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Abstract: Background: Repetitive episodes of apnea and hypopnea during sleep in patients with
obstructive sleep apnea (OSA) are known to increase the risk of atherosclerosis. Underlying obe-
sity and related disorders, such as insulin resistance, are indirectly related to the development of
atherosclerosis. In addition, OSA is independently associated with insulin resistance; however, data
regarding this relationship are scarce in Japanese populations. Methods: This study aimed to examine
the relationship between the severity of OSA and insulin resistance in a Japanese population. We
analyzed the data of consecutive patients who were referred for polysomnography under clinical
suspicion of developing OSA and who did not have diabetes mellitus or any cardiovascular disease.
Multiple regression analyses were performed to determine the relationship between the severity of
OSA and insulin resistance. Results: The data from a total of 483 consecutive patients were analyzed.
The median apnea-hypopnea index (AHI) was 40.9/h (interquartile range: 26.5, 59.1) and the median
homeostasis model assessment for insulin resistance (HOMA-IR) was 2.00 (interquartile range: 1.25,
3.50). Multiple regression analyses revealed that the AHI, the lowest oxyhemoglobin saturation
(SO,), and the percentage of time spent on SO, < 90% were independently correlated with HOMA-IR
(an adjusted R-squared value of 0.01278821, p = 0.014; an adjusted R-squared value of —0.01481952,
p = 0.009; and an adjusted R-squared value of 0.018456581, p = 0.003, respectively). Conclusions: The
severity of OSA is associated with insulin resistance assessed by HOMA-IR in a Japanese population.

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

1. Introduction

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

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

2. Materials and Methods
2.1. Study Population

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

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

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

2.2. Sleep Study

For sleep studies, overnight polysomnography was carried out, according to the
standard protocols and criteria [8]. Electrocardiography, electroencephalography, elec-
trooculography, and electromyography were performed, and thoracoabdominal motion
was monitored with respiratory inductance plethysmography. Airflow was measured
with an oronasal thermal airflow sensor and nasal pressure cannula, and oxyhemoglobin
saturation (5O,) was monitored with oximetry. Respiratory events (apneas or hypopneas)
were counted according to the American Academy of Sleep Medicine scoring manual 2020
updates [9]. Apnea with and without rib cage and/or abdominal movement were defined
as obstructive and central apnea, respectively. Hypopnea was defined as obstructive if any
of the following conditions were present: (1) paradoxical chest or abdominal movements,
(2) snoring, or (3) flow limitation during hypopnea events. Otherwise, hypopnea was
classified as central.
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2.3. Index of Insulin Resistance

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

2.4. Other Variables

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

2.5. Outcomes

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

2.6. Statistical Analysis

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

3. Results

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

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

Table 1. Baseline characteristics of the study participants.

n =483
Age, years 55.0 (44, 64)
Men, 1 (%) 439 (90.9)
BMI (kg/m?) 26.6 (24.3,29.4)
Waist circumference (cm) 95.3 +12.0
Hypertension, n (%) 261 (54.0)
Total cholesterol (mg/dL) 196 (174, 217)
Triglyceride (mg/dL) 139 (98, 197)
High-density lipoprotein cholesterol (mg/dL) 46 (40, 54)
Low-density lipoprotein cholesterol (mg/dL)  115.4 (97.2,132.6)
Fasting blood glucose (mg/dL) 97 (91, 106)
Glycated hemoglobin (%) 54(5.1,5.8)
Insulin (WU/mL) 8 (5,14)
Uric acid (mg/dL) 6.5(5.5,7.3)
C-reactive protein (mg/dL) 0.1(0,0.2)
HOMA-IR 2.00 (1.25, 3.50)

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

Table 2. Polysomnographic findings.

n =483
AHI (/h) 40.9 (26.5,59.1)
Awake SO, (%) 96 (94, 96)
Lowest SO, (%) 77 (69, 82)
%TST SO, < 90% (%) 14.6 (3.8, 44.3)
3% ODI (/h) 28.4 (13.3, 50.5)
Arousal index (/h) 39.1 (26.6, 56.3)
PLM arousal index (/h) 03+13
Stage 1 (%) 31.4 (234, 44.5)
Stage 2 (%) 46.7 £ 12.6
Stage SWS (%) 2.8(0.8,6.5)
Stage REM (%) 10.3 (6.9, 14.2)

Data are shown as mean =+ standard deviation or median (interquartile range). AHI, apnea-hypopnea index; SO,,
oxyhemoglobin saturation; TST, total sleep time; ODI, oxygen desaturation index; PLM, periodic eye movement;

SWS, slow-wave sleep; REM, rapid eye movement.

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

Adjusted

o . Adjusted p-Value
Coefficient Standard T 95% Confidence R-Squared R-Squared for the Total
Error Interval Val Value for the Model
atue Total Model ode

AHI 0.0038 0.0016 2.45 0.015  0.0008, 0.0069 0.0675 0.313 <0.0001
3% ODI, 0.0030 0.0013 2.27 0.024  0.0004, 0.0057 0.0742 0.309 <0.0001
lowest SO,, —0.0062 0.0022 —2.88 0.004 —0.010, —0.0020 0.0612 0.312 <0.0001
fgoso;r 50, 0.0036 0.0010 3.46 0.001  0.0016, 0.0056 0.1092 0.318 <0.0001
arousal index  0.0034 0.0016 2.20 0.028  0.0004, 0.0065 0.0473 0.308 <0.0001

Age, sex, and BMI were included in each model. AHI, apnea-hypopnea index; ODI, oxygen desaturation index;
S0O,, oxyhemoglobin saturation; TST, total sleep time; BMI, body mass index.
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Table 4. Results of multiple regression analyses for the relationships between each index of OSA
severity and HOMA-IR.

Adjusted

. Adjusted p-Value
0, -
Coefficient Standard T P 95% Confidence R-Squared R-Squared for the Total
Error Interval Val Value for the Model
atue Total Model ode

AHI 0.0015 0.000608 2.48 0.014  0.0003, 0.0027 0.0742 0.319 <0.0001
o —0.000037,

3% ODI, 0.0011 0.000566 191 0.057 0.002189 0.0798 0.315 <0.0001
—0.004550,

lowest SO,, —0.0026 0.000994 -261 0009 0.000643 0.0660 0.320 <0.0001

%TST SO, < 0.000475,

90%, 0.0014 0.000465 2.99 0.003 0.002304 0.1148 0.323 <0.0001
. —0.000110,

arousal index  0.0011 0.000632 1.79 0.074 0.002375 0.0487 0.313 <0.0001

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

4. Discussion

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

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

4.1. Mechanisms of the Association between OSA and Insulin Resistance

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

| OSA |

Intermittent hypoxia | ’ Sleep fragmentation

=] D=

Sympathetic overactivity
Oxidative stress
Inflammation

Stimulation of the HPA axis
Low adiponectin secretion

Insulin resistance

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

4.2. Positive Airway Pressure Therapy for OSA and Insulin Resistance

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

Although our study demonstrated the relationship between the severity of OSA and
insulin resistance, evidence on whether positive airway pressure therapy for OSA improves
insulin resistance has not yet been established. A small randomized controlled trial that
assessed the effect of CPAP therapy on glycated hemoglobin in 50 patients with OSA and
type 2 DM (with a mean age of 61 + 9 years and a mean BMI of 32.5 + 4.5 kg/m?) reported
that CPAP therapy for 6 months decreased glycated hemoglobin compared to the no-CPAP
group (with an intergroup adjusted difference of —0.4 (95% confidence interval of —0.7
to —0.04), p = 0.029) [23]. HOMA-IR was also significantly reduced in the CPAP group
(with an intergroup adjusted difference of —2.58 and a 95% confidence interval of —4.75
to —0.41, p = 0.023). Furthermore, serum biomarker levels of IL-13, IL-6, and adiponectin
also improved in the CPAP group compared with the control group, suggesting the ef-
fects of CPAP therapy on improving glucose metabolism and reversing proinflammatory
status [23]. Another randomized trial assessed the incremental effect of combined in-
tervention, including a weight loss intervention and CPAP, in which 146 patients with
obesity, moderate-to-severe OSA, and serum levels of C-reactive protein (CRP) greater than
1.0 mg/L were allocated to three groups (CPAP alone, weight loss intervention alone, or
CPAP with a weight loss intervention) [24]. In the 24th week of the interventions, CRP
levels, insulin resistance levels, and serum triglyceride levels were reduced in the patients
assigned to weight loss only and those assigned to the combined interventions, while
none of these changes were observed in the group treated using CPAP alone. Reduc-
tions in insulin resistance and serum triglyceride levels were greater in the combination
treatment group than in the group treated using CPAP therapy alone. In per-protocol
analyses, which included 90 participants who met prespecified criteria for adherence to
CPAP therapy (used for an average of at least 4 h per night on at least 70% of the total
number of nights) [24]. On the other hand, a study in which the effects of CPAP on glycemic
variability were assessed in 203 patients of SDB with or without diabetes mellitus (mean
age 67.5 £ 14.1 years) was also conducted. Glycemic variability assessed by continuous
glucose monitoring showed that CPAP reduced the mean amplitude of glycemic excursion
from 75.3 to 53.0 mg/dl in the non-DM group, but a similar finding was not observed in
the DM group, suggesting the difficulty of improving glucose metabolism using CPAP
therapy in patients with advanced glucose metabolism disorders [25]. A meta-analysis of
nine randomized controlled trials (443 patients) comparing CPAP treatment with sham
CPAP groups, placebo groups, or no-treatment groups, with the goal of improving insulin
resistance and glucose metabolism in non-diabetic adults with OSA, reported that CPAP
therapy significantly improved HOMA-IR (with a mean difference = —0.39 Ui (CI: —0.69 to
—0.08), p < 0.05, and I? = 57%) as compared to the non-CPAP group, while no significant
differences in fasting glucose was observed [26]. The other meta-analysis, in which 23 stud-
ies (19 prospective studies and 4 randomized controlled trials with a total of 965 patients)
were included, assessed the effect of CPAP therapy on HOMA-IR, fasting blood glucose,
and fasting insulin in non-diabetic and pre-diabetic patients with OSA. CPAP therapy
showed significant reductions in the pooled standard difference regarding the means of
HOMA-IR (—0.442, p = 0.001) from baseline levels compared with the control group, while
no significant differences were observed for fasting blood glucose and fasting insulin from
baseline levels between the CPAP and the control groups [27]. Despite the findings of
these meta-analyses, we cannot conclude the generalizability of these findings due to the
small sample size of each study included in the meta-analyses and the difference in study



J. Clin. Med. 2024, 13, 3135

8 of 10

populations and designs. Further large-scale studies are needed to determine the effects of
CPAP on insulin resistance. Given that diets play an important role in the development
of obesity which can cause OSA and cardiovascular disease through metabolic disorders
and inflammation, and given that specific diets such as Washoku (Japanese diet) and the
Mediterranean diet have been regarded as healthy diets [28], research on dietary patterns
in relation to the prevention of cardio-metabolic diseases is warranted in order to reduce
the burden of CVDs. Furthermore, the development of artificial intelligence may enable the
implementation of personalized medicine in various medical fields, such as sleep medicine,
whereby treatment effects, adverse effects, and net benefits are communicated to medi-
cal practitioners in advance, leading them to choose the best possible treatment for each
patient. While the advent of such technology-based prediction models and the potential
benefits of utilizing the models for patients with OSA and concomitant cardiovascular
risks and diseases are acceptable, we must bear in mind that physicians and other medical
practitioners are essential players in preventing cardiovascular events in these patients by
encouraging them to adhere to a healthy diet, including salt restriction and a reduction in
calory intake, physical activity, the maintenance of healthy body weight, smoking cessation,
sobriety, and other self-management, all of which are recommended to improve CVH.

4.3. Limitations

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

5. Conclusions

Our study demonstrated that the severity of OSA was independently correlated with
insulin resistance, as assessed using HOMA-IR in a Japanese population with OSA who do
not have DM and CVDs.

Author Contributions: T.K.—methodology, investigation, review and editing, and supervision;
Y.T. (Yukako Tomo) and R.N.—original draft preparation; Y.T. (Yasuhiro Tomita), T.S. and S.K.—
supervision. All the authors have read and approved the final draft. All authors have read and
agreed to the published version of the manuscript.

Funding: This study was partly supported by JSPS KAKENHI (grant numbers: JP21K08116 and
JP21K16034); a Grant-in-Aid for Scientific Research (grant numbers: 20FC1027 and 23FC1031) from
the Ministry of Health, Labor, and Welfare of Japan; and a research grant from the Japanese Center
for Research on Women in Sport, Juntendo University. These funding sources did not play any other
role in this study.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Board of Toranomon Hospital (code: 1864, approved on
13 September 2016).

Informed Consent Statement: The requirement to obtain informed consent was waived by the
Toranomon Hospital Ethics Board using opt-out methods.

Data Availability Statement: The deidentified participant data will be shared by the corresponding
author upon reasonable request.



J. Clin. Med. 2024, 13, 3135 9 of 10

Conflicts of Interest: Ryo Naito and Takatoshi Kasai are affiliated with a department funded by
Philips Respironics, ResMed, and Fukuda Denshi. The remaining authors have no conflicts of interest
to declare.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Lloyd-Jones, D.M.; Allen, N.B.; Anderson, C.A.; Black, T.; Brewer, L.C.; Foraker, R.E.; Grandner, M.A.; Lavretsky, H.; Perak, AM.;
Sharma, G.; et al. Life’s Essential 8: Updating and Enhancing the American Heart Association’s Construct of Cardiovascular
Health: A Presidential Advisory from the American Heart Association. Circulation 2022, 146, E18-E43. [CrossRef]

Kasai, T.; Floras, ].S.; Bradley, T.D. Sleep apnea and cardiovascular disease: A bidirectional relationship. Circulation 2012, 126,
1495-1510. [CrossRef] [PubMed]

Kent, B.D.; McNicholas, W.T.; Ryan, S. Insulin resistance, glucose intolerance and diabetes mellitus in obstructive sleep apnoea. J.
Thorac. Dis. 2015, 7, 1343-1357. [CrossRef] [PubMed]

Pamidi, S.; Aronsohn, R.S.; Tasali, E. Obstructive sleep apnea: Role in the risk and severity of diabetes. Best Pract. Res. Clin.
Endocrinol. Metab. 2010, 24, 703-715. [CrossRef] [PubMed]

Rajan, P.; Greenberg, H. Obstructive sleep apnea as a risk factor for type 2 diabetes mellitus. Nat. Sci. Sleep. 2015, 7, 113-125.
[CrossRef] [PubMed]

Punjabi, N.M.; Sorkin, J.D.; Katzel, L.I.; Goldberg, A.P.; Schwartz, A.R.; Smith, P.L. Sleep-disordered Breathing and Insulin
Resistance in Middle-aged and Overweight Men. Am. J. Respir. Crit. Care Med. 2002, 165, 677-682. [CrossRef] [PubMed]
Pamidi, S.; Wroblewski, K.; Broussard, J.; Day, A.; Hanlon, E.C.; Abraham, V.; Tasali, E. Obstructive Sleep Apnea in Young Lean
Men. Diabetes Care 2012, 35, 2384-2389. [CrossRef] [PubMed]

American Academy of Sleep Medicine (Ed.) Sleep Technicians and Technologists; AASM Facility Standards for Accreditation: Darien,
1L, USA, 2020.

American Academy of Sleep Medicine. The AASM Manual for the Scoring of Sleep and Associated Events: Rules, Terminology and
Technical Specifications; Version 2.6; American Academy of Sleep Medicine: Westchester, IL, USA, 2020.

Matthews, D.R.; Hosker, ].P.; Rudenski, A.S.; Naylor, B.A.; Treacher, D.E; Turner, R.C. Homeostasis model assessment: Insulin
resistance and ?-cell function from fasting plasma glucose and insulin concentrations in man. Diabetologia 1985, 28, 412—419.
[CrossRef] [PubMed]

Lindberg, E.; Theorell-Haglow, J.; Svensson, M.; Gislason, T.; Berne, C.; Janson, C. Sleep Apnea and Glucose Metabolism. Chest
2012, 142, 935-942. [CrossRef]

Louis, M.; Punjabi, N.M. Effects of acute intermittent hypoxia on glucose metabolism in awake healthy volunteers. Appl. Physiol.
2009, 106, 1538-1544. [CrossRef]

Spiegel, K.; Leproult, R.; Van Cauter, E. Impact of sleep debt on metabolic and endocrine function. Lancet 1999, 354, 1435-1439.
[CrossRef] [PubMed]

Broussard, J.L.; Ehrmann, D.A.; Van Cauter, E.; Tasali, E.; Brady, M.]. Impaired Insulin Signaling in Human Adipocytes After
Experimental Sleep Restriction: A Randomized, Crossover Study. Ann. Intern. Med. 2012, 157, 549. [CrossRef] [PubMed]
Stamatakis, K.A.; Punjabi, N.M. Effects of Sleep Fragmentation on Glucose Metabolism in Normal Subjects. Chest 2010, 137,
95-101. [CrossRef] [PubMed]

Prabhakar, N.R.; Peng, Y.J.; Nanduri, ]. Hypoxia-inducible factors and obstructive sleep apnea. . Clin. Investig. 2020, 130,
5042-5051. [CrossRef] [PubMed]

Tasali, E.; Leproult, R.; Ehrmann, D.A.; Van Cauter, E. Slow-wave sleep and the risk of type 2 diabetes in humans. Proc. Natl.
Acad. Sci. USA 2008, 105, 1044-1049. [CrossRef] [PubMed]

Herzog, N.; Jauch-Chara, K; Hyzy, E; Richter, A.; Friedrich, A.; Benedict, C.; Oltmanns, K.M. Selective slow wave sleep but not
rapid eye movement sleep suppression impairs morning glucose tolerance in healthy men. Psychoneuroendocrinology 2013, 38,
2075-2082. [CrossRef] [PubMed]

Milleron, O.; Pilliere, R.; Foucher, A.; de Roquefeuil, E; Aegerter, P; Jondeau, G.; Raffestin, B.G.; Dubourg, O. Benefits of
obstructive sleep apnoea treatment in coronary artery disease: A long-term follow-up study. Eur. Hear ]. 2004, 25, 728-734.
[CrossRef] [PubMed]

McEvoy, R.D.; Antic, N.A.; Heeley, E.; Luo, Y,; Ou, Q.; Zhang, X.; Mediano, O.; Chen, R.; Drager, L.E; Liu, Z.; et al. CPAP for
Prevention of Cardiovascular Events in Obstructive Sleep Apnea. N. Engl. ]. Med. 2016, 375, 919-931. [CrossRef] [PubMed]
Peker, Y.; Glantz, H.; Eulenburg, C.; Wegscheider, K.; Herlitz, J.; Thunstrom, E. Effect of Positive Airway Pressure on Cardiovas-
cular Outcomes in Coronary Artery Disease Patients with Nonsleepy Obstructive Sleep Apnea. The RICCADSA Randomized
Controlled Trial. Am. . Respir. Crit. Care Med. 2016, 194, 613-620. [CrossRef]

Sanchez-De-La-Torre, M.; Sanchez-De-La-Torre, A.; Bertran, S.; Abad, J.; Duran-Cantolla, J.; Cabriada, V.; Mediano, O.; Masdeu,
M.].; Alonso, M.L.; Masa, J.F,; et al. Effect of obstructive sleep apnoea and its treatment with continuous positive airway pressure
on the prevalence of cardiovascular events in patients with acute coronary syndrome (ISAACC study): A randomised controlled
trial. Lancet Respir. Med. 2020, 8, 359-367. [CrossRef]

Martinez-Ceron, E.; Barquiel, B.; Bezos, A.-M.; Casitas, R.; Galera, R.; Garcia-Benito, C.; Hernanz, A.; Alonso-Fernandez, A.;
Garcia-Rio, F. Effect of Continuous Positive Airway Pressure on Glycemic Control in Patients with Obstructive Sleep Apnea and
Type 2 Diabetes. A Randomized Clinical Trial. Am. . Respir. Crit. Care Med. 2016, 194, 476-485. [CrossRef] [PubMed]


https://doi.org/10.1161/CIR.0000000000001078
https://doi.org/10.1161/CIRCULATIONAHA.111.070813
https://www.ncbi.nlm.nih.gov/pubmed/22988046
https://doi.org/10.3978/j.issn.2072-1439.2015.08.11
https://www.ncbi.nlm.nih.gov/pubmed/26380761
https://doi.org/10.1016/j.beem.2010.08.009
https://www.ncbi.nlm.nih.gov/pubmed/21112020
https://doi.org/10.2147/NSS.S90835
https://www.ncbi.nlm.nih.gov/pubmed/26491377
https://doi.org/10.1164/ajrccm.165.5.2104087
https://www.ncbi.nlm.nih.gov/pubmed/11874813
https://doi.org/10.2337/dc12-0841
https://www.ncbi.nlm.nih.gov/pubmed/22912423
https://doi.org/10.1007/BF00280883
https://www.ncbi.nlm.nih.gov/pubmed/3899825
https://doi.org/10.1378/chest.11-1844
https://doi.org/10.1152/japplphysiol.91523.2008
https://doi.org/10.1016/S0140-6736(99)01376-8
https://www.ncbi.nlm.nih.gov/pubmed/10543671
https://doi.org/10.7326/0003-4819-157-8-201210160-00005
https://www.ncbi.nlm.nih.gov/pubmed/23070488
https://doi.org/10.1378/chest.09-0791
https://www.ncbi.nlm.nih.gov/pubmed/19542260
https://doi.org/10.1172/JCI137560
https://www.ncbi.nlm.nih.gov/pubmed/32730232
https://doi.org/10.1073/pnas.0706446105
https://www.ncbi.nlm.nih.gov/pubmed/18172212
https://doi.org/10.1016/j.psyneuen.2013.03.018
https://www.ncbi.nlm.nih.gov/pubmed/23602132
https://doi.org/10.1016/j.ehj.2004.02.008
https://www.ncbi.nlm.nih.gov/pubmed/15120882
https://doi.org/10.1056/NEJMoa1606599
https://www.ncbi.nlm.nih.gov/pubmed/27571048
https://doi.org/10.1164/rccm.201601-0088OC
https://doi.org/10.1016/S2213-2600(19)30271-1
https://doi.org/10.1164/rccm.201510-1942OC
https://www.ncbi.nlm.nih.gov/pubmed/26910598

J. Clin. Med. 2024, 13, 3135 10 of 10

24.

25.

26.

27.

28.

Chirinos, J.A.; Gurubhagavatula, I; Teff, K.; Rader, D.J.; Wadden, T.A.; Townsend, R.; Foster, G.D.; Maislin, G.; Saif, H.; Broderick,
P; et al. CPAP, Weight Loss, or Both for Obstructive Sleep Apnea. N. Engl. J. Med. 2014, 370, 2265-2275. [CrossRef] [PubMed]
Nakata, K.; Miki, T.; Tanno, M.; Ohnishi, H.; Yano, T.; Muranaka, A.; Sato, T.; Oshima, H.; Tatekoshi, Y.; Mizuno, M.; et al. Distinct
impacts of sleep-disordered breathing on glycemic variability in patients with and without diabetes mellitus. PLoS ONE 2017, 12,
€0188689. [CrossRef] [PubMed]

Abud, R.; Salgueiro, M.; Drake, L.; Reyes, T.; Jorquera, J.; Labarca, G. Efficacy of continuous positive airway pressure (CPAP)
preventing type 2 diabetes mellitus in patients with obstructive sleep apnea hypopnea syndrome (OSAHS) and insulin resistance:
A systematic review and meta-analysis. Sleep Med. 2019, 62, 14-21. [CrossRef] [PubMed]

Chen, L.; Kuang, J.; Pei, J.-H.; Chen, H.-M.; Chen, Z.; Li, Z.-W.; Yang, H.-Z.; Fu, X.-Y.; Wang, L.; Chen, Z.-].; et al. Continuous
positive airway pressure and diabetes risk in sleep apnea patients: A systemic review and meta-analysis. Eur. J. Intern. Med. 2017,
39, 39-50. [CrossRef]

Singh, R.B.; Fedacko, J.; Fatima, G.; Magomedova, A.; Watanabe, S.; Elkilany, G. Why and How the Indo-Mediterranean Diet May
Be Superior to Other Diets: The Role of Antioxidants in the Diet. Nutrients 2022, 14, 898. [CrossRef]

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


https://doi.org/10.1056/NEJMoa1306187
https://www.ncbi.nlm.nih.gov/pubmed/24918371
https://doi.org/10.1371/journal.pone.0188689
https://www.ncbi.nlm.nih.gov/pubmed/29261679
https://doi.org/10.1016/j.sleep.2018.12.017
https://www.ncbi.nlm.nih.gov/pubmed/31518943
https://doi.org/10.1016/j.ejim.2016.11.010
https://doi.org/10.3390/nu14040898

	Introduction 
	Materials and Methods 
	Study Population 
	Sleep Study 
	Index of Insulin Resistance 
	Other Variables 
	Outcomes 
	Statistical Analysis 

	Results 
	Discussion 
	Mechanisms of the Association between OSA and Insulin Resistance 
	Positive Airway Pressure Therapy for OSA and Insulin Resistance 
	Limitations 

	Conclusions 
	References

