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“Take home” message: Obstructive sleep apnea (OSA) is an independent risk 

factor for incident metabolic syndrome (MetS) through mediation of nocturnal 

hypoxaemia in the general population. Conversely, MetS does not appear to be 

independently associated with incident OSA. 
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Abstract 

Cross-sectional studies have demonstrated that obstructive sleep apnoea (OSA) and 

metabolic syndrome (MetS) are often associated, but whether a temporal 

relationship exists is unknown. We aimed to investigate the effect of OSA on the risk 

of developing MetS in the general population. A prospective study was conducted 

combining two population-based samples: Episono (Brazil) and HypnoLaus 

(Switzerland). MetS was assessed according to the Joint Interim Statement. 

Polysomnography (PSG) was performed at baseline and follow-up in Episono, and at 

baseline in HypnoLaus. OSA was defined according to apnoea-hypopnoea index as 

mild (5.0-14.9/h) and moderate-to-severe (≥15.0/h). We included 1853 participants 

(52±13 years, 56% female) without MetS at baseline. After 6±1 years, 318 (17.2%) 

developed MetS. Moderate-to-severe OSA was independently associated with 

incident MetS (OR=2.58 [1.61-4.11]) and increased the number of MetS components 

from baseline to follow-up through mediation of %time spent with oxygen saturation 

<90%. Subset analysis in Episono confirmed that the increase in this parameter 

between baseline and follow-up PSGs represented a risk factor for incident MetS 

(OR=1.42 [1.04-1.95] for each 10% increase). In conclusion, OSA is independently 

associated with an increased risk of developing MetS through mediation of nocturnal 

hypoxaemia in the general population.  

 

 

 

 

 



 
 

Introduction 

Metabolic syndrome (MetS) is a worldwide major public health concern [1]. It is 

characterized by a cluster of interrelated cardiometabolic risk factors, such as 

abdominal obesity, atherogenic dyslipidaemia, high blood pressure and 

hyperglycaemia [2]. 

Previous investigations have demonstrated that obstructive sleep apnoea (OSA) and 

MetS tend to cluster in clinical populations [3, 4]. Considering that OSA 

independently predicts weight gain,[5] it has been postulated that obesity could be 

the main mediator of the association between OSA and MetS [6, 7]. However, a 

meta-analysis of 10 cross-sectional studies revealed that OSA was significantly 

associated with MetS independently of body mass index (BMI) [8]. Intermittent 

hypoxaemia and sleep fragmentation due to multiple arousals are among the most 

plausible pathophysiological hypothesis linking OSA to MetS, as they could mediate 

oxidative stress, impair glucose and lipid metabolism and contribute to a pro-

inflammatory state [9].  

The relationship between OSA and MetS could be bidirectional with OSA increasing 

the risk of developing MetS or the opposite. It is thus important to determine the 

temporal relationship between these two conditions.  

Thus, the primary aim of the current study was to evaluate the impact of OSA 

on the incidence of MetS in a multiethnic sample combining two population-based 

samples (Episono in Brazil and HypnoLaus in Switzerland). Secondary aims 

included the analysis of the MetS components affected by OSA and the mediators of 

this association, as well as the possible bidirectional relationship between MetS and 

OSA (in Episono cohort).  

 



 
 

Material and methods 

Study design and population 

The sample was derived from two prospective population-based studies: Episono 

[10] and HypnoLaus [11] (a nested-study of CoLaus/PsyCoLaus) [12]. Episono and 

HypnoLaus sleep cohorts were designed to assess the prevalence and determinants 

of OSA in a general population from the cities of São Paulo, Brazil (August 2007 to 

January 2008) and Lausanne, Switzerland (September 2009 to June 2013), 

respectively. The design, sampling and procedures of both cohorts were described 

elsewhere [10, 11]. Briefly, 1074 individuals from Episono and 2162 from HypnoLaus 

had a baseline examination including demographic, medical history, anthropometric 

and blood pressure measurements, blood sample collection for biological assays, 

subjective sleep assessment, and underwent an overnight full polysomnography 

(PSG). 

After a mean follow-up of 7.9 years (Episono) and 5.2 years (HypnoLaus), 

participants underwent a second examination (July 2015 to April 2016 for Episono, 

n=712; May 2014 to May 2017 for HypnoLaus, n=1990), in which demographic, 

clinical and biochemical parameters were reassessed.  

 

Ethics 

Episono was approved by the Ethics Committee of Universidade Federal de São 

Paulo (593/06 and 610514/14) and HypnoLaus by the Ethics Committee of the 

University of Lausanne (16/03 and 33/09). Written informed consent forms were 

completed and signed by all participants. 

 

 



 
 

Questionnaires 

Information about demographic data, socioeconomic and marital status, self-reported 

ethnicity, menopausal status, frequency of smoking and alcohol consumption, 

physical activity, current medications and subjective aspects of sleep was collected 

using questionnaires in both cohorts. Self-reported sleep duration was obtained from 

the fourth question of the Pittsburgh Sleep Quality Index, while subjective sleepiness 

was assessed through the Epworth Sleepiness Scale (ESS) [13]. 

 

Clinical data 

All measurements were made by trained observers with standard techniques. Body 

weight was measured in kilograms (kg) using a calibrated scale to within 0·1 kg 

(Seca®, Hamburg, Germany, HypnoLaus/CoLaus; InBody 720 Biospace, Cerritos, 

USA, Episono). Height was measured using a vertical stadiometer (Seca®, 

Hamburg, Germany, HypnoLaus; Professional Stadiometer Sanny, São Paulo, 

Brazil, Episono) to within 0·5 cm. Waist (at the level of the umbilicus) circumference 

was measured to within 1 mm with plastic tape.  

Systolic (SBP) and diastolic (DBP) blood pressure were assessed in triplicate on the 

left arm at 5-min intervals with the participant seated and resting for at least 10 min 

using calibrated automated oscillometric sphygmomanometers (Omron® HEM-907, 

Matsusaka, Japan for HypnoLaus and Geratherm Desktop 995, Geratherm, 

Germany, for Episono). The mean of the second and third measurements was used 

for analysis. Exceptionally in Episono, only one measurement of blood pressure was 

performed at baseline.  

 

 



 
 

Blood assays 

Overnight fasting blood samples were taken from the antecubital vein of each 

participants in the morning attendance to the outpatient clinic (HypnoLaus) or after 

PSG (Episono). Glucose, total cholesterol, high-density lipoprotein (HDL) cholesterol 

and triglycerides were quantified by colorimetric assays as previously described [10, 

12]. C-reactive protein was measured by immunoassay in both cohorts. The assays 

were performed on fresh blood samples by the CHUV Clinical Laboratory (Lausanne, 

Switzerland) and the Associação Fundo de Incentivo à Pesquisa (AFIP) Medicina 

Diagnóstica (São Paulo, Brazil). 

 

Polysomnography 

Participants of the Episono cohort were subjected to a full-night PSG at both 

baseline and follow-up periods in the sleep laboratory (São Paulo, Brazil) using 

Embla N7000 recorders (Embla Systems Inc., Broomfield, USA). Participants of the 

HypnoLaus study were equipped with a Titanium PSG recorder (Embla Flaga, 

Reykjavik, Iceland) and underwent a full-night PSG at their home. 

Both sleep cohort studies followed the 2007 American Academy Sleep Medicine 

(AASM) recommended setup specifications [14]. Physiological variables evaluated 

during PSG included: electroencephalogram, electrooculogram, surface 

electromyogram, electrocardiogram, airflow (thermistor and nasal cannula in 

Episono; nasal cannula in HypnoLaus), respiratory effort by inductance 

plethysmography belts, oxygen saturation (SpO2) by pulse oximeter, snoring and 

body position.  

Sleep stages and arousals scorings were performed according to the 2007 AASM 

manual  in both sleep cohorts [14], with the exception of the baseline sleep staging 



 
 

and arousals scoring from Episono that followed older manuals [15]. Respiratory 

events were rescored according to the recommended rules of the 2012 AASM 

manual. OSA severity was classified according to the apnoea-hypopnoea index 

(AHI) as mild (AHI ≥5 and <15 events/h) or moderate-to-severe (AHI ≥15 events/h). 

A further dichotomization of OSA as AHI ≥15 events/h vs. <15 events/h was 

performed based on the lack of substantial evidence about the cardiometabolic 

consequences of mild OSA [16].  

 

Outcome  

MetS was defined according to the Joint Interim Statement[2], i.e. by the presence of 

at least three risk factors: high blood pressure (SBP ≥130 mm Hg or DBP ≥85 mm 

Hg or antihypertensive medication); visceral obesity (waist circumference ≥88 cm in 

women and ≥102 cm in men); high triglycerides (≥1.7 mmol/L or fibrates or nicotinic 

acid medication); low HDL levels (<1.30 mmol/L in women and <1.03 mmol/L in men, 

or fibrates or nicotinic acid medication) and high fasting plasma glucose (≥5.6 

mmol/L or antidiabetic medication). In the Episono cohort, due to the high ethnical 

miscegenation, we considered additional cutoffs for waist circumference in those 

who declared themselves as Asian: ≥80 cm in women or ≥90 cm in men, as 

recommended by World Health Organization (WHO) [17]. The difference between 

the number of MetS components between the follow-up and the baseline was 

denominated as changes in MetS components. 

 

Comorbidities and insulin resistance 

Hypertension was defined as a SBP ≥140 mmHg and/or DBP ≥90 mmHg, and/or use 

of antihypertensive medication. Diabetes was defined by fasting plasma glucose 



 
 

levels ≥7.0 mmol/L and/or presence of antidiabetic medication [18]. Insulin 

resistance was evaluated using the homeostatic model assessment (HOMA-IR) 

defined as fasting serum insulin (μU.ml-1) × fasting plasma glucose (mmol.L-1)/22.5 

[19].  

 

Inclusion criteria 

Inclusion criteria were: 1) absence of MetS at baseline; 2) complete clinical and 

biological data for MetS diagnosis at baseline and follow-up; 3) total sleep time (TST) 

>4 h (to avoid the risk of a misrepresentation of sleep pattern); and absence of 

central sleep apnoea (CSA), defined as an AHI ≥5 events/h and more than 50% of 

the events as central.  

 

Statistical analysis 

Descriptive data were presented as number of participants (% or 95% confidence 

interval, CI) for categorical variables or as mean ± standard deviation or median ± 

interquartile interval for continuous variables. Bivariate analyses were performed 

using Pearson’s chi-square and Mann-Whitney tests. Each sleep-related variable was 

tested separately as risk factors of incident MetS through multivariable logistic 

regression adjusted for cohort, age, BMI, and number of MetS components at 

baseline (Model 1). Then, a fully adjusted model including age, BMI, sex with 

menopausal status, cohort, number of MetS components, education, physical 

activity, and marital status at baseline was performed (Model 2). Results from logistic 

regression were presented as odds ratio (OR) and 95% CI. Since OSA prevalence is 

different in males and females, a stratified analysis was performed. To understand 

the mechanisms underlying the effect of OSA on incident MetS, a multivariable-



 
 

adjusted logistic regression analyses were performed with the incidence of each 

MetS component as an independent outcome.   

Mediation analysis adjusting for confounders was performed to calculate the direct 

and indirect effects of OSA on the changes of MetS’s number of components by 

testing possible mediators based on their biological plausibility. The direct effect (c’ 

pathway) indicates the effect of OSA on the changes of MetS’s number of 

components taking into consideration the mediator in the model. Mediation effect 

was assessed by bootstrap with 1000 replications and Sobel test. Results are 

presented as effect coefficient (b) and standard error (SE). 

From 1046 participants with OSA (AHI>5/h), only 4.2% (n=44) self-reported being on 

continuous positive airway pressure (CPAP) treatment. However, as sensitivity 

analysis did not show any impact on the results when including or excluding those 

subjects, we included all individuals in the results. All analyses were performed using 

the SPSS software version 21 (IBM, Chicago, USA) with a statistical significance set 

as two-sided test with p<0.05. For mediation analysis, we used the PROCESS 

procedure for SPSS, version 2.16.3 (model 4). 

 

 

 

Results 

Studied population 

Of the initial 3236 participants of both cohorts, 534 (16.5%) dropped from the follow-

up study due to death or consent withdrawal. There were no significant differences 

between included and excluded participants regarding BMI, MetS and sex 



 
 

distribution. Conversely, excluded participants were younger, singles, with lower AHI 

and education, and coming mostly from Episono cohort (Supplementary Table 1).  

A comparison of demographic characteristics showed some differences between the 

cohorts. HypnoLaus had a higher prevalence of MetS at the baseline evaluation 

compared to Episono (30.7% vs 25.6%). The mean age (54.3 ± 16.6 vs 39.5 ± 19.5 

years) as well as the prevalence of AHI≥15/h (27.2% vs 13.2%) were higher in 

HypnoLaus. On the other hand, the incidence of MetS was greater in Episono (5.6% 

per year) compared to HypnoLaus (1.5% per year) and associated with older age. In 

addition, the incidence of MetS was associated with male sex and low education only 

in HypnoLaus (Supplementary Table 2). 

After exclusion of participants with missing data (n=20), baseline MetS (n=768), CSA 

(n=4), and TST<4 h (n=57), 1853 participants were included in our study (Figure 1). 

The mean ± standard deviation of age and BMI in the merged sample were 51.9 ± 

13.1 years and 24.9 ± 3.7 kg/m2, respectively. Approximately 56% were female and 

88% were white/Caucasian.   

After a mean follow-up of 5.9 ± 1.3 years, the incidence of MetS was 17.2% (n=318). 

Participants who developed MetS were younger and presented higher BMI, lower 

frequency of postmenopausal women, white/Caucasian ethnicity and higher 

frequency of middle educational level, Asian, Mixed-race and Black ethnicities and 

married individuals compared to those who did not (Table 1).  

At baseline, participants who developed MetS had a higher number of MetS 

components as well as higher proportions of diabetes, hypertension, dyslipidaemia, 

visceral obesity, antihypertensive and antidiabetic medication use, waist 

circumference, SBP, DBP, insulin, HOMA-IR and triglycerides levels, compared to 

those who did not (Table 1). Additionally, we observed a lower frequency of weekly 



 
 

and daily alcohol consumption as well as lower levels of total, LDL, and HDL 

cholesterol in participants who developed MetS compared to those who did not.  

Table 2 shows the univariate analysis of the sleep parameters according to the 

incidence of MetS. At baseline, participants who developed MetS presented lower 

values of TST, sleep efficiency, REM sleep, arousal index; and higher values of time 

with SpO2<90% and ESS score compared to those who did not. Participants who 

developed MetS also had higher proportion of moderate-to-severe OSA and lower of 

mild OSA compared to those who did not. 

 

Sleep and incident MetS 

Table 3 shows the effect of sleep parameters on incident MetS after adjustment for 

cohort, age, BMI and number of MetS components at baseline (Model 1). 

Participants with moderate-to-severe OSA had a 2-fold increased risk of developing 

MetS compared to no-OSA. After inclusion of age, BMI, sex with menopausal status, 

cohort, number of MetS components, education, marital status, physical activity, and 

ethnicity, the effect of moderate-to-severe OSA remained significant (Model 2). 

Similar findings were obtained when the analysis was split in male and female 

subsamples (Supplementary Table 3). 

 

Components of MetS affected by OSA status 

Among the five components of MetS (Figure 2), we found a significant effect of 

moderate-to-severe OSA only on the incidence of visceral obesity (OR=1·65, [95% 

CI: 1.13-3.25]) when compared to no-OSA.  

 

 



 
 

Mediators between OSA and MetS 

Mediation analyses using OSA as the independent variable and changes in MetS 

components as the outcome were performed adjusting for cohort, BMI, age, sex, and 

number of MetS components at baseline (Table 4). Among sleep parameters, 

mediation was significant only for time with SpO2<90%. OSA was a significant 

predictor of time with SpO2<90% (b=3.334, SE=0.489, p<0.0001), which in turn was 

a significant predictor of the changes in MetS components (b=0.005, SE=0.002, 

p=0.038), supporting the mediational hypothesis. OSA remained a significant 

predictor of the increase in the number of MetS components after controlling for time 

with SpO2<90% (b=0.183, SE=0.046, p<0.0001), indicating partial mediation (Figure 

3). Among cardiometabolic parameters, mediation was significant for the increase 

from baseline to follow-up of waist circumference, fasting glucose and insulin levels, 

and HOMA-IR. OSA was a significant predictor of increased waist circumference, 

fasting glucose, fasting insulin and HOMA-IR, which in turn were significant 

predictors of changes in MetS components. OSA did not remain a significant 

predictor of changes in MetS components after controlling for each of these 

mediators, indicating total mediation (Figure 3). In addition, we verified that OSA 

increased waist circumference and HOMA-IR (but not glucose levels) through partial 

mediation of time with SpO2<90% (Figure 4).   

 

Evolution of sleep parameters and MetS incidence 

Considering that the Episono’s participants also underwent a full PSG at follow-up, 

we sought to confirm our findings using the evolution of sleep parameters between 

baseline and follow-up as possible risk factors of MetS incidence (Supplementary 

Table 4). After adjustment for sex, age, baseline BMI, number of MetS components 



 
 

and difference in BMI, we found significant effects of the difference in time with 

SpO2<90% and in oxygen desaturation index (ODI) on the risk of developing MetS. 

Each 10% increase in time with SpO2<90% and each 10 desaturations/h increase of 

ODI were associated with 36% and 22% higher risk of developing MetS, 

respectively.  

 

Bidirectional relationship between OSA and MetS  

To assess whether the relationship between OSA and MetS could be bidirectional, a 

subset analysis was performed in 547 participants free of OSA from the Episono 

cohort (Supplementary Table 5). After adjustment for sex, age and baseline AHI, the 

presence of baseline MetS was significantly associated with incident OSA (OR=1.92, 

[95% CI: 1.13-3.25]). Nevertheless, with additional adjustment for baseline BMI, 

MetS was no longer a significant predictor of incident OSA. 

 

 

Discussion 

To the best of our knowledge, this is the first prospective study to evaluate the 

impact of OSA and other objectively assessed sleep parameters on the incidence of 

MetS. Our results show a 6-year MetS incidence of 17.2% in this large multiethnic 

population-based sample. Moderate-to-severe OSA was independently associated 

with two-fold increased risk of developing MetS, mainly through an increase in waist 

circumference mediated by nocturnal hypoxaemia. On the opposite, baseline MetS 

was not an independent predictor of incident OSA since its effect was mainly 

attributable to baseline BMI. 



 
 

Previous cross-sectional studies have demonstrated an independent association 

between OSA and MetS [8]. Dose-response relationship between OSA severity and 

some components of MetS have also been shown [11, 20].  

In a prospective community-based study, only loud snoring among several subjective 

sleep symptoms was independently associated with increased risk of MetS [21]. In a 

subset of 290 participants of this study, AHI was measured using a portable monitor 

and showed a significant association with incident MetS after adjustment for baseline 

sociodemographic and lifestyle factors. These results are in line with ours although 

the authors did not adjust this analysis for the baseline number of MetS components. 

Recently, a large prospective Korean population-based study assessed the 

combined effects of OSA (AHI>10) and inflammation (hs-CRP levels >75th 

percentile) on the risk of developing MetS [22]. They showed that the coexistence of 

both baseline OSA and high hs-CRP levels increased the risk of developing MetS 

over 6 years. Although the authors suggested a possible incremental effect of these 

factors, baseline OSA or high hs-CRP levels by themselves were also independently 

associated with a higher risk of MetS. In our results, although hs-CRP was not a 

significant mediator of the relationship between OSA and incident MetS (Table 4), 

we found that its increase from baseline to follow-up was greater in the OSA group 

that developed MetS compared to the others (data not shown). 

Our data suggest that nocturnal hypoxaemia, but not sleep fragmentation, is 

the main mediator of the increased MetS risk induced by OSA. Higher percentage of 

time with SpO2<90% at baseline partially mediated the effect of OSA on the 

increased number of MetS components as well as on the increase of waist 

circumference and insulin resistance. This was confirmed by a subanalysis of 

Episono cohort, in which the increase in both ODI and percentage of time with 



 
 

SpO2<90% from baseline to follow-up PSGs were the only parameters independently 

associated with MetS incidence, even after controlling for BMI difference. In a cross-

sectional analysis of the Sleep Heart Health Study cohort, participants with 

respiratory disturbance index (RDI) >15/h showed higher HOMA-IR compared to 

those with RDI<5/h and 5≤RDI<15/h. Among the possible sleep-related contributors, 

the authors found independent associations with nocturnal hypoxaemia parameters 

(mean SpO2 and time with SpO2<90%), but not with arousal index [23].  

In our study, OSA independently contributed to a higher MetS risk mainly through an 

increase in waist circumference, leading to higher risk of visceral obesity. Our 

findings are in agreement with a previous prospective study in which OSA was 

associated with 0.5 kg/m2 increase in BMI over 5-year follow-up compared to no-

OSA [5]. Additionally, men with ODI≥10/h submitted to a one-year physical exercise 

intervention program showed smaller reductions in BMI and waist circumference 

compared to those with ODI<10/h, despite the similar compliance to the program 

[24]. 

Besides visceral obesity, our study showed that OSA also increased the number of 

MetS components by disturbing glucose/insulin homeostasis. Several prospective 

cross-sectional studies have shown an independent association between OSA and 

insulin resistance in individuals without type 2 diabetes [25]. Moreover, a meta-

analysis of six prospective cohort studies have demonstrated that OSA was 

independently associated with a greater risk of diabetes [26]. 

Although our study and others suggest a significant role of OSA in the risk of incident 

MetS, there is still no clear evidence supporting metabolic benefits of CPAP in OSA 

patients. Evidence showing modest effects of CPAP in reversing some of the MetS 

components [20] are somehow contradicted by a metanalysis of randomized 



 
 

controlled trials (RCT), in which a modest increase in body weight and BMI was 

found after CPAP therapy [27]. Whether this inconsistency could be explained by a 

combination of lean mass gain and loss of visceral fat still needs to be determined. In 

patients with both MetS and OSA, one-year CPAP therapy decreased by 45% the 

prevalence of MetS due to significant differences in waist circumference and HDL 

cholesterol [28]. However, there are still inconsistent evidence [29], reinforcing the 

need of large RCTs to determine whether treatment of OSA may help preventing 

MetS. In our sample, the increased MetS risk induced by OSA does not seem to rely 

on blood pressure and lipid changes. Although several RCTs have demonstrated a 

small but significant reduction in blood pressure with CPAP therapy, it is still unclear 

whether it could reduce the incidence of hypertension due to a lack of studies and 

the presence of compliance bias [30]. The contribution of OSA to dyslipidaemia is 

also not well established. Meta-regressions failed to show reductions in triglycerides 

or increased levels of HDL cholesterol with CPAP therapy, despite decreased levels 

of total cholesterol having been demonstrated [31].  

On the other hand, our results suggest that MetS by itself is not independently 

associated with an increased risk of developing OSA. The preponderant effect of 

BMI indicates a role for obesity on the development of OSA as expected, but it 

represents only one component of MetS [20]. Currently, no other prospective study 

evaluated this reverse relationship between OSA and MetS.     

Although both Episono and HypnoLaus cohorts were derived from unselected 

general populations and applied similar standardized methodologies for both sleep 

and metabolic assessments, there are some limitations to be acknowledged. 

Episono’s PSGs were conducted in the sleep laboratory while HypnoLaus’s PSGs 

were performed at the participants’home. The lack of a night of adaptation in both 



 
 

cohorts, but mainly in Episono could lead to changes in TST and thus affect AHI. 

However, in our study we elected to exclude those who had TST<4 h to reduce this 

bias. Additionally, in the baseline evaluation of Episono, blood pressure was 

assessed in a single measure, which could possibly lead to an increased number of 

“white coat” hypertension.  

In conclusion, our study shows that, in a multiethnic sample of two population-based 

samples, moderate-to-severe OSA is an independent risk factor for incident MetS, 

mainly through the mediation of nocturnal hypoxaemia. Given the high prevalence of 

OSA and its association with high morbidity and mortality rates, our findings could 

have far-reaching implications for public health, but RCTs are needed to determine 

whether recognition and treatment of OSA may lead to a decrease in the incidence 

of MetS.  
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Table 1. Baseline sample’s characteristics according to the incidence of metabolic syndrome.  

  Incident metabolic syndrome 
N p-value 

  No  (n=1535) Yes (n=318) 

Age (years) 52.2 ± 17.6 46.9 ± 17.7* 1853 <0.0001 

BMI (kg/m
2
) 24.2 ± 4.4 27.0 ± 4.7* 1843 <0.0001 

Normal (BMI<25) 60.4% (921) 25.1% (80)   <0.0001 

Overweight (BMI 25-29) 34.4% (524) 55.7% (177)*   

 Obesity (BMI≥30) 5.2% (80) 19.2% (61)*     

Sex     1853 0.127 

Men 43.1% (662) 47.8% (152)   
 

Women 56.9% (873) 52.2% (166)     

Ethnicity     1853 <0.0001  

White/Caucasian 91.9% (1412) 69.5% (221)*   
 

Mixed-race 3.5% (53) 17.6% (56)*     

Black 2.8% (43) 9.4% (30)*   

 Indian 0.4% (6) 0.6% (2)     

Asian 0.7% (11) 2.2% (7)*     

Others 0.7% (10) 0.6% (2)     

Menopausal status   1010 <0.0001 

Premenopausal 22.3% (337) 29.9% (94)   
 

Postmenopausal 33.8% (511) 21.7% (68)     

Education     1848 0.006 

Low 43.2% (661) 44.2% (140)   
 

Middle 31.7% (486) 38.5% (122)*     
High 25.1% (384) 17.3% (55)*     

Marital status     1842 0.009  

Single 21.3% (325) 22.4% (70)   
 

Married 59.0% (902) 65.8 (206)*     
Divorced/Separated 16.4% (252) 10.5% (33)*     

Widowed 3.3% (50) 1.3% (4)     

Number of MetS components 1.0 ± 2.0 2.0 ± 1.0  1838 <0.0001 

Comorbidities         

Diabetes 2.5% (39) 7.6% (24) 1851 <0.0001 

Hypertension 25.3% (386) 38.4% (121) 1843 <0.0001 

Medications         

Antihypertensive 12.7% (195) 20.1% (64) 1853 0.001 

Hypoglycemic 1.0% (16) 3.5% (11) 1853 0.001 

Hypolipidemic 11.7% (180) 11.0% (35) 1853 0.715 

Smoking      1798 0.346 

No 81.1% (1214) 78.8% (238)   
 

Yes 18.9% (282) 21.2% (64)     

Alcohol consumption   1560 <0.0001 

Never or rarely 28.1% (359) 52.6% (149)*   
 

Weekly 51.1% (653) 36.4% (103)*     

Daily 20.8% (265) 11.0% (31)*     

Physical activity   1839 <0.0001  

No 74.5% (488) 87.3% (1034)   
 

Yes 25.5% (167) 12.7% (150)     

Waist circumference (cm) 85.1 ± 14.9 90.3 ± 15.8 1851 <0.0001 

SBP (mmHg) 119.5 ± 20.0 120.0 ± 20.3 1851 <0.0001 

DBP (mmHg) 75.5 ± 12.5 80.0 ± 12.8 1851 <0.0001 

Fasting glucose (mmol/L) 5.4 ± 0.6 5.4 ± 0.7 1851 0.577 

Fasting insulin (pmol/L) 38.9. ± 27.8 60.1 ± 47.2 1838 <0.0001 

HOMA-IR 1.3 ± 1.0 2.1 ± 1.8 1838 <0.0001 

Total cholesterol (mmol/L) 5.5 ± 1.4 5.1 ± 1.5 1851 <0.0001 

HDL cholesterol (mmol/L) 1.7 ± 0.6 1.4 ± 0.4 1851 <0.0001 

LDL cholesterol (mmol/L) 3.3 ± 1.2 3.1 ± 1.3 1849 0.008 

Triglycerides (mmol/L) 1.0 ± 0.6 1.2 ± 0.6 1851 <0.0001 

hs-CRP (nmol/L) 76.2 ± 128.6 29.5 ± 88.6 1809 <0.0001 

BMI: body mass index; DBP: diastolic blood pressure; HDL: high-density lipoprotein; HOMA-IR: homeostatic model assessment 
of insulin resistance; hs-CRP: high-sensitivity C-reactive protein; LDL: low-density lipoprotein; MetS: metabolic syndrome; SBP: 

systolic blood pressure; * adjusted residual >│2│. 

Results expressed as frequency in percentage (n) within each group or median ± interquartile interval and analyzed with 
bivariate tests (Pearson’s chi-square or Mann-Whitney test).  

 



 
 

Table 2. Baseline sleep parameters according to incidence of metabolic syndrome.  

 

  
Incident metabolic syndrome N p-value 

No  (n=1535) Yes (n=318) 
  

TST (min) 402.0 ± 87.5 366.5 ± 91.9 1853 <0.0001 

Sleep efficiency (%) 88.7 ± 11.4 86.9 ± 12.1 1853 0.002 

N3 (%) 20.3 ± 10.4 20.5 ± 9.5 1853 0.469 

REM sleep (%) 22.3 ± 7.3 20.3 ± 8.2 1853 <0.0001 

Arousal index 16.5 ± 11.1 14.6 ± 13.9 1853 <0.0001 

AHI 6.1 ± 11.2 6.6 ± 14.0 1853 0.065 

<5 events/h 43.5% (668) 43.7% (139)   0.004 

≥5 and <15 events/h 34.2% (525) 26.4% (84)*     

≥15 events/h 22.3% (342) 29.9% (95)*     

Mean SpO2 (%) 94.9 ± 2.1 94.9 ± 2.4 1853 0.893 

Lowest SpO2 (%) 89.0 ± 7.0 88.0 ± 7.0 1853 0.811 

3% ODI 5.5 ± 10.8 4.9 ± 12.9 1850 0.142 

Time with SpO2<90% (%) 0.0 ± 0.4 0.0 ± 0.8 1832 0.007 

Self-reported sleep duration (h) 7.0 ± 2.0 7.0 ± 2.0 1793 0.115 

ESS score 6.0 ± 5.0  8.0 ± 7.0  1755 <0.0001 

AHI: apnoea-hypopnoea index; ESS: Epworth sleepiness scale; ODI: oxygen desaturation index; N3: slow-wave sleep; REM: 

rapid eyes movement; SpO2: oxygen saturation; TST: total sleep time; * adjusted residual >│2│. 
Results expressed as frequency in percentage (n) within each group or median ± interquartile interval and analyzed with 

bivariate tests (Pearson’s chi-square or Mann-Whitney test).  

 
 
 

  



 
 

Table 3. Sleep predictors of incident metabolic syndrome.  

 

  Model 1   Model 2 

  OR 95% CI N p-value   OR 95% CI N p-value 

TST (min) 0.998 0.996 - 1.000 1830 0.090   0.998 0.996 - 1.001 1777 0.177 

Sleep efficiency (%) 0.990 0.974 - 1.007 1830 0.250   0.994 0.977 - 1.011 1777 0.512 

N3 (%) 0.999 0.980 - 1.019 1830 0.960   1.002 0.982 - 1.022 1777 0.852 

REM sleep (%) 0.987 0.963 - 1.012 1830 0.303   0.991 0.966 - 1.016 1777 0.467 

Arousal index 1.006 0.991 - 1.021 1830 0.424   1.007 0.991 - 1.023 1777 0.395 

AHI categories     1830         1777   

<5 events/h Reference   Reference 

≥5 and <15 events/h 1.19 0.808 - 1.752   0.379   1.443 0.952 - 2.188   0.084 

≥15 events/h 2.171 1.413 - 3.336   <0.0001   2.576 1.614 - 4.112   <0.0001 

Mean SpO2 (%) 0.979 0.940 - 1.020 1830 0.310   0.978 0.938 - 1.019 1777 0.287 

Lowest SpO2 (%) 0.991 0.964 - 1.018 1830 0.509   0.986 0.959 - 1.014 1777 0.328 

3% ODI 1.012 0.999 - 1.026 1827 0.074   1.013 0.999 - 1.027 1774 0.077 

Time with SpO2<90% (%) 1.007 0.993 - 1.021 1809 0.320   1.007 0.993 - 1.021 1757 0.330 

Self-reported sleep duration (h) 1.008 0.894 - 1.117 1770 0.994   0.996 0.889 - 1.115 1723 0.941 

ESS score 1.009 0.976 - 1.045 1732 0.570   1.015 0.980 - 1.051 1683 0.399 

AHI: apnoea-hypopnoea index; ESS: Epworth sleepiness scale; N3: slow-wave sleep; ODI: oxygen desaturation index; REM: 

rapid eyes movement; SpO2: oxygen saturation; TST: total sleep time. 
Results expressed as odds ratio and 95% confidence interval and analyzed using multivariab le logistic regression.  Adjustment 

for cohort, age, body mass index and number of metabolic syndrome components at baseline (Model 1); age, sex with 
menopausal status, body mass index, cohort, ethnicity, education, marital status, physical activity, number of metabolic 

syndrome components (Model 2).  

 
  



 
 

Table 4. Mediators of the effect of obstructive sleep apnoea on the changes of metabolic 
syndrome’s components. 
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N3: slow-wave sleep; OSA: obstructive sleep apnoea; REM: rapid eyes movement; SpO2: oxygen saturation; SBP: systolic 
blood pressure; TST: total sleep time. 
Results expressed as effect coefficient (b) and standard error (SE) and analyzed with mediation regressions using PROCESS 

procedure for SPSS version 2.16.3 with adjustment for sex, age, cohort, body mass index, and number of metabolic 
syndrome’s components at baseline. Additional covariates for SBP and DBP (use of antihypertensive medication at baseline 

and follow-up); total cholesterol, HDL cholesterol, LDL cholesterol and triglycerides (use of hypolipidemic medication at 
baseline and follow-up); fasting glucose, fasting insulin and HOMA-IR (use of hypoglycemic medication at baseline and follow-

up). For cardiometabolic parameters, each follow-up measure was additionally adjusted by its respective baseline measure.    
 

 
 

 

 
 

 

 

 

 

 

 

 

 

    Indirect effect of OSA through mediation of: 
N p-value 

    b SE 95% CI  

Baseline sleep parameters           

Total sleep time (min) 0 0.002 -0.005 - 0.005 1805 0.971 

Sleep efficiency (%) 0.002 0.003 -0.003 - 0.01 1805 0.543 

N3 (%)   -0.005 0.006 -0.018 - 0.007 1805 0.454 

REM sleep (%)   0.001 0.04 -0.007 - 0.007 1805 0.879 

Arousal index   0.001 0.018 -0.034 - 0.037 1805 0.938 

Mean SpO2 (%)   0.004 0.012 -0.002 - 0.034 1805 0.304 

Lowest SpO2 (%) 0.004 0.015 -0.027 - 0.033 1805 0.762 

3% ODI   0.005 0.039 -0.067 - 0.089 1802 0.887 

Time with SpO2<90% (%) 0.018 0.006 0.008 - 0.033 1784 0.008 

 Follow-up cardiometabolic parameters            

Waist circumference (cm) 0.072 0.022 0.029 - 0.118 1805 0.002 

SBP (mm Hg)   0.021 0.016 -0.014 - 0.053 1802 0.207 

DBP (mm Hg)   0.006 0.016 -0.028 - 0.037 1805 0.748 

Total cholesterol (mmol/L) -0.006 0.006 -0.019 - 0.004 1805 0.31 

HDL cholesterol (mmol/L) 0.009 0.013 -0.016 - 0.034 1805 0.45 

LDL cholesterol (mmol/L) -0.006 0.005 -0.018 - 0.002 1798 0.243 

Triglycerides (mmol/L) 0.013 0.022 -0.023 - 0.066 1805 0.447 

Fasting glucose (mmol/L) 0.037 0.02 0 - 0.076 1804 0.033 

Fasting insulin (pmol/L) 0.05 0.016 0.020 - 0.081 1783 0.002 

HOMA-IR   0.053 0.016 0.022 - 0.083 1781 0.001 

hs-CRP (nmol/L) 0.006 0.005 -0.001 - 0.022 1669 0.187 



 
 

Figure captions 

Figure 1. Study design.  

PSG: polysomnography; MetS: metabolic syndrome. 
Flowchart of the study showing the selection process from initial participant enrollment to final 
analysis subset.  
 
Figure 2. The effect of obstructive sleep apnoea severity by apnoea-hypopnoea index 
categories on the risk of developing components of metabolic syndrome.  

AHI: apnoea-hypopnoea index; HDL: high-density lipoprotein.  
Results expressed as odds ratio and 95% confidence interval and analyzed using multivariable 
logistic regression with adjustment for age, sex, body mass index, cohort, and number of metabolic 
syndrome components. For each metabolic syndrome component, analyses are restricted to 
participants devoid of the condition at baseline. Number of participants included: incident visceral 
obesity (1485), incident high blood pressure (1175), incident high fasting plasma glucose levels 
(1173), incident high triglycerides (1625), and incident low HDL cholesterol (1698).  
 
Figure 3. The effect of obstructive sleep apnoea on metabolic syndrome and its mediators. 

a: indirect effect; b: indirect effect; c’: direct effect; c: total effect; AHI: apnea-hypopnea index; OSA: 
obstructive sleep apnoea; MetS: metabolic syndrome; *p<0.05.  
Standardized regression coefficients for the relationship between OSA and MetS as partially mediated 
by nocturnal hypoxaemia (A) and totally mediated by waist circumference (B) and glucose levels (C). 
Results adjusted for sex, age, body mass index, cohort, and number of MetS’components at baseline 
as well as for the use of antidiabetic medication at both baseline and follow-up when the mediator was 
the glucose levels change from baseline to follow-up.  
 
Figure 4. The effect of obstructive sleep apnoea on glucose and waist circumference.  

a: indirect effect; b: indirect effect; c’: direct effect; c: total effect; AHI: apnea-hypopnea index; HOMA-
IR: homeostatic model assessment of insulin resistance; OSA: obstructive sleep apnea; *p<0.05.  
Standardized regression coefficients for the relationship between OSA and insulin resistance (A) as 
well as OSA and visceral obesity (B) through mediation of nocturnal hypoxaemia. OSA increased 
waist circumference and HOMA-IR mediated by nocturnal hypoxaemia independently from age, sex, 
body mass index, and cohort. Nocturnal hypoxaemia did not mediate the effect of OSA on fasting 
glucose levels. 
 

 

  



 
 

 

 

 

 

 

 

 

 
  



 
 

 

 

 

 

 

 

 

 
  



 
 

 

 

 

 

 

 

 
  



 
 

 

 

 

 

 

 



 
 

Supplementary Table 1. Baseline characteristics of the merged sample according to included and 
excluded participants. 
 
 

 
Included sample Excluded sample 

N p-value 
(n=2702) (n=534) 

Age (years) 53.5 ± 19.1 47.7 ± 25.0 3236 <0.0001 

BMI (kg/m2) 25.8 ± 5.8 26.2 ± 5.5 3223 0.573 

AHI 8.3. ± 15.1 5.7 ± 13.1 3236 <0.0001 

Sex     3236 0.074 

Men 53.1% (1,435) 48.9% (261)     

Women 46.9% (1,267) 51.1% (273)     

Cohort     3236 <0.0001 

Episono 26.4% (712) 67.8% (362)     

HypnoLaus 73.6% (1990) 32.2% (172)     

MetS     3185 0.401 

Yes 28.6% (768) 30.5% (153)     

No 71.4% (1,915) 69.5% (349)     

Education     3224 0.028 

Low 47.1% (1,269) 51.8% (274)*     

Middle 30.5% (823) 30.8% (163)   
 

High 22.4% (603) 17.4% (92)*     

Marital status     3191 0.001 

Single 19.5% (522) 26.1% (133)*     

Married 61.6% (1651) 59.8% (305)     

Divorced/Separated 15.3% (409) 10.4% (53)*     

Widowed 3.7% (99) 3.7% (19)     

AHI: apnoea-hypopnoea index, BMI: body mass index, MetS: metabolic syndrome. 
Results are expressed as percentage (number of participants) or as median ± interquartile interval. Between-group comparisons 
performed using Pearson’s chi-square for categorical variables and Mann-Whitney test for continuous variables. 



 
 

Supplementary Table 2. Demographic characteristics of HypnoLaus and Episono cohorts by incidence of metabolic syndrome. 

 

 

BMI: body mass index. 
Results expressed as frequency in percentage (n) within each group or median ± interquartile interval and analyzed with bivariate tests (Pearson’s chi-square or Mann-Whitney test). 

 

 

 

 

 

  HypnoLaus   Episono 

  
No-incident MetS 

(n=1292) 
Incident MetS 

(n=109) 
N p-value   

No-incident MetS 
(n=284) 

Incident MetS 
(n=225) 

N p-value 

Age (years) 54.2 ± 17.0 55.6 ± 15.0 1401 0.246   36.6 ± 20.2 41.0 ± 18.2 509 0.014 

Follow-up time (years) 5.2 ± 0.3 5.1 ± 0.2 1401 0.46   8.0 ± 0.4 8.0 ± 0.3 509 0.497 

Sex     1401 0.001       509 0.115 

Men 42.3% (547) 58.7% (64)*   
 

  47.9% (136) 40.9% (92)     

Women 57.7% (745) 41.3% (45)       52.1% (148) 59.1% (133)     

BMI (kg/m2)     1391 <0.0001       509 <0.0001 

≤24.9) 60.2% (772) 18.3% (20)       62.5% (177) 31.1% (70)   
 

BMI 25-29.9 35.0% (449) 64.2% (70)*       29.6% (84) 49.8% (112)*     

BMI>29.9 4.8% (61) 17.4% (19)*       8.1% (23) 19.1% (43)*     

Education     1400 0.009       505 0.069 

Low 46.2% (597) 59.6% (65)*   
 

  30.6% (86) 37.1% (83)   
 

Middle 29.7% (383) 27.5% (30)       41.3% (116) 43.3% (97)     

High 24.1% (311) 12.8% (14)       28.1% (79) 19.6% (44)     

Marital status     1390 0.621       496 0.055 

Single 16.0% (205) 13.0% (14)   
 

  38.8% (107) 27.7% (61)   
 

Married 58.2% (746) 60.2% (65)       54.3% (150) 66.4% (146)     

Divorced/Separated 21.2% (272) 24.1% (26)       4.0% (11) 3.6% (8)     

Widowed 4.6% (59) 2.8% (3)       2.9% (8) 2.3% (5)     



 
 

Supplementary Table 3. Sleep predictors of metabolic syndrome according to sex in the merged 
sample. 

 

  OR 95% CI N p-value 

Men         

TST (min) 0.998 0.995 - 1.001 802 0.244 

Sleep efficiency (%) 0.997 0.974 - 1.021 802 0.791 

N3 (%) 1.014 0.986 - 1.043 802 0.318 

REM sleep (%) 0.975 0.942 - 1.010 802 0.165 

Arousal index 1.000 0.995 - 1.005 802 0.984 

AHI 1.011 0.996 - 1.026 802 0.161 

<5 events/h Reference 

≥5 and <15 events/h 1.165 0.664 - 2.043   0.595 

≥15 events/h 2.245 1.214 - 4.149   0.010 

Mean SpO2 (%) 0.993 0.935 - 1.054 802 0.811 

Lowest SpO2 (%) 0.971 0.941 - 1.002 802 0.068 

3% ODI 1.011 0.994 - 1.027 800 0.212 

Time with SpO2<90% (%) 0.995 0.975 - 1.016 797 0.658 

Self-reported sleep duration (h) 0.945 0.803 - 1.112 775 0.495 

ESS score 1.045 0.993 - 1.099 755 0.090 

Women         

TST (min) 0.999 0.995 - 1.002 1028 0.427 

Sleep efficiency (%) 0.988 0.965 - 1.012 1028 0.327 

N3 (%) 0.994 0.966 - 1.022 1028 0.652 

REM sleep (%) 1.001 0.967 - 1.036 1028 0.963 

Arousal index 1.003 0.997 - 1.008 1028 0.322 

AHI 1.003 0.980 - 1.026 1028 0.825 

<5 events/h Reference 

≥5 and <15 events/h 1.618 0.888 - 2.947   0.116 

≥15 events/h 2.197 1.091 - 4.426   0.028 

Mean SpO2 (%) 0.838 0.719 - 0.977 1028 0.024 

Lowest SpO2 (%) 1.023 0.975 - 1.074 1028 0.348 

3% ODI 1.006 0.981 - 1.032 1027 0.629 

Time with SpO2<90% (%) 1.019 0.998 - 1.041 1012 0.070 

Self-reported sleep duration (h) 1.047 0.895 - 1.224 995 0.567 

ESS score 0.966 0.921 - 1.013 975 0.159 

AHI: apnoea-hypopnoea index, ESS: Epworth sleepiness scale, ODI: oxygen desaturation index, N3: slow-wave sleep, REM: 
rapid eyes movement, SpO2: oxygen saturation, TST: total sleep time. 
Data analyzed using multivariable logistic regression with adjustment for cohort, age, body mass index and number of metabolic 
syndrome components at baseline. 



 
 

Supplementary Table 4. Changes in sleep parameters from baseline to follow-up as predictors of 
metabolic syndrome in the Episono cohort. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Changes were computed as follow-up - baseline 

AHI: apnoea-hypopnoea index, ESS: Epworth sleepiness scale, ODI: oxygen desaturation index, N3: slow-wave sleep, REM: rapid 

eyes movement, SpO2: oxygen saturation, TST: total sleep time. 
Data analyzed using multivariable logistic regression with adjustment for age, sex, body mass index, difference in body mass index 
from baseline to follow-up and number of metabolic syndrome components at baseline. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  OR 95% CI N p-value 

TST (10-min increment) 0.990 0.970 - 1.020 464 0.683 

Sleep efficiency (10% incremet) 1.062 0.886 - 1.268 464 0.512 

N3 (10% increment) 0.842 0.672 - 1.051 464 0.133 

REM sleep (10% increment) 1.000 0.753 - 1.318 464 0.986 

Arousal index (10 events/h increment) 1.149 0.932 - 1.411 464 0.184 

AHI (10 events/h increment) 1.172 0.990 - 1.397 464 0.072 

Mean SpO2 (1% increment) 0.882 0.762 - 1.038 464 0.093 

Lowest SpO2 (1% increment) 0.960 0.916 - 1.037 464 0.084 

3% ODI (10 events/h increment) 1.243 1.041 - 2.004 461 0.018 

Time with SpO2<90% (10% increment) 1.424 1.041 -1.949 459 0.028 

Self-reported sleep duration (1h increment) 0.919 0.810 - 1.056 462 0.19 

ESS score (1-unit increment) 1.016 0.971 - 1.027 463 0.494 



 
 

Supplementary Table 5. Metabolic syndrome as a risk factor for incident obstructive sleep apnoea 
in the Episono cohort. 

 
 OR 95% CI p-value 

Model 1    

Constant 0.018 - <0.0001 

Age (years) 1.028 1.009 - 1.048 0.004 

Sex (men) 2.166 1.345 - 3.486 0.001 

Apnoea-hypopnoea index 1.300 1.210 - 1.395 <0.0001 

Metabolic syndrome 1.915 1.130 - 3.245 0.016 

Model 2    

Constant 0.005 - <0.0001 

Age (years) 1.030 1.010 - 1.050 0.003 

Sex (men) 0.379 0.230 - 0.625 <0.0001 

BMI (kg/m2) 1.091 1.037 - 1.149 0.001 

Apnoea-hypopnoea index 1.272 1.183 - 1.367 <0.0001 

Metabolic syndrome 1.276 0.714 - 2.279 0.411 

Data analyzed using multivariable logistic regression (N=476). 
Adjustment for sex, age and baseline AHI (Model 1); + baseline BMI (Model 2). 


