hours of work had the
highest prevalence of OSA risk. Such an observation could
be explained by the potentially fewer hours spent sleeping
among those performing longer work hours; however, the
observed association was independent of the average number
of nightly sleep hours reported by the participants. Hence, the
factors underlying this observation warrant further investigation.
Moreover, we reported that the prevalence of being at a high
risk for OSA decreased as the average nightly sleep duration
increased. In line with our observation, a prior study showed
that the average sleep duration of the group at high risk for
OSA (7.0 ± 1.4 h) was shorter than that of subjects in the
group at low risk for OSA (7.4 ± 1.2 h, P < 0.001) (30).
These observations further highlight the fact that reduced sleep
duration is a characteristic of OSA that can lead to adverse
health outcomes. A study from Muscat, Oman reported a high
prevalence of relatively short night sleep duration (<7 h), which
authors have indicated that such a nocturnal sleep duration
is culturally influenced and is related to sleep patterns and
behaviors that have been adapted recently by people in the
region (37).

The current analysis also showed that being classified at
a high risk for OSA was associated with several comorbid
conditions. For instance, insomnia disorder was 2.83-times more
prevalent among subjects at high risk for OSA compared to
those at low risk for OSA. This observation is in agreement
with prior investigations that indicated that the co-occurrence
of insomnia disorder and OSA is common based on a large
global meta-analysis (38). Also, we observed that subjects who
were at high risk for OSA, compared to those at low risk
for OSA, had a higher prevalence of diabetes (16.2 vs. 6.4%).
This finding is also consistent with results of a meta-analysis
of cohort studies that estimated the pooled relative risk for
the association between OSA risk and diabetes development
to be 1.40 (95% CI: 1.32–1.48) (39). The same meta-analysis
reported a dose-effect relationship between the AHI value and
diabetes risk (39). We also observed an association between
OSA risk and hypertension, which is in agreement with prior
investigations that have shown an increased risk of hypertension
and cardiovascular disease among subjects with OSA (40, 41).
In regard to psychological disorders, a higher prevalence of
depression was reported by subjects classified as being at high

risk for OSA compared to those at low risk for OSA. Although
this observation has been reported previously, the directionality
of this association remains unclear (20, 42). In general, the
co-occurrence of health conditions with OSA can be partially
explained by certain shared risk factors and pathophysiology;
nevertheless, more investigations are needed to better understand
the underlying mechanisms.

The strength of the current study was the enrollment
of working subjects, which could more closely reflect the
OSA burden in the general population than a clinical-based
study sample. Moreover, recruiting participants from different
places of work increased the representativeness of our sample.
Nevertheless, non-probability-based sampling (i.e., convenience
sampling) may limit the generalizability of our results. For
instance, the proportion of female participants was higher than
the proportion of male participants in our study sample (64.2
vs. 35.8%). Such a sex-related self-selection bias may reduce
the external validity of our findings, but not the internal
validity of the study. A further limitation was the questionnaire-
based ascertainment of the participants’ OSA risk status. We
did, however, use the Berlin Questionnaire to do so, which
a meta-analysis has shown to be an acceptable instrument
for OSA ascertainment, with a pooled sensitivity of 0.76
(95% CI: 0.71–0.81) and pooled specificity of 0.59 (0.48–0.66)
as compared to a laboratory-based assessment of OSA (13).
Such results demonstrate an acceptable accuracy; however,
misclassification of OSA risk in large epidemiologic studies
using questionnaire-based assessments is inevitable; however, our
estimated prevalence of being at a high risk for OSA is close to
reported estimates from other countries, as were the associations
we reported. This is an indication that the misclassification of
OSA risk status, if any, was not substantial and did not influence
the study’s results. Moreover, selection bias cannot be excluded
in cross-sectional studies; more specifically, self-selection bias,
which can occur when more susceptible individuals participate
in a study. It is also essential to note that our analysis aimed
to assess concurrent associations between OSA risk status and
different risk factors and health conditions, not to infer causal
or temporal relationships.

In conclusion, this study is the first to estimate the prevalence
of OSA risk among a working population in Kuwait and to assess
its risk factors and comorbid conditions among this population.
The findings of our study indicated that 1/5 of working adults are
at high risk for OSA, which depends on an individual’s personal
characteristics and lifestyle factors. For instance, modifiable
risk factors associated with elevated OSA prevalence included
smoking, sedentary lifestyle (no physical activity and increased
television viewing), increased working hours, and short nightly
sleep duration. In addition, we demonstrated that being at high
risk for OSA was associated with multiple coexisting health
conditions, such as insomnia disorder, diabetes, hypertension,
and depression. Overall, the results of this study demonstrated
that OSA is common among a sample of working adults in
Kuwait and is associated with elevated morbidity. To guide
public health prevention efforts, future studies are needed to
corroborate our findings and to assess the burden of OSA in
different settings.
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Obstructive sleep apnea (OSA), a heterogeneous and multifactorial sleep related

breathing disorder with high prevalence, is a recognized risk factor for cardiovascular

morbidity and mortality. Autonomic dysfunction leads to adverse cardiovascular

outcomes in diverse pathways. Heart rate is a complex physiological process involving

neurovisceral networks and relative regulatory mechanisms such as thermoregulation,

renin-angiotensin-aldosterone mechanisms, and metabolic mechanisms. Heart rate

variability (HRV) is considered as a reliable and non-invasive measure of autonomic

modulation response and adaptation to endogenous and exogenous stimuli. HRV

measures may add a new dimension to help understand the interplay between cardiac

and nervous system involvement in OSA. The aim of this review is to introduce the various

applications of HRV in different aspects of OSA to examine the impaired neuro-cardiac

modulation. More specifically, the topics covered include: HRV time windows, sleep

staging, arousal, sleepiness, hypoxia, mental illness, and mortality and morbidity. All

of these aspects show pathways in the clinical implementation of HRV to screen,

diagnose, classify, and predict patients as a reasonable and more convenient alternative

to current measures.

Keywords: obstructive sleep apnea, heart rate variability, autonomic dysfunction, central autonomic networks,

time-window analysis, time-domain analysis, frequency-domain analysis, non-linear analysis

INTRODUCTION

Obstructive sleep apnea (OSA) is closely associated with neurocognitive, behavioral,
psychophysiological states, and cardiovascular outcomes (1–3). It is estimated that globally
∼1 billion adults have mild to severe sleep apnea. Some countries have a prevalence over
50% and it still is increasing. The consequent health and financial burden can be minimized
by effective diagnosis and treatment (4). To that effect, recently, the role of cardiovascular
autonomic dysfunction has received increasing attention as an independent risk factor for
clinical complications in OSA (5). Heart rate variability (HRV) has been generally accepted as a
non-invasive tool to quantify cardiovascular autonomic modulation under varying healthy and
pathogenic conditions (6, 7). HRV measures the variation between beat-to-beat intervals over a
time series (6). It is an integrated reflection of central-peripheral neural feedback mechanisms to
the heart via mediating sympathovagal inflow and outflow (8). Previous studies suggested that in
conjunction with brain imaging, HRV analysis has been used to investigate the connection between
autonomic cardiac modulation and sleeping brain activity (9).
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Currently, HRV analysis, including time-domain, frequency-
domain, and non-linear analysis, is used to explore the activities
of sympathetic and parasympathetic nervous systems (6, 10).
Time-domain analysis quantifies the magnitudes of variation.
The most relevant time-domain parameters are described in
Table 1. For example, the standard deviation of normal-to-
normal intervals (SDNN), a global HRV metric, is frequently
used as a prognostic indicator of cardiovascular risk in
different populations (11). Frequency-domain analysis is used for
partitioning the rhythms of electrocardiography (ECG) signals
into different frequencies (12, 13). This analysis helps gain a
better understanding of cardiac control as ECG frequencies
could be related to intrinsic elements modulated by the cardiac
autonomic system alone. Power spectral density (PSD) is the
standard method employed to estimate the distribution of the
HRV signal power over frequency. Table 2 shows the main
frequency-domain parameters typically computed from the PSD
of HRV (14). High frequency (HF) components mainly present
parasympathetic activity. However, there is a disagreement with
regards to the low frequency (LF) components. Some studies
suggested that LF, when expressed in normalized units, is a
quantitative marker of sympathetic modulation, but other studies
view LF as a reflection of both sympathetic and vagal activity
mainly mediated by the baroreflex. Thus, the LF/HF ratio is
considered a detection index for either sympathovagal balance
or sympathetic modulations (15). Apart from the conventional
PSD, other frequency-domain methods are also used to analyze
the frequency content of the HRV, such as high order spectral
analysis and wavelet analysis. Non-linear HRV captures dynamic
sequences of the heartbeat time series related to randomness
and self-similarity (10, 16). It is suggested that non-linear
fluctuations result from interactions of electrophysiological,
hemodynamic, and humoral variables, as well as by autonomic
and central nervous regulation (17). Pathologically monotonous
and erratic HRV patterns are associated with negative outcomes
in cardiac patients (18). OSA patients show a reduced dynamic
complexity (19, 20). The clinical relevance of non-linear HRV
in OSA still needs to be the established. Table 3 summarizes
the reported non-linear parameters and methods in current
studies on HRV (6, 14, 21). However, this not by any means an
exhaustive list.

Heart rate and blood pressure oscillations are characterized
by parasympathetic predominance and sympathetic inhibition in
normal subjects during non-rapid eye movement (NREM)
sleep (22). In contrast, sympathetic predominance and
parasympathetic withdrawals are found during similar rapid
eye movement (REM) sleep and wakefulness. As a result,
there is a reduction of heart rate and blood pressure during
NREM sleep and an increase during REM sleep. However,
patients with OSA manifest a heterogeneous pathophysiology
(e.g., upper airway anatomical collapsibility, loop gain, arousal
threshold, and upper airway gain) and characteristics (e.g.,
recurrent apnea and hypopnea, nocturnal hypoxemia, frequent
awakenings, and daytime sleepiness) (23). Consequently,
hypoxia and arousal in OSA are thought to potentially be
the main factors leading to certain hemodynamic instability,
causing fluctuations in heart rate that contribute to the

TABLE 1 | Selected time-domain HRV measures.

Variable Units Definition

Time-domain analysis

SDNN ms Standard deviation of normal to normal

(NN) interval time series

SDANNX (X = 1, 5) ms Standard deviation of BBI averages in

successive X-minute intervals

RMSSD ms Square root of the mean squared

differences of successive NN intervals

pNNX (X = 50, 100, 200) % NN>Xms counts divided by the total

number of all NN intervals.

pNNlX (X = 10, 20, 30) % NN<Xms counts divided by the total

number of all NN intervals.

Time-domain geometric measures

HRVi – HRV triangular index

TINN ms Baseline width of the minimum square

difference triangular interpolation of the NN

interval histogram

TABLE 2 | Selected frequency-domain HRV parameters.

Variable Units Definition

Frequency-domain analysis

TP ms2 Total power (0–0.4Hz)

ULF ms2 Ultra-low frequency (0–0.01Hz)

VLF ms2 Very low frequency (0.01–0.04Hz)

LF ms2 Low frequency (0.04–0.15Hz)

HF ms2 High frequency (0.15–0.4Hz)

LF/HF – Ratio of LF to HF

HF nu – Normalized high frequency power HF/(LF+HF)×100

LF nu – Normalized low frequency power LF/(LF+HF)×100

changes in HRV. Previous studies have shown the detrimental
effect of OSA on HRV either during wakefulness or sleep
(24–26), suggesting a relationship between OSA severity and
cardiovascular autonomic modulations using conventional
HRV analysis. Additionally, (27). suggested that prolonged
alterations in autonomic function existed even in snoring
subjects. Those findings highlighted the potential cumulative
impacts of OSA on HRV. On the other hand, Idiaquez et al.
(28) found independent pathophysiological mechanisms may
underlie the modulation of neurobehavioral changes and HRV
in OSA despite sharing common cerebral control regions and
mediated pathways. Although the HRV time window is more
related to mathematics, physics and statistics, its determination
in OSA-related events (e.g., sleep apnea, arousal, and periodic
limb movement) is crucial in reflecting the relationship
between autonomic changes and OSA-related physiological
changes. Furthermore, it allows for the discovery of how the
cardiovascular, respiratory, autonomic, and central nervous
systems interact with each other in OSA. The HRV time window
is also particularly important in coupling analysis such as
synchronization and ensemble symbolic coupling, potentially
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TABLE 3 | Selected non-linear HRV parameters and methods.

Variable Units Definition

Chaotic invariant analysis

D2 – Correlation dimension

LLE – Largest Lyapunov exponent

FD – Fractal dimension

H – Hurst exponent

Poincare plots

SD1 ms Standard deviation around the Y-axis of the

Poincaré plot

SD2 ms Standard deviation around the X-axis of the

Poincaré plot

Detrended fluctuation analysis (DFA)

α1 – Slope of the short-time scales of the DFA profile

α2 – Slope of the long-time scales of the DFA profile

Entropy analysis

ApEn – Approximate entropy

SampEn – Sample entropy

RenyiEn – Renyi entropy

ShanEn Shannon entropy

REEn – Renormalized entropy

Recurrence plots (RP)

MDL – Average length of diagonal lines in RP

TT – Average length of vertical lines in RP

DET – Rercentage of recurrent points forming

diagonal lines in a RP

LAM – Rercentage of recurrent points forming vertical

lines in a RP

ENTR – Shannon entropy of the distribution of diagonal

lines in a RP

Symbolic dynamics

Fwshannon – Shannon entropy of the probabilities of

occurrence of the words of the symbol

sequence

Forbword – Number of words of length 3 that never or only

seldom occur

Wsdavar – Standard deviation of the word sequence

Phvar5 – Portion of high-variability patterns in the NN

interval time series (>5ms)

Plvar20 – Portion of low-variability patterns in the NN

interval time series (<20ms)

WpsumXY (XY = 02, 13) – Percentage of words which contain the

symbols “X” and “Y”

revealing direction and strength of dynamic cardiovascular
transition (29, 30).

Taken together, HRV could provide a static and
a dynamic perspective to observe the changes in
connectivity between central and cardiac autonomic
modulation during sleep and its persistent influence
during daytime. This review focuses on neuro-cardiac
autonomic regulatory mechanisms and the multifaceted
applications of HRV in OSA as a potential additional clinical
diagnostic tool.

TIME-WINDOW ANALYSIS TECHNOLOGY
OF HRV

HRV is usually measured over a short-term (5–15min) or long-
term period (1–24 h). Long-term measurements are generally
used to assess mortality and adverse prognosis of patients, but
short-term measurements have been shown to be sufficiently
stable and applicable for screening. However, 5-min recordings
only had strong correlation with HF (31). Li et al. (32) assessed
short-term analysis to be suitable for estimation of autonomic
status and tracking dynamic changes but long-term changes
to be better as an autonomic function assessor and prognostic
indicator. The issue is that the cardiovascular system is in
constant flux and thus HRV parameters constantly fluctuate at
rest or during various conditions (33–35). The selection of the
time window is thus a crucial aspect in HRV analysis (36, 37).

Most studies use short-term time windows with their
analytic techniques; 2–5min with Fast Fourier Transform (FFT)
or autoregression, or 1–2min with multiple trigonometric
regressive spectral (MTRS) analysis (6, 38, 39). New techniques
such as short time Fourier transform or Wigner-Ville transforms
(WVT) are able to return instant power spectral profiles (40,
41). Short-term windows have the advantages of being easy to
perform, easy to control for confounding factors, require the
least data processing and describe dynamic HRV changes in short
time periods (32). However, the constant flux of HRV values
means that it may not be stable and that it cannot measure
long RRI fluctuations, especially the ultra-LF (6, 37). Ultra-short
term HRV has shown potential for diagnostic capability within a
short timespan immediately after an apneic event (e.g., arousals).
However, it is only able to measure time-domain parameters
and no frequency-domain parameters, severely limiting its
informational output and, like short-term HRV, the constant flux
may mean it is unstable (42).

Longer time windows are commonly analyzed with FFT or
autoregression, as they are commonly divided into 1–5-min
periods and averaged to provide a mean for the total time
segment (6, 36, 37). Alternatively, the entire time window is
used as a single data segment, which yields similar results
for LF and HF over 24 h (43). Its primary advantage is in
collecting stable and reflective ECG data over an extended period
of time. Any singular 5-min window can vary wildly from
another, and thus measuring HRV over a whole day allows for
better estimations of fluctuations (32). However, long-term HRV
analysis is financially expensive and labor intensive, on top of
requiringmore considerations about filtering and analysis (6, 37).

Li et al. (32) suggest three main uses of HRV analysis:
evaluating autonomic function in specific populations,
describing changes in autonomic function, and prognosis.
To evaluate autonomic function in specific conditions such
as myocardial infarction (MI), hypertension and Parkinson’s,
short-term analysis may be used (44–47). Long-term analysis can
be used for daytime or sleep analysis, or a full 24-h analysis and
is thus more suitable for assessing OSA autonomic status, in line
with what most studies use. Although HRV analyses of different
window lengths are closely correlated, they do not always align
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(48–50). Studies in this particular area are particularly lacking
and require further investigation. In describing change in
autonomic function, both short-term and long-term analysis can
be used over a period of hours or months, whereas short-term
can measure changes in minutes. In this regard, measuring
changes due to apneic episodes is a useful application of short-
term analysis. However, this type of short-term analysis likely
already falls under an overnight long-term analysis (32). Many
OSA studies use overnight HRV with 5-min time windows. Still,
more studies are needed directly comparing the two with respect
to OSA. Using HRV as a prognostic indicator is usually done via
long-term analysis. Many studies assessing mortality have used
overnight or 24-h HRV analyses to obtain a reliable prognosis
and use 5-min windows within these time periods to compare
HRV (49–55).

It is clear that the majority studies use long-termHRV analysis
for the assessment of OSA, mostly with time-frequency domains.
However, whether this is the best use of HRV is not clear as there
is a lack of studies reporting on this particular aspect. To further
this point, there is no agreement on a single method with which
to analyze HRV in sleep apnea as a wide variety of time windows
within an overnight sleep study are analyzed in the literature.
Studies aimed at short-term changes potentially analyze 2-min
epochs around apneas and hypopneas or arousal-free windows
or look at the first and last 10-min segments during SDB and
stable breathing during NREM, for example (56–58). Long-term
analysis aimed studies sometimes look at averaged consecutive
5-min windows in different sleep stages (stage 2 is commonly
used as a reflection of NREM sleep) or stable 5-min intervals
from each sleep stage or the first 5-min segment of each sleep
stage, to name a few (59). The standardization of time window
approach to provide a regulated and agreed upon methodology
of time window analysis that presents comparable and valuable
ECG changes in OSA during an overnight sleep study is an area
in pressing need of further study. Although time window analysis
is a potent area of research to solidify first, the current use of HRV
has shown promise and accuracy in many areas, from prognosis
to sleep stage detection.

TECHNICAL FEATURES OF HRV
MEASUREMENTS

There are some important technical features that affect HRV
analysis. In this respect, ECG sampling rate could be critical to the
accuracy and reliability of the HRV time series. Two hundred and
fifty hertz or higher are recommended, however, given the minor
relative errors among various ECG sampling rates, over 100Hz
are acceptable in time-domain, frequency-domain, and non-
linear HRV analysis (60–62). Concerning the extraction of RR
intervals, there is a big variety of algorithms aimed at detecting
the R peaks (63), being the Pan and Tompkins the most well-
known one (64). However, artifacts and ectopic beats are usually
present in ECG recordings, which can result in non-normal RR
intervals, thus affecting HRV analysis. This issue is addressed
by detecting and correcting non-normal beats. The detection of
non-normal beats can be performed using different automatic

methods: time and morphological approaches, methods based
on the morphological transformation, wavelet-based approaches,
empirical mode decomposition methods, and neural network
approaches (65). Conversely, deletion, interpolation (zero-
degree, linear interpolation, and cubic spline methods), and
adaptive approaches are used to correct non-normal beats (65).
However, these methods can also cause measurement errors in
the HRV signal, which demands more research efforts on the
development of correction methods.

INFLUENCE OF SLEEP STRUCTURE ON
HRV

According to the American Academy of SleepMedicine (AASM),
sleep is categorized into non-rapid eye movement (NREM)
stages N1, N2, N3, into stage rapid eye movement sleep (REM),
and into stage Wake by visual electroencephalogram (EEG),
electrooculogram (EOG), and chin electromyogram (EMG)
scoring (66). Collectively, studies have reported a general trend
in HRV during healthy sleep; LF and the LF/HF ratio are high
in Wake and decrease in NREM sleep, peaking once more
during REM sleep, while HF follows the opposite trend (67–71).
This corresponds to muscle sympathetic and parasympathetic
activity observed in sleep (72, 73). Opposingly, Ako et al. (74)
reported decreasing LF and LF/HF ratio during NREM and an
increase during REM but no differentiation of HF during the
NREM and REM stages in healthy sleep. However, Abdullah et al.
(75) reported a strong correlation between EEG delta, sigma,
and beta bands with HRV parameters (LF, HF, LF/HF ratio).
Jurysta et al. (76) and Köhler and Schönhofer (77) reported
negative correlations between cardiac vagal predominance and
delta sleep EEG and abnormalities in the respective power
bands. In contrast, Yang et al. (71) reported a negative relation
between cardiac sympathetic regulation and depth of sleep, but
not vagal regulation. The repeatability of the measurements in
HRV parameter patterns in relation to the sleep stages, however,
certifies the suggested physiological activity seen during sleep.

INFLUENCE OF SLEEP APNEA ON HRV
DURING DAYTIME

OSA seems to have long-term effect on HRV even during
wakefulness with the absence of sleep apnea. Limited data
regarding its underlying mechanisms during daytime or
ambulatory wake state is reported. It is assumed that autonomic
dysfunction plays a key role in persistent OSA related outcomes,
leading to a blunted diurnal HRV pattern. Using 10-min
ECG segments and muscle sympathetic nerve activity (MSNA)
recordings during daytime, Narkiewicz et al. found that the
magnitude of cardiovascular variability is associated with the
severity of OSA. There was reduced RR variance, increased
sympathetic tone and decreased parasympathetic tone in
moderate-to-severe OSA populations compared to matched
controls (25). Balachandran et al. (78) found significantly
different LF, HF, and LF/HF between mild OSA without any
symptoms and healthy controls in waking condition. Similarly,
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Hilton et al. (79) found that at daytime amount of HF power as
marker of vagal activity is negatively correlated with the apnea-
hypopnea index (AHI) and %HF and LF/HF were shown to
be different in OSA patients compared to controls. Respiratory
sinus arrhythmia (RSA) is a natural physiological phenomenon
reflecting cardiopulmonary coupling characterized by periodic
increases and decreases with heartbeat synchronized with
respiration, whereby heartbeat increases during inspiration and
decreases during expiration. Consequently, normal respiration
HRV is different than deep respiration HRV and apneic
respiration HRV due to the inspiration-expiration pattern (80).
Given the altering effect of respiration on HRV, Khoo et al. (81)
developed two modified spectral HRV measures (the modified
LF/HF and the average gain relating respiration to RR changes)
to show cardiac autonomic alternations in OSA and non-OSA
during in relaxed wakefulness and stage 2 sleep compared
to standard spectral metrics. They found that the modified
spectral HRV measures are more sensitive than the traditional
measures, suggesting a respiration–correlated component should
be considered in HRV analysis. In addition, Wang et al. (24)
suggested that autonomic dysfunction was related to OSA
severity. However, they mainly evaluated gender differences in
frequency-domain HRV measures, rather than with different
levels of severity of OSA, showing significantly higher LF in
male patients from wakefulness to sleep state. Park et al. (82)
examined the correlation between severity of OSA and overnight
HRV during wakefulness in moderate/severe OSA. They found
increased total power (TP), LF, LF/HF, and HRV triangular index
in the severe group compared to the moderate one. Comparably,
Qin et al. (83) found a significant relationship between 5-min
HRV measures during wakefulness prior to sleep onset and
OSA severity in a large international clinical cohort, suggesting
reduced time-domain and non-linear HRV measurements in
severe OSA compared to other AHI groups. Moreover, their
findings demonstrated that OSA seems to play a significant role
in obese patients, showing a shift to sympathetic predominance
only in obese patients with more severe OSA with increased LF
and higher LF/HF compared to obese patients without OSA.
There are also hints that OSA therapy normalizes autonomic
balance not only during sleep but also at daytime. Glos et al. (84)
found that both continuous positive airway pressure (CPAP) as
well as mandibular advancement therapy (MAD) therapy led to
increased vagal output to the heart, indicated by increased HRV
HF components calculated from 5-min short-time recordings
under conditions of controlled breathing at daytime.

INFLUENCE OF SLEEP APNEA ON HRV
DURING SLEEP

The normalizing effect of OSA therapy on HRV during sleep has
also been suggested. Earlier studies report higher sympathetic
activity during wake and sleep, but this has normalized, perhaps
because of CPAP (73, 85). This is supported by Noda et al.’s
(86) study reporting that managed OSA and better sleep quality
was associated with a decreased LF. Since then, Abdullah et al.
(75) reported an increase in LF and LF/HF in Stages 2 and 3 in
sleep apnea compared with healthy patients. This corresponds

with results from Dingli et al. (56) and Jurysta et al. (87),
which showed an increase in sympathetic and decrease in
parasympathetic activity during NREM apnea episodes. Bonnet
and Arand (67) reported EEG arousal during Stage 2 and
associated HRV changes. Palma et al. reported OSA with hypoxia
patients had increased LF and LF/HF during N1 and N2 and
REM compared to OSA without hypoxia patients and controls.
They also reported that OSA with and without hypoxia had
lower HF during NREM and REM in compared to controls
(88). In contrast, Jurysta et al. reported no changes in LF/HF
and RRI between healthy and OSA subjects. They did however
suggest that sympathetic and vagal surges during apneic episodes
may suppress the normal shifts between stages of sleep (76).
Trimer et al. reported higher LF and LF/HF in moderate OSA
subjects compared to normal subjects. Mild OSA subjects also
failed to show the linear HRV difference between sleep stages
present in non-OSA subjects (20). Kesek et al. studied the
relationship between OSA severity and HRV in 387 women
and found that high AHI was associated with low variation
of sympathetic activity between REM and NREM, suggesting
a depressed sympathetic drive and a disability increasing it
during REM. These results differ from others, but the study was
in healthy women only and gender differences in HRV have
been reported (89). Reynolds et al. found a positive correlation
between apnea severity and LF in wakefulness and REM sleep,
but LF was lower in those with a higher BMI during REM sleep
in 105 OSA patients. The suggestion is thus that there is possible
autonomic dysfunction in obese apnea patients (90). On the
contrary, Oh et al. (91) conducted a 27-participant study and
concluded that OSA during REM sleep is not a major contributor
of autonomic dysfunction. However, the study was conducted on
a small cohort and requires repeated testing to confirm results.
In addition, Lado et al. (92) found significant differences in
spectral HRV in all three types of intervals (normal breathing,
borderline episodes, and sleep apnea) among non-OSA control,
mild, and severe OSA subjects during sleep, suggesting that
patients with OSA have reduced HRV during sleep even without
the presence of sleep apnea (Figure 1). In addition, Szollosi
et al. (58) compared HRV patterns between OSA and central
sleep apnea (CSA), finding higher very low frequency (VLF)
percentage, lower LF percentage and HF percentage in CSA,
while no significant changes during normal breathings between
patients with OSA and CSA. Their results suggested that CSA
and OSA have different autonomic modulation, respectively.
Overall, the research presented shows increased sympathetic
activity during apneic sleep with episodic surges in comparison
to healthy sleep, reflected via increased LF and LF/HF parameters
in HRV.

In seeing the relation of parameters to apneic sleep, there
appears to be potential in using HRV as a cost-effective tool for
the detection of apnea. Some studies report that cardiac changes
visibly precede EEG changes with a range of 10 beats to 5min
in apneic episodes (67, 76). Penzel et al. (93) reported that it
was possible to classify apnea viaHRV with 100% accuracy when
comparing to normal subjects and 90% when comparing normal
and apneic minute intervals in 35 samples. Roche et al. (94)
reached sensitivities of 83 and 89.7% and specificities of 98.1
and 96.5% when using SDNN as a marker in the detection of
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FIGURE 1 | Depicts an example of the changes in beat-to-beat intervals (BBI) in an obstructive sleep apnea (OSA) subject with (upper) and without (middle) the

presence of apneic events and a healthy subject (bottom) during stage 3 sleep in the supine position.
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FIGURE 2 | Shows an exemplary illustration of the respiratory power index (RPI) and electrocardiograph-derived respiration (EDR) methods in an OSA patient.

Overnight electrocardiograph recordings are processed and cut into limited time segments. EDR signals are calculated via ECG respiration embeddings such as QRS

complex (A) or respiratory sinus arrhythmia (RSA) (C). Spectrograms of both embeddings are also generated (B,D). These spectrograms are normalized and

averaged to amplify the respiration-based component and mask non-respiration-related power (E). The power is calculated at each step with two selection events (F).

A respiratory flow shows corresponding events to the power spectrum (G). The number of detected apneic events is the RPI.

OSA in groups of 91 and 52 patients, respectively. Then using
wavelet decomposition parameters in 147 patients, Roche et al.
(95) reached a sensitivity of 92.4% and specificity of 90.1%.
Karasulu et al. (96) found a 90.4% sensitivity and 50% specificity
when using a VLF cut-off of 9.12, 80 and 76.2% when SDNN was
higher than 83 and 73.3 and 85.7% with an SDNN cut-off of 62
in 87 patients. Offering a variant to these results, Abdullah et al.
combined EEG and HRV at 64% correct classification accuracy,
HRV alone at 56% accuracy and EEG alone at 62% accuracy

(75). However, this study was conducted on a small population
and thus requires further study in order to improve upon the
application to classification. Gil et al. (97) used decreases in
amplitude fluctuations of photoplethysmography (PPG) with an
accuracy of 80%, sensitivity of 87.5% and specificity of 71.4%.
Babaeizadeh and Zhou (98) created a novel method of ECG-
derived respiration (EDR) combined with HRV for an accuracy
of 88% and correct classification of 71%. Similarly, Lyons et al.
(99) developed an ECG-derived respiratory power index (RPI) as
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an estimate for AHI to identify severe OSA in commercial drivers
(Figure 2).

There are thus a variety of tools and combinations that appear
to have potential in the detection and classification of apnea.

Collectively this body of studies points to the potential of
diagnosing OSA via HRV parameters reflecting sympathetic
hyperactivity during sleep, particularly during apneic episodes.
However, more research needs to be done in this area as there
are conflicting reports on the accuracy of using HRV alone,
as compared to coordination with other measurements such as
EEG, PPG, or EDR. Showing promise in the application of this
idea, Le et al. (100) have made wearable device sensor technology
predicting apneic episodes 1–5min before onset with accuracy
of 83.6, 80, 76.2, 66.9, and 61.1%, respectively, that could have
many applications.

HRV CHANGES DURING AROUSAL

Arousal interrupts sleep continuity to cause sleep fragmentation,
which may contribute to cognitive impairment, excessive
daytime sleepiness and adverse cardiovascular outcomes in
OSA (101–103). Quantification of arousal would improve
understanding of the underlying mechanism and relationship
between arousal and OSA related outcomes (e.g., daytime
sleepiness and functioning) (104, 105). Currently, EEG arousal
is defined as the abrupt increase in high-frequency EEG activities
lasting 3–15 s, following at least 10 s of sleep during NREM sleep.
Additionally, increased chin EMG activity is needed during REM
sleep according to the AASM criteria (106, 107). However, even
if the concept of arousal should be extended, there currently is no
agreement on the classification of arousal (108). Arousal could
be divided into several states on the basis of specific causes. Two
main types of arousal, physiologic (spontaneous or secondary
to various stimuli), and pathologic (induced by sleep hypopnea
and apnea, upper airway resistance syndrome or periodic limb
movement) are commonly accepted (108, 109). Some studies
tried to classify arousal manually based on whether an arousal
is associated with a physiological event such as cortical arousal,
respiratory arousal, cardiac arousal, movement arousal, snoring
arousal, or SpO2 arousal (110, 111). It is reported that autonomic
arousal does not have visual recognition in the way EEG arousal
does. It is plausible that some peripheral stimulations may not
be sufficient to lead to cortical visual EEG arousals but can cause
cardiovascular perturbation (e.g., heart rate and blood pressure
changes) (112–114).

In this case, autonomic arousal may be a new entity of
arousals in OSA during sleep, possibly undetectable by EEG
(115). Thirty percent of respiratory event termination causes
are still undetermined. Some research indicates that it might
be related to apnea-related autonomic arousal, which tends to
be ignored due to its non-visible nature compared with other
types of arousal in polysomnography (PSG) (116, 117). As a
result, PSG would underestimate arousal severity if only visible
EEG arousal counts. The occurrence of arousal induced by
different causes varies in NREM and REM sleep (116). The
underlying mechanisms between the central nervous system

(CNS) and autonomic nervous system (ANS) in arousal is poorly
understood. Arousal may be a contributor in cardiac alternations
such as heart rate changes and blood pressure fluctuation.
HRV changes accordingly since heart rate is accelerated and
decelerated immediately pre- and post-arousal. Animal studies
confirmed that transient arousal from NREM sleep is associated
with acute cardiac sympathetic activation and parasympathetic
withdrawal (118). The presence of arousal somehow immediately
leads to wakefulness that differs in autonomic changes from
rested wakefulness in other conditions (118).

Daytime cardiac vagal modulation improves due to the
reduction of the frequency of arousals, suggesting arousal
may trigger cardiac vagal inhibition. OSA is strongly related
to hypertension, which is mainly attributed to sympathetic
hyperactivity and/or vagal withdrawal causing a surge in heart
rate and blood pressure during apnea-arousal episodes (119,
120). Study of autonomic arousals may help understanding why
OSA patients with daytime sleepiness are associated with a higher
risk of developing adverse CV outcomes such as hypertension
and cardiac sudden death (121). It is reported that patients with
co-morbid OSA and insomnia have a significantly higher number
of arousals during sleep thanOSA alone (122). Bennett et al. (123)
found significant correlations between the autonomic arousal
index based on pulse transit time analysis and pretreatment
objective sleepiness (r = 0.49) and nCPAP responsive objective
sleepiness (r = 0.44), suggesting autonomic arousal detection
should be taken into account as a sleep fragmentation index
to quantify sleepiness. Bartels et al. tried to define autonomic
arousal. They found that lower blood pressure and high heart
rate in the 15-s window before short-term cortical arousal and
cardiovascular changes shift in the opposite direction after sleep
recovery (110).

HRV provides insight to the processing of arousal response
during sleep and improves the definition of arousal, criteria
of detection and scoring, although it is still controversial. It
should be included in the assessment of OSA for its useful
clinical value. EEG arousal generally does not cause behavioral
awakenings. However, arousal threshold measured by esophageal
pressure, a gold standard for upper airway resistance syndrome,
is invasive in clinical practice. On the other hand, cardiac arousal
may reflect a neural response to stimuli. Little is known about
the accumulation of persistent hyperarousal conditions in OSA.
HRV would be a sensitive physiological index of autonomic
arousal requiring more investigation. Further research is needed
to understand the connectivity and interaction between the heart,
its intrinsic nervous system, and the brain.

DAYTIME SLEEPINESS AND HRV

On the other end of arousal, daytime sleepiness, a multifactorial
psychophysiological state, is one of the predominant symptoms
in OSA (124, 125). Currently, the existing findings suggest
that daytime sleepiness depends on the quantity and quality of
prior sleep. Patients with OSA commonly suffer from reduced
sleep quality that is related to fragmented sleep (126). Sleep
disturbances caused by arousal are important contributors to
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sleepiness (123, 127, 128). Moreover, the frequency of arousal
has more impact on sleep recovery than the amount of sleep
(129). Subjective and objective sleepiness is often assessed by the
Epworth sleepiness scale (ESS) and multiple sleep latency test
(MSLT) (130, 131). ESS is a measure of a person’s general daytime
sleepiness, where a score ≥10 could be diagnosed as excessive
daytime sleepiness. As a gold standard, the cut-off point of MSLT
is still debatable based on the types of patients. According to
the AASM, a sleep latency during MSLT of <8min is defined as
sleepiness. However, it is also suggested thatmean sleep latency in
MSLT <5min is considered as pathological sleepiness, 5–10min
is suspected sleepiness, and 10–20min is normal (130).

The prevalence of excessive daytime sleepiness (EDS) in OSA
varies from 19 to 87.2% (132–134). However, 50% of individuals
with moderate to severe OSA do not report EDS. Lombardi et al.
(135) demonstrated that OSA patients with EDS had significantly
lower baroreflex sensitivity and significantly higher low-to-
high frequency power ratio of HRV during the different stages
of nocturnal sleep compared to those without. Furthermore,
subjects with EDS have a more blunted parasympathetic and
more enhanced sympathetic cardiac drive during all sleep stages
suggesting EDS is associated with cardiac autonomic imbalance.
Guaita et al. (136) tested whether spectral and non-linear HRV
help to differentiate sleep disordered breathing (SDB) patients
with and without objective sleepiness, as assessed by the first
3min of wakefulness duringMSLT before sleep onset. Non-linear
HRV (Correntropy) failed to detect sleepiness between groups.

However, some studies show that ESS increases with the
severity of OSA (2, 137). EDS is not always related to AHI as a
number of patients with moderate-to-severe OSA did not report
subjective EDS in this evaluation (124, 135, 138). It raised the
question of whether ESS is not adequately sensitive to detect
sleepiness or if there are other underlying physiopathological
mechanisms causing the development of sleepiness in OSA
patients. Montemurro et al. (139) found severe OSA without
EDS has higher very low frequency-HRV compared to those with
EDS, indicating higher sympathetic heart rate control in sleepy
patients. However, Sforza et al. (140) found that both diurnal
and nocturnal time domain and frequency domain HRV failed
to differ sleepy and non-sleepy elderly with unrecognized OSA
according to ESS. Time with SaO2 <90% and total autonomic
arousals were not significantly different between these two
groups. Similarly, Bisogni et al. (141) reported that there is
no correlation between EDS assessed by ESS and sympathetic
activation in patients with mild to moderate OSA.

HRV AS A RISK MARKER FOR
SLEEPINESS RELATED ACCIDENTS

There is little doubt that attentional deficits affect driving
capacity. Detection of drowsiness is importance in order to
prevent road accidents due to SDB related sleepiness (142). Chua
et al. (143) suggested that HRV has a strong association with
psychomotor performance measured by psychomotor vigilance
tests (PVT) to quantify vigilance performance in drivers.
It is in line with previous studies using HRV in machine

learning models to predict hypersomnolence in drivers with 90%
accuracy (144–146).

It has been shown that sleepy OSA patients have a
higher prevalence of adverse cardiovascular outcomes (e.g.,
hypertension) than non-sleepy OSA patients (147). Furthermore,
excessively sleepy OSA patients are at increased risk of
incident cardiovascular disease (CVD) compared to other OSA
symptom subtypes (Disturbed Sleep, Minimally Symptomatic,
and Moderately Sleepy) (121). However, ESS might not be
reliable to evaluate the relationship between sleepiness and
cardiovascular risk, a surrogate marker of sympathetic activity.
MSLT is too time-consuming and costly to be a screening
tool to score EDS. Given the association between sleepy OSA
and cardiovascular disease has not been established, improving
discrimination of sleepiness in OSA patients and the relationship
between the severity of daytime sleepiness and HRV in larger-
scale studies is required.

Previous studies have proven that CPAP could reduce
daytime sleepiness (148). Less benefit from CPAP was found
in OSA patients without symptoms than those with, suggesting
treatments should be tailored (149–151). There are still 13%
of patients with residual EDS after optimal CPAP treatment
(152). They also found that the prevalence of residual excessive
sleepiness was higher in moderate OSA than severe OSA,
suggesting there is an underlying determinant contributing
to EDS other than the severity of intermittent hypoxia and
AHI. One of the possible determinants could be autonomic
dysfunction during sleep. Abnormal autonomic regulation is also
known to have an association with higher cardiovascular events
in OSA. A possible relation between EDS and cardiovascular
events in patients with OSA should be investigated in future
studies (i.e., how autonomic dysfunction relates to the presence
of EDS and contributes to its relevant consequences in
these population).

HRV CHANGES DUE TO HYPOXIA

Exposure to hypoxia is a leading cause of oxidative stress,
inflammation, and sympathetic hyperactivity (153). Recurrent
oxygen desaturation induced by sleep apnea, one of the distinct
features of OSA differing from non-OSA, may be associated
with elevated sympathetic nervous activity and blood pressure
(153). Additionally, Watson et al. (154) found that the severity of
hypoxia is related to graded autonomic dysfunction. Both animal
and human experiments demonstrated that the failure to restore
cardiovascular adjustment capacity can be ascribed to impaired
nerves and blunt responses of the autonomic system as a result of
intermittent hypoxemia in OSA (155, 156). A systematic review
shows that either SpO2 or SaO2 used to assess arterial oxygen
saturation is correlated with time-frequencyHRVduring hypoxia
in normal people at rest (157). Botek et al. (158) found lower
arterial oxygen saturation (SpO2) in significantly reduced vagal
withdrawal (Ln HF) and increased sympathetic-vagal balance,
suggesting SpO2 level is related to the reaction of autonomic
control to hypoxia. Their aim was to investigate if HRV could
be used as a predictor of SpO2 response to hypoxic challenges
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in subjects normoxic at rest. Nevertheless, it is admitted that
changes in detailed HRV parameters are not consistently similar
due to the varying experimental protocols (e.g., the duration,
severity, and types of hypoxia).

OSA generally generates a decrease in HRV during
normobaric hypoxia in most reported investigations. However,
there are still underlying complex central-peripheral interactions
and modulation pathways in vulnerable populations. To address
those issues, a growing body of studies have attempted to
investigate the hypoxia burden in OSA (159–161). Time-
dependent static and dynamic desaturation give more insight to
the severity of hypoxia. Acute and chronic hypoxia may lead to
different autonomic modulation mechanisms. Hypoxia activated
chemoreflex leads to acutely increased short-term sympathetic
tone during the occurrence of sleep apnea (54). Furthermore,
hypoxia exerted long-lasting chronic effects during the daytime
and impaired baroreflex sensitivity (162). Meanwhile whether
or not sympathetic hyperactivity induces parasympathetic
inhibition is still controversial. The overall reduced HRV with
increased sympathetic tone resulted from chronic hypoxia,
while a rise in HRV with decreased vagal withdrawal occurred
due to the subsequent adaptation and improved tolerance to
short-term exposure to repeated hypoxic stress (163). Geovanini
et al. demonstrated a vicious circle between hypoxia-induced
inflammation and cardiac autonomic abnormality with elevated
sympathetic or reduced parasympathetic tone. They also found
the values of SDNN, LF, and HF are closely linked to OSA
severity while only mean heart rate significantly correlated with
augments in neutrophils (164). In an OSA children study, Walter
et al. (165) found that OSA may have negative influence on
cerebral blood flow due to the attenuated central autonomic
control by mediating HRV. Therefore, it is reasonable to
believe that different cardiac autonomic modulation responses
occur either due to reduced vagal modulation, sympathetic
predominance, or even a combination of these responses.

The possibility of an increasing risk in the mortality and
morbidity in hypoxic OSA patients with autonomic dysfunction
requires further evidence. In addition, both hypoxia and arousal
have confounding effects on respiratory-cardiac coupling. Which
one is the determinant of cardiac autonomic dysfunction
in OSA is controversial in animal and human studies (5).
It seems that in prospective animal studies, OSA-induced
hypoxia has a persistent impact on daytime hypertension
compared to acoustic arousal-induced control models, which
exerted nocturnal elevations in blood pressure. However, in
humans, the answer to that question is uncertain. Norman
et al. suggested that CPAP therapy, which reduced both the
intermittent hypoxia and arousals, plays a more important role in
improving cardiovascular autonomic function than elimination
of nighttime intermittent hypoxia by comparing the results of
24-h ambulatory blood pressure in moderate-to-severe OSA
patients who received either CPAP therapy or sham-CPAP with
supplemental oxygen (166).

Some studies indicated that certain damages of autonomic
function are reversible after eliminating physiological influences
(e.g., arousal, hypoxia, and respiratory events) in OSA population
with CPAP treatment (81, 167, 168). Thus, HRV maybe become

a potential early indicator of the adverse effects of hypoxia
on OSA and identifying treatment responses. To date, the
effect of nocturnal hypoxia on HRV patterns is unknown and
correlation studies of HRV and hypoxia in HRV are limited.
Those results may contribute to monitoring the progress of
chronic sustained normobaric hypoxia on the cardiovascular and
autonomic systems.

HRV IN PEDIATRIC OSA

OSA affects 0.1–13% of children, particularly occurred in pre-
school age (169). Pediatric OSA characterize by prolonged
partial OSA, which usually occurred in REM sleep, preserved
sleep architecture, uncommon OSA-related cortical arousals and
recurrent hypoxia (170). Enlarged tonsils and adenoids are the
leading causes of OSA in children. Unlike adult OSA manifested
with excessive daytime sleepiness and cognitive dysfunction,
pediatric OSA is more likely to have negative impact on the
development of the central nervous system and cardiovascular
system, potentially leading to neurobehavioral deficits (e.g.,
growth impairment, behavioral, and learning problems) (171).
Overt cardiovascular disease is not common in pediatric
OSA compared to adults (172), but early evidence shows
that pediatric OSA is related to left ventricular hypertrophy
(173, 174), abnormal blood pressure fluctuation (175, 176),
and reduced systolic and diastolic function (177, 178). HRV
analysis is increasingly explored in assessment for cardiovascular
autonomic control, the screening and diagnosis of sleep apnea
and efficacy of treatments in pediatric OSA during daytime
and nighttime due to its feasibility (179, 180). Current findings
suggested that altered HRV patterns during daytime and sleep
are also found in childhood OSA (181). Not surprising, there are
more discrepancies in the results of frequency domain analysis
than in time domain analysis due to diverse subject samples
and the different methodologies (182, 183). Chaicharn et al.
(179) tried to quantify daytime autonomic function in non-
OSA and OSA children with spectral HRV analysis, showing
OSA children have significant elevated sympathetic tone but
normal parasympathetic control, with less reactive response to
autonomic tests compared to controls. Liao et al. (182) found
autonomic imbalance with increased LF/HF during sleep among
groups with different levels of AHI. Similarly, Baharav et al. (183)
were able to show sympathetic augmentation with increased
LF both during wake before sleep onset and during sleep. By
contrast, Kwok et al. (180) demonstrated no changes in most
of the important time-domain and HRV measures between
non-OSA and OSA children using 1-h ECG data. Impaired
baroreflex adaptation is also found in OSA as it is associated
with a decrease in nighttime baroreflex gain (184). Autonomic
activity may play a key role in pharyngeal compliance of
childhood OSA (185). Another application of HRV in childhood
OSA is to evaluate treatment response. Muzumdar et al. (186)
reported that HRV improved with decreased sympathetic and
increased vagal tones after adenotonsillectomy in children with
OSA, while no changes showed in HRV in moderate-severe
pediatric OSA with 1-year non-invasive ventilation (187). The
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results of long-term effect of OSA on HRV are debated.
Vlahandonis et al. (188) failed to show significant differences in
autonomic regulation determined by using HRV analysis among
children with habitual snoring, and those with and without
OSA regardless of intervention during 4-year follow-up visits.
However, Walter et al. (189) found improved HRV in preschool-
aged children with resolved OSA, showing decreased LF and HF,
while increased HF in those with unresolved OSA during 3-year
period. It is noteworthy that age, obesity, sleep stage, and AHI
severity are independently correlated with HRV measurements
in children (190, 191). Explanations on these results need to be
cautious with those confounding factors. Whether or not HRV
measures could be the reliable maker of disease severity and
risk stratification in children with OSA is still unproven. The
clinical implication of cardiac autonomic alternation in pediatric
OSA and how it disrupts the maturation of autonomic control
and affects the nervous and cardiovascular functioning need
further investigation.

EFFECT OF AGE, ETHNICITY AND SEX ON
HRV

Previous studies have demonstrated age-, ethnicity-, and sex-
specific differences in HRV in the healthy general population
and under certain conditions. It is generally accepted there is an
inverse association between age and HRV. However, it is unclear
whether the effects of OSA on cardiac autonomic modulation in
elderly subjects (>60 yr) are different from those in other age
groups (young and mid-aged adults). Trimer et al. compared the
differences in HRV among the elderly and the young population
with and without OSA. They found the elderly with OSA have
significantly lower LF/HF ratio only during wakefulness at night
than the young with OSA but not during other sleep stages (192).
Sforza et al. (140, 193) suggested age may have more devastating
effect on HRV in the elderly, which possibly undermines the
application of HRV in those population.

Findings on sex and ethnic differences in HRV are less
consistent (194). Nonetheless, reduced HRV is related to higher
cardiovascular morbidity and mortality, where decreased cardiac
vagal control is considered an important contributor. Currently,
a majority of studies report females are characterized by higher
vagal control assessed by HF-HRV and lower sympathetic control
assessed by LF-HRV (194). Furthermore, women exhibit more
complex heart rate dynamics (195). Several studies found no
difference between men and women in HF-HRV or that men
have a higher HRV (196–200). These results contradict previous
findings that women are less likely to develop progressively
cardiovascular diseases compared to men (201, 202).

In terms of interaction associations between HRV and age,
sex, and ethnicity, Liao et al. (203) found changes in autonomic
function have close associations with age, ethnicity, and gender
in a community-based cohort by spectral analysis of HRV.
They found that the sympathetic and parasympathetic tone
decrease with increasing age in a general population. White
populations have a higher LF, HF, and lower HF/LF than black
populations, suggesting that white populations show sympathetic

predominance in cardiac regulation. Men have a higher LF, and
a lower HF/LF ratio than women. Those results demonstrate
white and male populations have higher sympathetic activity,
which is considered as a major contributor to cardiovascular
diseases (e.g., hypertension). In contrast, Sloan et al. (200)
reported that there is a higher standard deviation of RR intervals
in white subjects compared to black subjects, and in men
compared to women with age between 33 and 47 years old.
No ethnicity- and sex- special differences were found in HF-
HRV. Comparatively, Choi et al. found significant ethnically
related differences and age-related differences (in Caucasian
Americans but not in African Americans) in short-term daytime
spectral HRV. Young African Americans showed a similar
HRV profile to older Caucasian Americans, leading Choi et al.
(204) to suggest the presence premature autonomic nervous
system aging in young African Americans. A few studies related
to those correlates on HRV during sleep are available. Hall
et al. suggested that ethnicity is associated with HRV during
sleep. They found white women have decreased parasympathetic
tone and elevated sympathetic tone during NREM stage 2 and
REM sleep compared to their African American and Chinese
counterparts after controlling for confounding factors such as
recording length and respiratory rate (205). Huang et al. (206)
have shown heart rate profiles in a larger cohort of adults
without sleep apnea in order to develop heart rate phenotypes
regarding sleep physiology. They implied that heart rate dipping
and spectral HRV metrics could contribute to sleep phenotyping
due to their significant correlations to sleep measures (e.g.,
sleep stage, total sleep time and sleep quality). Interpreting the
clinical relevance between ethnicity, sex, and HRV should be
approached with caution due to the plethora of confounding
factors, such as physiological, psychological, behavioral, and
sociodemographic factors. To date, there is limited data reporting
on the influence of age, ethnicity, and sex on HRV in the OSA
population. It is unclear which OSA phenotypes are most likely
to develop cardiovascular diseases and thus, which patients are
most likely to benefit from CPAP or other forms of therapy
for OSA (207). Those findings in cardiac heterogeneity might
lead to a better understanding of the underlying cardiovascular
pathophysiology and cardiovascular risk stratification in patients
with OSA. Additionally, it would facilitate the development
of effective strategies for treatment decision of OSA according
to cardiac phenotypic characterization in order to improve
treatment efficacy and predict treatment outcomes.

HRV AND OSA COMORBIDITY WITH
PSYCHIATRY DISEASES

Psychophysiological disturbances have significant impacts on
the autonomic nervous system (ANS) (3, 208–211). Depression
and anxiety are considered as psychosocial risk factors for
cardiovascular comorbidity (212). HRV analysis has been used
to quantify autonomic dysregulation in insomnia, depression,
anxiety, and schizophrenia (208, 211). Epidemiological data
has shown that 39–58% of patients with insomnia and 5–63%
of patients with depression had accompanying OSA diagnoses
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(213–215). Additionally, it was found that co-morbid OSA
and insomnia patients are at a higher risk of developing
psychiatric disorders such as anxiety and depression than OSA
patients without insomnia (122, 216). Interestingly, OSA and
insomnia are more likely to show opposing clinical symptoms
related to sleepiness and alertness (215). Nevertheless, increased
sympathetic activity and depressed parasympathetic activity were
exhibited both in OSA and insomnia (25, 217). It is reported that
untreated OSA aggravate insomnia in the disturbed sleep cluster
due to hyperarousal (218). Augmentation in heart rate and
sympathetic tone, which is thought to be essential to the alertness
and motivation, may play a key role in the pathophysiology of
insomnia (215). However, interaction mechanisms between OSA
and insomnia of autonomic control evaluated by HRV measures
remain unclear.

Reduced global HRV is consistently reported in depression
and anxiety disorders. Specifically, depression is characterized
by increased cardiac rhythmicity and reduced heart rate
variability during both sleep and wakefulness (219). Moreover,
changes in HRV parameters are associated with alternations in
symptom severity of depression (220). Saad et al. (219) showed
that a sleep heart rate profiling algorithm detecting whether
individuals with sleep complaints experience depression has an
identification accuracy of 79.9%. Similarly, anxiety disorders
displayed significantly lower HRV (221). Recently, two reviews
highlighted the wide applications of HRV in mental health
and psychiatric disorders (221). Likewise in populations under
18 years old, there was evidence implied that a resting state
measure of HF-HRV is associated with depressive symptoms in
children and adolescents with depression (222). In combination
with functional brain imaging, HRV mediated by the prefrontal
cortex may provide evidence of heart-brain network response to
stressors and stimuli to maintain homeostasis (9). Unfortunately,
co-morbid psychiatric symptoms and disorders in OSA are often
ignored or misdiagnosed. Only a paucity of studies has been
reported to investigate ANS dysregulation in OSA populations
concomitant with psychiatric conditions viaHRV analysis.

Evidence of autonomic dysfunction in OSA with
various psychiatric and psychological disorders deepens the
understanding of their psychopathology and physiopathology
associated with negative cardiovascular outcomes. Correlation
studies of OSA and neuropsychiatric diseases in ANS function
assessed by HRV are lacking. Furthermore, it would be
challenging to diagnose and treat co-morbid psychiatry
disorders and OSA. It is known that the administration of
drugs for psychiatric treatment aggravates OSA as it potentially
reduces upper airway muscle tone to impair airway stability,
decreases ventilatory response to hypoxia, increases arousal
threshold leading to prolongation of respiratory events and
deteriorates oxygen saturation. It seems that HRV analysis could
be highly applicable in the exploration of the cardiovascular
and psychopathological implications in psychiatric disorders.
Investigations in the overlapping conditions in physiological
and psychological aspects in OSA patients who have worse
clinical outcomes and treatment response are warranted.
Quintana et al. (223) provide guidelines and recommendations
to advance heart rate variability research in psychiatry. We

expect more perspectives and possible application of HRV in
OSA in neuropsychiatric alternations could be discussed in
future studies.

HRV AND CARDIOVASCULAR MORTALITY
AND MORBIDITY

Due to HRV being a marker of autonomic innervation of the
heart, it has been suggested that increased sympathetic activity
during sleep due to OSA may be a link to cardiovascular disease
(54). Sympathetic dominance during sleep has been shown in
those with ischemic heart disease (53), coronary artery disease
(CAD) (55) and post-MI (224). Consequently, HRV parameters
are markers for adverse CVD prognoses (49, 51, 52).

Several cardiovascular disease studies have reported an
increased risk of mortality in relation to altered HRV parameters.
Kleiger et al. found that a 24-h SDNN of <50ms carried a
relative risk of mortality 5.3 times higher than an SDNN of over
100ms. They suggested that increased sympathetic or decreased
vagal tone may predispose to VF (51). Zemaityte et al. (53)
found that increased LF and decreased HF was related to the
degree of deterioration of IHD functional state in overnight
HRV analysis. Post-MI there is a lack of NREM vagal activity
that is more likely to lead to lethal arrhythmic events and
sudden death (224). Kearney et al. (49) reported that those with
chronic HF and 10% lower SDNN had a hazard ratio of 1.06.
Rich et al. found that EF and decreased HRV were the best
predictors of 12-month mortality post-coronary angiography
without recent MI. The HRV contribution to mortality was
found to be independent of other disease-related variables, and
the 12-month mortality was 18 times higher in those with
an HRV <50ms (52). To further this, Mäkikallio et al. (225)
found that random elderly patients with altered HRV parameters
predicted a 2.5 relative risk of cardiac death and 4.1 for sudden
cardiac death. Algra et al. (226) found that low SDNN was
correlated with a 2.6-fold risk of sudden death, also adding that
low parasympathetic activity is a risk factor for sudden death.
The correlation between altered HRV parameters reflective of
dysfunctional sympathovagal balance and increased mortality
risk is thus well-established in CVD.

Additionally, CVD and OSA have been shown to be linked
(227–234). The Sleep AHEAD study found a greater prevalence
of stroke at greater AHI but no association between CHD and
OSA (235). However, there were very few patients with CHD and
thus the concluded relationship is not a representative analysis of
an OSA association with coronary heart disease (CHD). Gottlieb
et al. (233) found that OSA was a predictor of incident heart
failure with an adjusted hazard ratio of 1.13 per 10 unit increase
in AHI. In a meta-analysis of 25,760 subjects, Wang et al. (236).
found that severe OSA significantly increases CVD risk, stroke
and all-cause mortality with relative risks of 1.79, 2.15, and 1.92,
respectively. A positive association was found between moderate
OSA and CVD but not with mild OSA. A 10 unit increase in
AHI was associated with 17% greater risk of CVD. No correlation
was found between CHD and OSA, but again the number of
prospective studies relating CHD and OSA were limited and
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lacked power for definitive conclusion (236). Yaggi et al. (232)
found that OSA independently increases risk of stroke and all-
cause mortality with a hazard ratio of 1.97 post-adjustment. In a
systematic review, Lavie (234) also concluded that sleep apnea is
a mortality risk that can be reduced via CPAP, which is especially
crucial in younger patients, as they carry a higher mortality risk.

In the linking of OSA and CVD, HRV, and OSA mortality and
mortality, the exact physiological pathway through which these
are connected is not well-understood. In animalmodels, Iturriaga
(237) proposed that intermittent hypoxia induces carotid body
potentiation, and that current evidence indicated that this alters
the sympathetic, vascular, and ventilatory response to hypoxia.
Whether this is the exact mechanism and whether it increases
CVD risk is not definitively known. However, repetitive oxygen
desaturation episodes are associated with HRV parameters
suggestive of cardiac sympathetic predominance. In a group of
CAD patients, those with LVEF >50% had a higher LF:HF ratio
than those with LVEF ≤35% during cyclic oxygen desaturation
episodes but not during control episodes (55). This suggests
that hypoxia worsens pre-existing cardiovascular conditions. A
few results of the secondary analyses using ECG data from the
Sleep Heart Health Study (SHHS) or the Wisconsin Sleep Cohort
Study are reported. Bradicich et al. (238) and Wang et al. (24)
demonstrated associations between HRV and characteristics of
polysomnographic parameters, however, they did not attempt
to use HRV as a CVD risk predictor in this part of the SHHS
dataset. Sankari et al. (239) suggested beat-to-beat intervals index
(RRDI) during sleep is closely correlated to new-diagnosis CVD
(hazard ratio of 1.21 per 10-unit increment in RRDI) in OSA
patients from theWisconsin Sleep Cohort, but they did not utilize
other linear and non-linear HRV measures to show the further
relationship between CV risk and OSA.

However, despite the clear association between OSA and
mortality and CVD, more studies need to be done to determine
the exact physiological mechanisms by which this occurs, and
if OSA is an independent causal factor of increased mortality
and CVD risk as suggested. From the current data, altered HRV
features such as SDNN are good predictors of cardiovascular
mortality. There appears to be a correlation of higher mortality
risk and lower SDNN, but the cut-off point varies depending
on the populations and the length of ECG segments. Therefore,
determination of a clear cut-off value of SDNN requires further
investigation (240).

CONCLUSION

With more sophisticated analytical approaches and techniques
developing, HRV measures could provide additional
electrophysiological information on impaired cardiovascular
alternation, which might be related to subclinical cardiovascular
outcomes in patients with OSA. It is already known that the
determination of time window (ECG segment length and SDB-
related events) is critical to HRV analysis, but a standardized
analytical approach is lacking. HRV is proving to be accurate
in sleep staging and particularly screening and diagnosing
OSA. However, a combinatorial method of HRV and EDR

provides hidden information on cardiopulmonary coupling,
which transfers from heart rate to respiration and improves the
accuracy of sleep apnea detection compared to either method
alone. The cognitive consequences and the daytime outcomes of
ANS alternation during sleep in patients with OSA are unclear.
The use of HRV in the prognosis of OSA independent of CVD
is also unclear. However, HRV has shown a close association
to mortality and co-morbidities. Additionally, overlapping
conditions increase progressively in OSA, requiring reliable tools
to manage those conditions at an early stage. Further studies
are required to explore the implications of integrated cardiac
physiology in regulatory networks between the central brain and
heart. In particular, following this investigation, several research
topics have been found to be of value:

• Prospective studies using HRV to accurately predict
cardiovascular outcomes in OSA should be as a priority
for clinical application of HRV research

• Studies investigating cardiac OSA phenotypes on the basis of
HRV profiles to facilitate the definition of OSA subtypes and
implement tailored treatment approaches in clinical practice

• New sophisticated methods of HRV analysis to analyze the
inevitable instationarities of OSA’s transitional nature that
prove challenging for current algorithms and models

• Context-dependent analyses of HRV (i.e., age, BMI, gender,
sleep stages) to better understand the association between
anthropometric and sleep characteristics and autonomic
function in OSA

• Investigation and standardization of the time window
segments analyzed to provide comparable and valuable ECG
data in OSA during an overnight sleep study

HRV is showing promise in clinical application and due to the
already large and increasing prevalence of OSA, these further
studies are imperative to the advancement of diagnostic and
treatment approaches needed to minimize the existing and future
health and financial burden.
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