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Abstract

Obstructive sleep apnoea (OSA) has been associated with disturbances in energy metabolism
and insulin resistance, nevertheless, the links between OSA severity, resting energy
expenditure (REE) and insulin resistance (homeostasis model assessment, HOMA-IR)
remained unexplored. Therefore, we investigated the effects of OSA severity on REE, and
relationships between REE and HOMA-IR in patients with OSA. Forty men [mean (SD) age
49.4 (11.4) years] underwent overnight polysomnography; REE was assessed using indirect
calorimetry. REE adjusted for fat-free mass (FFM) was higher in patients with moderate-to
severe OSA [n=24; body mass index (BMI) 31.1 (2.7) kg.m™; apnoea-hypopnoea index
(AH1)>15 episodes.h™] compared to participants with no clinically significant OSA (n=16;
BMI 30.3 (2.2) kg.m?% AHI<15 episodes.h™) [median (interquartile range) 30.4 (26.1-31.3)
versus 25.8 (24.6-27.3) kcal.kg™.24 h*, p=0.005)]. AHI and oxygen desaturation index (ODI)
were directly related to REE/FFM (p=0.001; p<0.001; respectively) and to HOMA-IR
(p<0.001 for both). In stepwise multiple linear models, REE/FFM was independently
predicted by ODI (p<0.001) and age (p=0.028) (R*=0.346); HOMA-IR was independently
predicted by ODI only (p<0.001, R?=0.457). In conclusion, male patients with moderate-to
severe OSA have increased REE paralleled by impaired insulin sensitivity. Severity of
nocturnal intermittent hypoxia reflected by ODI is an independent predictor of REE/FFM and

HOMA-IR.
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Introduction

Obstructive sleep apnoea (OSA) is characterized by repeated episodes of upper airway
occlusion during sleep that are associated with hypoxia and arousals from sleep. Acutely,
repetitive apnoeas and hypopnoeas during sleep trigger surges in sympathetic nervous system
activity, blood pressure and heart rate (Dewan et al. 2015). Chronically, patients with OSA
are at increased risk for insulin resistance (Ip et al. 2002, Polotsky et al. 2009, Kent et al.
2014), and have an increased cardiovascular morbidity and mortality (Kasai et al. 2012).

In the frame of The European Sleep Apnoea Database (ESADA) study we have
recently reported, in a cohort of 5103 subjects, extraordinarily high prevalence of obesity
among patients with OSA: morbid obesity [body mass index (BMI) >35 kg-m™] was present
in 21.1% of males and 28.6% of females (Hedner et al. 2011). The global obesity epidemic,
and the high prevalence of obesity in OSA has stimulated intense interest in the study of
homeostatic mechanisms governing the energy balance in these subjects. Previous reports on
energy expenditure in patients with OSA are scarce, and yielded to inconsistent results (Ryan
et al. 1995, Stenlof et al. 1996, Lin et al. 2002, Major et al. 2007, Kezirian et al. 2008, Ucok
et al. 2011, de Jonge et al. 2012). Methodological discrepancies largely contributed to these
inconsistencies: whereas the former studies mostly did not, the more recent analyses have
adjusted resting energy expenditure (REE) for fat-free mass (FFM). Interestingly, three
studies demonstrated increases in REE in patients with OSA compared to healthy subjects
after adjustments for FFM (Stenlof et al. 1996, Ucok et al. 2011, Fekete et al. 2015).

Mechanisms affecting REE in patients with OSA are not well understood. In a recent
study that evaluated a range of factors influencing REE in obese Caucasian women, a history
of OSA, and impaired glycaemic status were both significant predictors of REE (Hagedorn et

al. 2012). Nevertheless, no diagnostic polysomnography was performed in that study, and
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thus relationships between the severity of OSA and REE remained unclear. In addition,
insulin  resistance was not objectively assessed either by direct (euglycaemic
hyperinsulinaemic clamp) nor by indirect (homeostasis model assessment, HOMA-IR)
methods in any of the previous studies on REE in patients with OSA. Nevertheless, increases
in REE were related to decreases in insulin sensitivity in healthy subjects following voluntary
sleep restriction (Bosy-Westphal et al. 2008). Therefore, the aim of the present study was to
analyze relationships between OSA severity, insulin sensitivity and REE in obese patients

with OSA diagnosed by overnight polysomnography.

Patients and Methods

Subjects

Clinically stable men with suspected OSA referred to the sleep unit at a tertiary
referral teaching hospital (Department of Respiratory Medicine, Faculty of Medicine, P. J.
Safarik University and L. Pasteur University Hospital, Kosice, Slovakia) for a diagnostic
sleep study were prospectively recruited. Exclusion criteria were as follows: 1) chronic
respiratory diseases other than OSA, such as bronchial asthma, chronic obstructive pulmonary
disease, restrictive pulmonary disorders or hypoventilation syndrome; 2) known metabolic,
endocrine, autoimmune, hepatic or renal disorders; 3) malignancy; 4) overt heart failure; or 5)
regular use of sedatives, antidepressant or antipsychotic medication or alcohol. In all subjects,
pulmonary function tests were assessed with the use of bodyplethysmography (Ganshorn,
Germany) in accordance with European Respiratory Society standards (Miller et al. 2005).
The study was conducted in accordance with the principles of Helsinki declaration, approved
by the L. Pasteur University Hospital ethics committee, and all subjects provided written

informed consent.



Sleep assessments

All participants underwent full attended diagnostic overnight polysomnography (Alice
4; Respironics Inc., Murrysville, Pennsylvania, USA), comprising continuous recording of
electroencephalography (EEG), electrooculography, electromyography, electrocardiography,
thoracic and abdominal impedance belts, thermistor for nasal and oral airflow, pulse oximetry
and microphone for snoring. All records were scored manually following the American
Academy for Sleep Medicine (AASM) 2007 guidelines (Berry et al. 2012). Apnoea was
identified as a drop in airflow of >90% from the baseline excursion for >10 s; hypopnoea was
defined as a reduction in airflow of >50% of baseline for >10 s accompanied either by a
decrease in haemoglobin saturation for >3%, an EEG-recorded arousal, or both. The
apnoea/hypopnoea index (AHI) was defined as the number of apnoea and hypopnoea episodes
per hour of sleep. Oxygen desaturation index (ODI) was defined as the number of oxygen
desaturations of haemoglobin of >3% per hour of sleep. The classification of OSA severity
was based on the AASM guidelines as follows (Berry et al. 2012): mild: AHI >5 and <15
episodes.h™; moderate: AHI >15 and <30 episodes.h™; and severe: AHI >30 episodes.h™. The
entire cohort was divided based on OSA severity into two groups: (1) patients with moderate-
to severe OSA (AHI >15 episodes.h™), that was shown to be associated with important
clinical consequences (such as increased cardiovascular risk) irrespective on the presence of
symptoms (Epstein et al. 2009), and (2) participants with no clinically significant OSA (AHI

<15 episodes.h™).

Body composition
Bioelectrical impedance (Bodystat 1500, Bodystat, Isle of Man, UK) analysis (BIA)

was performed after overnight fasting to assess the amount of fat mass and FFM (in Kkg).
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Impedance was measured between the right wrist and right ankle using a tetrapolar electrode
system and the obtained data were analyzed using the manufacturer’s software. To adjust for
differences in body surface, both fat mass and FFM were divided by squared height.
Subsequently, the fat-free mass index [FFMI; fat-free mass in kg.(height in m)?] was used as
a surrogate measure of skeletal muscle mass, while the fat mass index [FMI; fat mass in kg.

(height in m)?] was used as a measure for body fat mass.

Biochemical analyses

In all patients, peripheral venous blood samples from the antecubital vein were
collected between 7.00 and 8.00 a.m. after overnight fasting. Routine biochemical and
haematological assessments were performed at the day of collection. Serum insulin was
determined with electrochemiluminiscence immunoassay kits (Elecsys) on Roche Elecsys
1010/2010 and modular analytics E170 immunoassay analyzers (Roche Diagnostics GmbH,
Germany); plasma glucose was measured by the glucose oxidase method on a Beckman
autoanalyzer. Insulin resistance was estimated by the HOMA-IR using the following formula:
fasting serum insulin (mU.L™) x fasting plasma glucose (mmol.L™%)/22.5 (Matthews et al.
1985).

Serum leptin, soluble leptin receptor (SOB-R) and adiponectin were determined by the
enzyme-linked immunosorbent assays (DRG, Germany; BioVendor, Germany). Leptin to

sOB-R ratio was used to calculate the free-leptin index (FLI).

Measurements of resting energy expenditure
Resting energy expenditure (REE) was measured by open-circuit indirect calorimetry
using the Ergostik system (Geratherm, Germany). Patients were breathing through an oro-

nasal interface that enabled a breath-to-breath analysis of gases. Internal pacing frequency of
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the gas analyzer was 125 Hz. Oxygen concentration was measured by an electrochemical
sensor and carbon dioxide concentration by infrared absorption method. The system was
calibrated daily. Prior to each metabolic test, the flowmeter was calibrated using a 3 litre
calibration syringe (Pulmonary Data Services Inc., USA) and the gas analysers were
calibrated using a two-point calibration method with certified gases (15.9% O,, 5.0% CO,,
Linde Gas, Slovakia). Patients were examined after at least 10 hours fast, and refraining from
smoking, alcohol and caffeine consumption, and vigorous physical activity for 24 hours prior
to the test. Patients were placed in a comfortable reclined position, allowed to rest at least 30
min prior to measurement. The measurements were recorded within a 30 min period between
8.00 and 9.00 a.m., and REE was calculated from oxygen consumption and carbon dioxide
production using the abbreviated Weir equation (Weir 1949). Since the absolute values of
REE depend on body size, we calculated the ratio of REE to fat-free mass (REE/FFM) as

suggested previously (Rotella and Dicembrini 2015).

Statistical analyses

Statistical analyses were performed using SPSS software version 14.0 (SPSS Inc.,
USA). The Kolmogorov-Smirnov test of normality was applied. Differences between groups
in normally distributed variables were tested by unpaired t-test and in non-normally
distributed variables by Wilcoxon-Mann-Whitney U-test. Chi-square test was used to
compare the proportion of ever smokers between groups.

Least-squares linear regression analysis was used to assess the unadjusted
relationships between the REE/FFM or HOMA-IR and independent variables. Pearson
product-moment correlation coefficient (R) is reported to show the degree of linear
relationship between variables. In the multivariate analyses, multiple linear regression models

were used with REE/FFM or HOMA-IR as the dependent variable, and age, AHI, ODI,
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arousal index, and FMI as independent variables. Coefficient of determination (R?) is reported
to indicate the model fit, and percentage of variance of the dependent variables explained by
the predictors included in the model.

A p value of <0.05 was considered statistically significant. Continuous variables with
normal distribution are shown as means (SD), non-normally distributed variables as median

(interquartile range).

Results

Study population

Forty men with suspected OSA [mean age, 49.4 (11.4) years] with an overweight to
obese BMI [mean, 30.8 (2.6) kg.m™] were recruited. OSA was diagnosed in 36 patients (mild
in 12, moderate in five and severe in 19 patients, respectively), whereas four men had no
sleep-disordered breathing. Participants were divided into two groups according to the AHI:
the first was formed by 16 men with no clinically significant OSA (AHI <15 episodes.h™),
and the second by 24 male patients with the diagnosis of moderate-to severe OSA (AHI >15
episodes.h™).

Table 1 displays demographic data, lung function and body composition parameters in
the two groups. No significant differences were observed between the groups in the mean age,
BMI, FMI and FFMI. Although no restrictive lung disease or obstructive airflow limitation
was present in neither of the two groups, patients with moderate-to severe OSA had
significantly lower lung volumes than individuals with no clinically significant OSA (Table
1).

Glucose metabolism parameters and adipokine concentrations in the two groups are

displayed in Table 2. Although subjects in both groups were euglycaemic, those with
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moderate-to severe OSA had higher HOMA-IR (p=0.01). No differences were seen in plasma

concentrations of adipokines between the two BMI-matched groups.

Resting energy expenditure and insulin resistance

Basal metabolic rate expressed as REE/FFM was significantly higher in patients with
moderate-to severe OSA compared to participants with no clinically significant OSA [30.4
(26.1-31.3) versus 25.8 (24.6-27.3) kcal .kg™.24 h*, p=0.005, Figure 1). Parameters reflecting
OSA severity, i.e., AHI, ODI and arousal index were directly related to REE/FFM (p=0.001,
p<0.001; p=0.004, respectively) and to HOMA-IR (p<0.001 for all) (Table 3). A significant
positive linear relationship was present between REE/FFM and HOMA-IR (p<0.05) (Table 3).

In the stepwise multiple linear regression models with age, AHI, ODI, arousal index
and FMI as co-variates, age (p=0.028) and ODI (p<0.001) were independent predictors of
REE/FFM (R®=0.346). HOMA-IR was independently predicted by ODI only (p<0.001,

R?=0.457).

Discussion

A worldwide epidemic of obesity, a critical risk factor for diabetes and cardiovascular
diseases, has led to intense studies into mechanisms that govern energy balance and insulin
resistance in obesity and associated disorders, including sleep-disordered breathing. The
present study demonstrates that male patients with moderate-to severe OSA have increased
REE, paralleled by impaired insulin sensitivity compared to BMI-matched men with no
clinically significant OSA. By concomitant assessment of REE, body composition and insulin
sensitivity in a well-defined cohort of middle-aged men assessed by overnight

polysomnography, our findings demonstrate that OSA severity as reflected by oxygen
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desaturation index is an independent predictor of both, basal metabolic rate and HOMA-IR in
such patients.

Increased body size-corrected energy expenditure in patients with OSA compared to
control subjects was previously demonstrated in some (Stenlof et al. 1996, Lin et al. 2002,
Ucok et al. 2011) but not all studies (Ryan et al. 1995, Major et al. 2007). In addition, while
some studies demonstrated a positive association between the indices of OSA severity and
REE (Kezirian et al. 2008, de Jonge et al. 2012), the study of Major et al. (2007) failed to
identify such relationship. A recent study, that included by far the largest number of
overweight-to obese male patients with OSA, reported increased REE corrected for lean body
mass in comparison with control subjects without OSA (Fekete et al. 2015). Importantly, the
present findings extend previous observations of increased REE among patients with OSA
further: here we demonstrate for the first time that insulin resistance assessed by HOMA-IR
was related to REE in OSA. This observation parallels previous observations in healthy
individuals by Bosy-Westphal et al. (2008) who reported decreases in insulin sensitivity or a
higher insulin secretion in those healthy individuals who developed increases in REE
following voluntary sleep deprivation.

Several mechanisms might contribute to increases in basal metabolic rate in patients
with OSA. Interestingly, animal studies suggested that sustained hypoxia per se reduces
energy metabolism, in association with attenuated lipid uptake in most tissues (Jun et al.
2013). In addition, administration of hypoxia-inducible factor-1a. antisense oligonucleotides
resulted in increased energy expenditure in mice (Shin et al. 2012). In contrast, however,
activation of hypoxia-inducible factor-1o. by ascent to high altitude is considered one of
potential basal metabolism increasing and weight-losing strategies among humans (Palmer
and Clegg 2014). OSA is characterized by chronic intermittent hypoxia during sleep that has

been consistently associated with sympathetic activation both in animal models of OSA and
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also in patients with OSA (Phillips et al. 2000; Grassi et al. 2005; Dewan et al. 2015;
Mesarwi et al. 2015). In addition, higher daytime urinary norepinephrine was found in
patients with OSA compared to healthy snorers and, importantly, plasma norepinephrine was
positively correlated with energy expenditure during sleep in these patients (Stenlof et al.
1996). Importantly, apart from sympathetic activation resulting from chronic intermittent
hypoxia, other factors likely contribute to increased energy expenditure in patients with OSA.
Indeed, increases in energy expenditure resulting from augmented but ineffective respiratory
effort of inspiratory muscles (Chien et al. 2010) may also contribute to the nocturnal increases
of sympathetic nerve activity, and thus to increased metabolic rate in OSA patients. In the
present study, REE/FFM was independently predicted by ODI which is an objective marker
of OSA severity and of the degree of nocturnal intermittent hypoxia. Measurements of
sympathetic nerve activity were beyond the scope of the present investigation. Therefore,
further studies are needed to elucidate the effects of hypoxia-induced sympathetic activation
on energy metabolism in patients with OSA in more detail.

Among other mechanisms affecting energy balance, leptin signaling has to be
considered. Leptin, an adipocyte-derived hormone which circulates in the plasma at
concentrations proportional to fat mass, crosses the blood brain barrier where it activates its
receptors in the hypothalamus to control body weight by reducing food intake and increasing
energy expenditure (Rosenbaum and Leibel 2014). Importantly, leptin signaling interacts with
systemic hypoxia to increase sympathetic nerve activity and basal metabolic rate at high
altitude exposure (Enriori et al. 2011, Hansen and Sander 2003). In the present study we took
great care to match patients with moderate-to severe OSA to participants with no clinically
significant OSA for BMI, and neither FMI nor any of the adipokine level (leptin, adiponectin,

sOB-R, FLI) differed between the two groups.
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In our recent studies within the large ESADA cohort of 5294 participants we have
demonstrated that OSA severity independently predicted glycaemic health in non-diabetic
subjects on one hand, and increased the risk of concomitant type 2 diabetes and worse
diabetic control in diabetics on the other (Kent et al. 2014). Insulin sensitivity was not
assessed within these large epidemiological cohorts, and thus our present results complement
previous findings by demonstrating a close relationship between HOMA-IR and indices of
OSA severity such as AHI, arousal index and ODI. In the present study ODI was the only
independent predictor of HOMA-IR in multivariate analyses. In animal studies, chronic
intermittent hypoxia induced insulin resistance in both obese and lean mice (Polotsky et al.
2003, liyori et al. 2007, Drager et al. 2011) and its reversal by hypoxia-inducible factor
inhibitor was followed by an improvement of insulin sensitivity (Shin et al. 2012).

There are several limitations to this study. First, only a limited number of patients
were studied. However, compared to participants with no clinically significant OSA, patients
with moderate-to severe OSA had median values of REE/FFM increased by 18%, and
HOMA-IR by 54%. Therefore, although our results are robust to gain some understanding on
the role of OSA severity in sleep-disordered breathing-related increases in metabolic rate,
they should be considered preliminary and hypothesis generating. Second, exploring gender
differences in the outcomes of interest was beyond the scope of the present study, and only
men were recruited. Nevertheless, gender appears to represent a significant determinant of fuel
metabolism and its response to various physiological and pathological stimuli (Henderson
2014). In the future, gender differences in basal metabolism response to OSA and its reversal
by therapy have to be considered. Furthermore, insulin sensitivity was approximated by using
HOMA-IR instead of the euglycaemic insulin clamp. Nevertheless, insulin sensitivity indices
derived from the homeostatic model are strongly related to values obtained by the clamp

method (Wallace et al. 2004). Final limitation of the study relates to its cross-sectional nature
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that does not allow for the determination of time-course relationship between REE, HOMA-
IR and the severity of OSA. Nevertheless, concomitant measurements, within one group of
patients with sleep-disordered breathing, of REE, body composition, insulin sensitivity and of
serum adipokines are unique and represent strength of the study.

In conclusion, our study highlights the role of sleep apnoea severity in the increases of
energy expenditure in patients with moderate-to severe OSA that are paralleled by an
impairment of insulin sensitivity. Our observation suggests that the reversal of OSA by the
application of continuous positive airway pressure (CPAP) may potentially normalize the
increased energy expenditure in patients with OSA. Indeed, a recent study that investigated
the effect of CPAP treatment on REE demonstrated a normalization of initially increased
nocturnal REE after six months of CPAP use in OSA patients compliant with the therapy
(Bamberga et al. 2015). In line with this observation, a recent meta-analysis documented a
small but significant weight gain after the initiation of CPAP therapy (Drager et al. 2015).
Further studies are needed to address the pathological mechanisms underlying the observed

relationships in more details.
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Table 1. Demographic, anthropometric, lung function and polysomnography

AHI < 15 episodes.h™ | AHI> 15 episodes.h™ p

Participants, No. 16 24
Age, years 47.8 (13.3) 50.4 (10.0) 0.669
Ever smokers, % 25.0 37.5 0.630
BMI, kg.m™ 30.3(2.2) 31.1(2.7) 0.336
FFMI, kg.m™ 21.9 (1.2) 21.8 (1.4) 0.647
FMI, kg.m™ 8.3 (1.4) 9.3 (1.8) 0.067
FVC, % predicted 103.7 (8.5) 92.5 (12.6) 0.003
FEV, % predicted 99.5(8.4) 90.7 (11.7) 0.014
AHI, episodes.h™ 9.5 (4.9-12.1) 49.0 (31.2-67.5) <0.001
ODI, episodes.h™ 4.2 (2.8-8.1) 39.1 (23.1-64.1) <0.001
Arousal index, 15.1 (13.0-19.0) 56.7 (38.3-73.7) <0.001

episodes.h

ESS, points 6.0 (4.5-7.5) 7.0 (4.5-9.0) 0.489

Data are presented as mean (SD) or median (interquartile range) as appropriate, unless
indicated otherwise.

AHI — apnoea/hypopnoea index; BMI — body mass index; FFMI — fat-free mass index; FMI —
fat mass index; FVC — forced vital capacity; FEV; — forced expiratory volume in 1 s; ODI —

oxygen desaturation index; ESS — Epworth Sleepiness Scale score
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Table 2. Glucose metabolism parameters and serum adipokine levels

AHI < 15 episodes.h™ | AHI> 15 episodes.h™ p
Glucose, mmol.I"* 5.1 (4.6-5.3) 5.3 (4.7-5.7) 0.143
Insulin, mU.I™ 8.2 (5.9-11.8) 11.6 (8.1-13.8) 0.054
HOMA-IR 1.7 (1.4-2.2) 2.6 (2.1-3.6) 0.010
Adiponectin, pg.ml™ 5.0 (2.8-8.4) 6.1 (4.3-8.8) 0.230
Leptin, ng.ml™ 16.3 (12.0-24.0) 19.2 (14.7-25.6) 0.383
sOB-R, ng.ml™ 28.8 (26.2-48.3) 37.1 (25.4-46.4) 0.558
FLI 0.5 (0.3-0.9) 0.5 (0.4-0.8) 0.858

Data are presented as median (interquartile range).

AHI — apnoea/hypopnoea index; HOMA-IR — homeostasis model-assessed insulin resistance;

sOB-R — soluble leptin receptor; FLI — free leptin-index (leptin to sOB-R ratio)
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Table 3. Bivariate regression analyses with REE/FFM and HOMA-IR as dependent

variables
REE/FFM HOMA-IR
Independent
R p R p
variable
Age -0.254 0.114 -0.087 0.600
FMI 0.245 0.127 0.376 0.018
AHI 0.500 0.001 0.676 <0.001
ODI 0.504 <0.001 0.687 <0.001
Arousal index 0.442 0.004 0.632 <0.001
HOMA-IR 0.320 0.047 | - -—--

REE/FFM — resting energy expenditure adjusted for fat-free mass; HOMA-IR — homeostasis
model-assessed insulin resistance; FMI — fat mass index; AHI — apnoea/hypopnoea index;

ODI — oxygen desturation index;
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Figure 1. Resting energy expenditure in male subjects without and with moderate-to

severe obstructive sleep apnoea
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* - p<0.01 compared to subjects with AHI <15 episodes.h™;
REE/FFM - resting energy expenditure adjusted for fat-free mass; AHI — apnoea/hypopnoea
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