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Abstract

Intermittent hypoxemia is a risk factor for numerous diseases. However, the reverse pathway 

remains unclear. Therefore, we investigated whether pre-existing hypertension, diabetes, or 

cardiovascular diseases (CVD) are associated with the worsening of intermittent hypoxemia. 

Among the included 2535 Sleep Heart Health Study participants, hypertension (n=1164), 

diabetes (n=170), and CVD (n=265) were frequently present at baseline. All participants had 

undergone two polysomnographic recordings approximately 5.2 years apart. Covariate-adjusted 

linear regression analyses were utilized to investigate the difference in the severity of intermittent 

hypoxemia at baseline between each comorbidity group and the group of participants free from 

all comorbidities (n=1264). Similarly, we investigated whether the pre-existing comorbidities 

are associated with the progression of intermittent hypoxemia. Significantly higher oxygen 

desaturation index (ODI, β=1.77 [95%CI: 0.41–3.13], p=0.011), desaturation severity (DesSev, 

β=0.07 [95%CI: 0.00–0.14], p=0.048), and desaturation duration (DesDur, β=1.50 [95%CI: 0.31–

2.69], p=0.013) was observed in participants with pre-existing CVD at baseline. Furthermore, the 

increase in ODI (β=3.59 [95%CI: 1.78–5.39], p<0.001), DesSev (β=0.08 [95%CI: 0.02–0.14], 
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p=0.015), and DesDur (β=2.60 [95%CI: 1.22–3.98], p<0.001) during the follow-up were higher 

among participants with diabetes. Similarly, the increase in ODI (β=2.73 [95%CI: 1.15–4.32], 

p=0.001) and DesDur (β=1.85 [95%CI: 0.62–3.08], p=0.003) were higher among participants 

with CVD. These results suggest that patients with pre-existing diabetes or CVD are at increased 

risk for an expedited worsening of intermittent hypoxemia. As the intermittent hypoxemia is an 

essential feature of sleep apnea, these patients could benefit from the screening and follow-up 

monitoring of sleep apnea.
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Introduction

Interest towards manifestation of sleep apnea (SA) has increased in recent years as the 

significant medical, social, and economic consequences of SA has become clearer (Jennum 

& Kjellberg, 2011). Recently it has been estimated that globally, nearly one billion adults are 

affected by SA (Benjafield et al., 2019). SA is associated with various daytime symptoms, 

such as excessive daytime sleepiness and reduced vigilance, lowering the quality of life 

(Al Lawati et al., 2009). Moreover, the prevalence of SA is high in patients with diabetes, 

hypertension and numerous cardiovascular diseases (CVD) (Floras, 2018).

Currently, SA is diagnosed based on polysomnography (PSG) from which the apnea-

hypopnea index (AHI) is determined (Kapur et al., 2017). The AHI simply describes 

the average number of respiratory events per hour of sleep, thus ignoring the durations 

and severities of individual respiratory events and related intermittent hypoxemias (IH). 

However, IH severity has been more strongly associated with adverse CVD outcomes than 

the AHI (Azarbarzin et al., 2019, 2020; Stone et al., 2016). To overcome these issues, 

we have previously introduced new oxygen desaturation parameters (Kulkas et al., 2013) 

which take into account the duration and depth information of the desaturations, rather than 

just their counts. We have recently shown that these new parameters are associated more 

strongly with impaired psychomotor vigilance task performance (Kainulainen et al., 2020) 

and objective daytime sleepiness (Kainulainen et al., 2019) than conventional parameters 

used in sleep apnea diagnostics (i.e. AHI and oxygen desaturation index (ODI)). In addition, 

IH is a key component in the pathophysiology of SA and in the development of SA-related 

comorbidities (Aurora & Punjabi, 2013; Dempsey et al., 2010; Dewan et al., 2015; Floras, 

2018; Kasai et al., 2012; Rajan & Greenberg, 2015). Therefore, the usage of more detailed 

analysis of the oxygen saturation signal could be beneficial and bring new information on 

the severity estimation of SA among patients with co-existing morbidities.

In general, the severity of SA has been associated with the incidence of CVD events (Jose 

et al., 2005; Peker et al., 2002) and diabetes (Anothaisintawee et al., 2016; Huang et al., 

2018; Liu & Wu, 2017). In addition, SA has been widely accepted to affect the development 

of hypertension (Konecny et al., 2014; Marin et al., 2012; Peppard et al., 2000), although 

conflicting findings have been reported (Cano-Pumarega et al., 2011; O’Connor et al., 
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2009). As SA is a progressive disease, especially in its early stages (Berger et al., 2009), 

the reverse pathway has also been proposed meaning that pre-existing comorbidities could 

expedite the worsening of SA and IH (Aurora & Punjabi, 2013; Floras, 2018; Kasai et al., 

2012; Rajan & Greenberg, 2015). Yet significantly less literature is available on this regard. 

We hypothesize that co-existing diseases could further expedite the worsening of IH in 

various ways, e.g. by increasing the number or the severity of desaturation events. Thus we 

investigated whether the pre-existing hypertension, diabetes, or CVD are associated with the 

severity of IH, determined based on ODI and our novel desaturation parameters (Kulkas et 

al., 2013), and whether these pre-existing comorbidities are associated with the progression 

of IH over a mean follow-up period of 5.2 years.

Methods

Dataset and study population

Data from the Sleep Heart Health Study (SHHS) (Quan et al., 1997; (The National Sleep 

Research Resource, 2021); Zhang et al., 2018), a multi-center community-based cohort 

study of participants enrolled between 1995 and 2006 in the United States was used in 

this study. The SHHS was designed to determine the associations between sleep-disordered 

breathing and related health consequences, such as cardiovascular diseases. SHHS data was 

available through the National Sleep Research Resource (Quan et al., 1997; The National 

Sleep Research Resource, 2021; Zhang et al., 2018) and it includes baseline and follow-up 

PSG recordings for 2647 participants. In addition, the dataset includes information on the 

pre-existing medical conditions at the baseline measurement and the incidence of new 

medical conditions during the follow-up. The SHHS study protocol was approved by the 

institutional review board of each participating site and all participants provided written 

consent. More detailed study details and design have been reported previously (Quan et al., 

1997; Zhang et al., 2018).

Participants with incomplete background information (n=112) were excluded from the 

further analyses (Figure 1). In the present study, CVD was defined to consists of myocardial 

infarction, heart failure, coronary angioplasty, coronary artery bypass graft, and stroke. 

The existence of these CVD conditions was defined based on medical history interview. 

Hypertension was defined if systolic blood pressure was ≥140 mmHg, diastolic blood 

pressure ≥90 mmHg, or hypertension medication was in use. The existence of diabetes was 

defined based on self-reported diabetes status and usage of oral hypoglycemic agents or 

insulin.

Polysomnography and SpO2-derived parameters

PSG recordings were performed at participants homes with Compumedics P-series portable 

monitor (Abbotsford, Victoria, Australia). Oxygen saturation (SpO2) was measured using 

finger-pulse oximetry (Nonin XPOD Model 3011, Minneapolis, US). Because some of 

the originally scored desaturation event annotations had disappeared due to known data 

corruption (The National Sleep Research Resource, 2021), SpO2 signals were rescored 

automatically with Noxturnal software (version 5.1.19824, Nox Medical, Reykjavík, 

Iceland). Agreement between the automatic and manual scorings using the same methods in 
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the same dataset has been previously presented extensively and been shown to be excellent 

(Karhu et al., 2021). No desaturation scoring criteria exist in the American Academy of 

Sleep Medicine (AASM) guidelines besides a minimum transient drop of 3% or 4% from 

the baseline (Berry et al., 2017). Therefore, scoring criteria of 1) minimum transient drop 

of 3%, 2) minimum event duration of 3 seconds, 3) maximum plateau duration of 45 

seconds, and 4) lowest acceptable SpO2 value of 50%, were applied. It was observed that 

automatically scored desaturation events started systematically one data point too early and 

this issue was corrected in further parameter calculations. Afterwards desaturation events 

that fulfilled the 4% transient drop criterion were chosen for the final analysis due to 

the suspicion based on previous findings (Myllymaa et al., 2015) that without associating 

desaturation events to the respiratory events, the 3% criterion could be too sensitive. In 

addition to ODI, desaturation parameters describing the severity of the desaturation events 

were calculated and used to represent the severity of IH and indicate the severity of 

SA. These parameters consisted of desaturation severity (DesSev), desaturation duration 

(DesDur), average desaturation duration (avg. DesDur), and average desaturation area (avg. 

DesArea) (online supplement, Figure S1) (Kulkas et al., 2013). Furthermore, changes in the 

parameter values between the two PSGs (5.2 years apart on average) were calculated, and 

these changes were used to assess the progression of IH.

Statistical analyses

Demographic information and desaturation parameter values were calculated for all the 

groups of participants with (presence groups) and without (absence groups) pre-existing 

comorbidities (Figure 1) at the baseline and after the follow-up PSG. Each presence group 

was compared to the corresponding absence group, and all the groups were compared 

to the group of participants without any pre-existing comorbidities (No-Comorbidities) 

at the baseline. Statistical comparison between the groups was performed with Mann-

Whitney U test. Baseline desaturation parameter values between each presence group and 

No-Comorbidities group were further investigated with linear regression analyses adjusted 

with body mass index (BMI), age, sex, and neck circumference-height ratio (NC-H). Thus, 

regression coefficients (β-values) correspond to the increase in parameter value associated 

with the existence of the comorbidity.

Linear regression was also utilized to investigate the association between pre-existing 

comorbidities at the baseline and the progression of IH. Change in the desaturation 

parameter values between the two PSGs (i.e., PSG2-PSG1) was used as a continuous 

dependent variable. The existence of comorbidity at the baseline was the primary 

independent variable and the No-Comorbidities group was used as a reference group. 

Therefore, regression coefficients correspond to the expedited increase in parameter value 

between the PSG recordings that is associated with the existence of the comorbidity at 

baseline. The model was adjusted with the baseline values of ODI, avg. DesArea, and avg. 

DesDur, sex, age, baseline BMI, baseline NC-H, change in BMI, change in NC-H, and time 

between the PSG recordings. The adjusting covariates were selected based on their known 

clinical relevance to the severity and progression of SA. For example, older age, higher 

BMI, and male sex are known risk factors for SA (Young et al., 2004). In addition, an 

increase in weight over time is the most significant factor affecting the worsening of SA 
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(Berger et al., 2009). Multicollinearity between the independent variables was tested with 

variance inflation factor and no values larger than 5 were observed indicating no serious 

correlation between the included variables. However, all five desaturation parameters could 

not be included in the model simultaneously without serious multicollinearity.

In addition, we investigated whether the baseline desaturation parameters and the changes 

in these parameters between the PSG recordings differed between the participants who 

developed CVD after the baseline examination and those who remained CVD-free during 

the whole follow-up period. To eliminate the potential effect of pre-existing comorbidities 

on the incidence of CVD and the progression of IH, only the participants in the No-

Comorbidities group were included. The No-Comorbidities group was divided into Incident-

CVD and NoIncident-CVD groups based on whether the participants had incident CVD 

during the follow-up period or whether they remained CVD-free during the whole follow-up 

period (Figure 1). The Incident-CVD group was further divided into Incident-CVDbetween 

and Incident-CVDafter groups based on whether the CVD occurred between the two PSGs 

or after the follow-up PSG, respectively. Incident-CVD, Incident-CVDbetween, and Incident-

CVDafter groups were compared to the NoIncident-CVD group, and Incident-CVDbetween 

group to the Incident-CVDafter group.

Potential selection bias was addressed by comparing the baseline characteristics between 

participants who underwent only the baseline PSG and participants who participated in both 

PSGs.

To reduce the likelihood of obtaining significant results by chance and since we investigated 

five different desaturation parameters, Bonferroni-corrected p-value of <0.01 was used 

as the limit of statistical significance, while findings with p<0.05 were interpreted as 

nominal evidence. All parameter calculations and statistical analyses were conducted with 

MATLAB® (version 2018b, MathWorks, Natick, MA, USA).

Results

Out of the included 2535 participants, 1164 (45.9%) had hypertension (Hypertension-

Presence), 170 (6.7%) had diabetes (Diabetes-Presence), and 265 (10.5%) had CVD 

(CVD-Presence) at the baseline (Figure 1). A total of 1264 (49.9%) participants were 

free from all these diseases (No-Comorbidities), whereas 1271 (50.1%) had at least one 

of these comorbidities at the baseline (Any-Comorbidity). Participants belonging to the 

Hypertension-Presence, Diabetes-Presence, or CVD-Presence groups were generally older 

and had higher BMI and NC-H compared to the corresponding absence groups and No-

Comorbidities group (Table 1). A similar observation was made between No-Comorbidities 

and Any-Comorbidity groups.

ODI, DesSev, and DesDur were significantly higher at the baseline in Hypertension-

Presence, Diabetes-Presence, and CVD-Presence groups compared to the No-Comorbidities 

group (Table 2). After adjusting the linear regression analyses with BMI, age, sex, and 

NC-H, ODI (p=0.011), DesSev (p=0.048), and DesDur (p=0.013) remained significantly 

higher in CVD-Presence group reaching the level of nominal association (Table 3). 
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Furthermore, lower avg. DesDur (p=0.004) and avg. DesArea (p=0.023) were observed 

in Diabetes-Presence group, reaching the Bonferroni-corrected threshold and the limit of 

nominal evidence, respectively.

ODI, DesSev, and DesDur values increased in all absence and presence groups between the 

PSG recordings (Table 2). However, covariate-adjusted linear regression analyses revealed 

that the pre-existing diabetes was associated with an expedited increase in ODI (p<0.001) 

and DesDur (p<0.001) at the Bonferroni-corrected threshold and DesSev (p=0.015) at 

the limit of nominal evidence. Furthermore, an expedited increase in ODI (p=0.001) and 

DesDur (p=0.003) was observed among participants with pre-existing CVD reaching the 

Bonferroni-corrected threshold. However, pre-existing comorbidities were not associated 

with the progression of avg. DesArea or avg. DesDur (except of diabetes on avg. DesDur, 

p=0.015, Table 4). Overall, pre-existing diabetes had the largest β-values, thus indicating the 

strongest association of the investigated comorbidities on the worsening of IH (Table 4).

From the No-Comorbidities group, 115 (9.1%) participants had incident CVD during 

the follow-up period (Incident-CVD) from which 37 (32.2%) had it between the two 

PSGs (Incident-CVDbetween) and 78 (67.8%) after the follow-up PSG (Incident-CVDafter). 

A total of 1149 (90.9%) participants remained CVD-free during the whole follow-up 

period (NoIncident-CVD). All five desaturation parameters were significantly higher in the 

Incident-CVD group compared to the NoIncident-CVD group at the baseline, although 

ODI and avg. DesArea did not reach the Bonferroni-corrected threshold (Table 5). 

Similar findings were observed between Incident-CVDafter and NoIncident-CVD groups. 

No statistically significant differences between Incident-CVDbetween and Incident-CVDafter 

groups were observed in any baseline desaturation parameter values or changes in these 

parameters between the two PSGs.

A total of 2729 (1312 men, 1417 women) participants underwent only the baseline PSG 

recording and had full covariate data available (online supplement, Table S1). These 

participants were significantly older, had higher NC-H, and had higher proportion of 

hypertension, diabetes, and CVD (p<0.001 for all) compared to the participants who 

participated in both PSGs. In addition, ODI (p<0.001), DesSev (p<0.001), DesDur 

(p<0.001), and avg. DesArea (p=0.001) were significantly higher in participants with only 

baseline PSG recording.

Discussion

In this study, we investigated differences in the severity of IH between patients with 

hypertension, diabetes, or CVD in comparison to the patients free of these diseases at 

the baseline. Furthermore, it was investigated how these pre-existing comorbidities were 

associated with the progression of IH during the five-year follow-up. In addition, we 

examined how the IH severity at the baseline and the change in the IH severity between 

the PSG recordings differed between participants who developed CVD after the baseline 

PSG recording and those who remained CVD-free during the whole follow-up period. 

We showed that in patients with pre-existing CVD, the ODI, DesSev, and DesDur values 

were elevated at baseline. Moreover, pre-existing diabetes and CVD were associated with 
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an expedited worsening of IH, measured mainly by increased number of desaturations. In 

general, SA has been accepted to be an independent risk factor for the development of these 

comorbidities (Anothaisintawee et al., 2016; Floras, 2018; Huang et al., 2018; Jose et al., 

2005; Kasai et al., 2012; Liu & Wu, 2017; Peker et al., 2002). Our present findings suggest 

the possibility of reversible pathway, and thus, bidirectional association between SA and 

these comorbidities through the effects of IH. Therefore, as IH is an important feature of 

SA, our present results support the idea that patients with these comorbidities should get 

more attention in the screening of SA and monitoring of its progression. These actions could 

enable preventative actions for the incidence of future adverse events.

We showed that patients with hypertension, diabetes, or CVD have more severe IH at 

the baseline compared to individuals free of comorbidities. However, after adjusting for 

BMI, age, NC-H, and sex, ODI, DesSev, and DesDur remained significantly higher only 

in patients with CVD. Findings that the consideration of key covariates, such as obesity 

and age attenuates the difference in SA severity in terms of AHI between patients with and 

without comorbidities, such as hypertension (Nieto et al., 2000; Tkacova et al., 2014) and 

diabetes (Resnick et al., 2003) have been previously reported. This is somewhat expected as 

SA and related comorbidities share many risk factors, such as obesity and older age (Young 

et al., 2004). However, parameters describing IH have remained independent predictors for 

hypertension in other previous studies after considering the relevant covariates (Nieto et 

al., 2000; Tkacova et al., 2014). Furthermore, weight gain is widely accepted to be the 

most significant factor affecting the worsening of SA (Berger et al., 2009). Moreover, the 

prevalence of SA is high in patients with diabetes, hypertension, and CVD (Floras, 2018), 

however, limited literature is available on how these pre-existing comorbidities affect the 

progression of SA and IH over time. Our present results implicate that the existence of 

diabetes or CVD further expedites the worsening of IH independently of age, change in 

BMI, NC-H, or IH severity. These findings are somewhat in conflict with other previous 

studies in which pre-existing diabetes or CVD were not linked to the development of SA 

(Liu & Wu, 2017; Tishler et al., 2003). However, a direct comparison with these previous 

studies should be done with caution as they were limited on substantially younger patients 

without existing SA at the baseline (Liu & Wu, 2017; Tishler et al., 2003).

We also investigated how the IH severity and the progression of IH differed between 

participants who developed CVD after the baseline PSG and those who remained CVD-free 

during the whole follow-up period. We observed that IH is more severe in Incident-CVD and 

Incident-CVDafter groups at the baseline, but not in Incident-CVDbetween group, compared 

to the NoIncident-CVD group. This could be explained by the widely accepted concept 

that more severe SA increases the risk for the incidence of CVD (Floras, 2018; Kasai et 

al., 2012). However, as the difference in the absolute values between Incident-CVDafter and 

NoIncident-CVD groups was rather small, it could be thought that the development of CVD, 

due to the more severe IH, takes time (over 5 years). However, these findings should be 

interpreted cautiously as there could be significant differences in follow-up times between 

the PSG recordings, which would affect the grouping, and in times from the baseline to the 

incidence of the first CVD event.
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Several potential mechanisms explaining how the pre-existing comorbidities could 

contribute to SA and IH have been suggested. First, diabetes related autonomic dysfunction 

could increase the loop gain meaning that even small changes in partial carbon dioxide 

pressure could result in central apnea, and thus, over- and undershooting of carbon dioxide 

levels, i.e. periodic breathing (Aurora & Punjabi, 2013; Floras, 2018; Rajan & Greenberg, 

2015). Second, diabetes could contribute to systemic inflammation and oxidative stress 

which in turn predisposes to SA and exacerbates existing SA (Aurora & Punjabi, 2013; 

Rajan & Greenberg, 2015). Third, insulin resistance could reduce ventilatory responses for 

hypercapnia and hypoxia (Aurora & Punjabi, 2013; Rajan & Greenberg, 2015). Moreover, 

pre-existing hypertension and heart failure could accumulate the fluid retention and increase 

the rostral fluid shift from legs to the rostral area when moving from upward position 

to recumbent position (Floras, 2018; Kasai et al., 2012). This would narrow the upper 

airways and increase the extraluminal tissue pressure (Floras, 2018). Similarly, increased 

fluid retention and rostral fluid shift due to the increased activity of sympathetic nervous 

system and activation of the renin-angiotensin-aldosterone axis caused by heart failure could 

contribute to SA (Floras, 2018). Heart failure could also increase the loop gain, similarly 

as diabetes (Dempsey et al., 2010). In addition, heart failure lowers cardiac output which 

prolongs circulation times to the chemoreceptors in carotid body which increases the delay 

for the corrective actions against changes in partial carbon dioxide pressure, and thus, could 

prolong the periodic breathing (Dempsey et al., 2010).

It is important to note that this study has some limitations. As SHHS was designed to 

investigate the consequences of sleep-disordered breathing, such as cardiovascular diseases, 

the study population could be enriched with participants with such conditions potentially 

causing selection bias. In addition, the exclusion of participants with only baseline PSG 

measurement could cause bias as it was observed that the severity of IH and the proportion 

of comorbidities was higher in these participants compared with participants who underwent 

both PSGs (online supplement, Table S1). Furthermore, baseline comorbidity statuses were 

mostly obtained from the parent cohort studies before the baseline PSG examination, and 

thus, some newly diagnosed diseases could be missed. Pre-existing diabetes and CVD 

statuses were also self-reported. In addition, no information was available when patients 

were diagnosed with these comorbidities for the first time. This could affect the results 

as the progression of IH could differ in patients with newly diagnosed disease compared 

to the patients who have suffered with the disease over many decades. Moreover, very 

limited information was available whether participants received treatment for SA at any 

point between the two PSG recordings, and thus, no participants were excluded due to this 

regard.

Another limitation is that we used automatically rescored desaturation events to describe IH 

which were not manually adjusted due to the massive size of the SHHS dataset. Moreover, 

as no scoring criteria for desaturations exist in the AASM guidelines (Berry et al., 2017) 

besides a transient drop of 3% or 4%, the alteration of the used scoring criteria would affect 

the number and severity of desaturation events. However, the used scorings can be assumed 

to be valid as correlations and median differences between automatic scorings and subset of 

manual scorings have been shown to be excellent (Karhu et al., 2021). Furthermore, apneas 

and hypopneas were not automatically rescored as they were found to be insufficiently 
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accurate without manual editing. Therefore, the current diagnostic standard, AHI, and the 

severities and durations of apneas and hypopneas could not be investigated. However, as the 

ODI has been shown to correlate well with the AHI (Tsai et al., 1999) it could be reliably 

used in the screening of SA (Behar et al., 2019). In addition, IH has been suggested to be 

a major factor in the development of many SA-related comorbidities (Aurora & Punjabi, 

2013; Dempsey et al., 2010; Dewan et al., 2015; Floras, 2018; Kasai et al., 2012; Rajan 

& Greenberg, 2015), and the parameters describing hypoxemia have been associated more 

strongly with adverse SA-related events than the AHI (Azarbarzin et al., 2019, 2020; Stone 

et al., 2016). Therefore, the use of new oxygen saturation-based parameters to investigate the 

associations between comorbidities and IH can be justified.

Our findings indicate that patients with diabetes and CVD are at increased risk for an 

expedited worsening of IH, and thus, they could benefit from the screening and follow-

up monitoring of SA. The detection of SA would enable preventative actions for its 

further worsening, such as lifestyle counselling or initiation of treatment. These actions 

could mitigate the development of future SA-related comorbidities and adverse events. 

Furthermore, the follow-up monitoring could be conducted with a simple pulse oximeter 

as the investigated parameters only require oxygen saturation signal. Monitoring with a 

simple pulse oximeter setup would be patient-friendly, cost-effective, and would enable 

the monitoring over multiple consecutive nights eliminating the significant night-to-night 

variability in the SA severity (Roeder et al., 2020).

Conclusion

Based on the present findings, intermittent hypoxemia is more severe in patients with pre-

existing CVD at the baseline, and that pre-existing diabetes and CVD are associated with 

an expedited worsening of intermittent hypoxemia. Therefore, as the intermittent hypoxemia 

is an important pathophysiological feature of sleep apnea increasing the risk for severe 

health consequences, patients with diabetes or CVD should get more attention related to the 

screening and follow-up monitoring of sleep apnea.
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Figure 1. 
Flow chart of the study population and sizes of each presence and absence comorbidity 

groups.
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Table 3.

Regression coefficients (β-values) with 95% confidence intervals from adjusted linear regression analyses 

utilized to investigate the difference in desaturation parameter values at the baseline between participants 

without pre-existing comorbidities and participants with hypertension, diabetes, or CVD. β-values correspond 

to the increase in parameter value associated with the existence of the comorbidity.

ODI DesSev DesDur avg. DesArea avg. DesDur

Any-Comorbidity 0.71 (−0.13, 1.55) 0.01 (−0.03, 0.05) 0.46 (−0.26, 1.18) 0.94 (−1.95, 3.83) −0.37 (−1.06, 0.32)

Hypertension 0.83 (−0.03, 1.69) 0.01 (−0.03, 0.05) 0.54 (−0.19, 1.27) 0.97 (−2.00, 3.94) −0.40 (−1.11, 0.31)

Diabetes 0.46 (−1.15, 2.07) −0.02 (−0.09, 0.05) 0.01 (−1.34, 1.36) −6.40 (−11.92, −0.88)* −2.07 (−3.48, −0.66)**

CVD 1.77 (0.41, 3.13)* 0.07 (0.00, 0.14)* 1.50 (0.31, 2.69)* 0.82 (−4.03, 5.67) −0.83 (−2.02, 0.36)

Regression analyses were adjusted for sex, age, body mass index, and neck circumference-height ratio. Statistically significant differences in 
the parameter values at the baseline between patients with comorbidity and comorbidity-free patients is marked with an asterisk (p<0.05, *; 
Bonferroni-corrected threshold p<0.01, **). Participants free from hypertension, diabetes, and CVD (i.e. No-comorbidity group) were used as a 
reference group in the case of all comorbidities. ODI = oxygen desaturation index, DesSev = desaturation severity, DesDur = desaturation duration, 
avg. DesArea = average desaturation area of individual desaturation events, avg. DesDur = average desaturation duration of individual desaturation 
events, CVD = cardiovascular disease (consists of myocardial infarction, heart failure, coronary angioplasty, coronary artery bypass graft, and 
stroke).
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Table 4.

Regression coefficients (β-values) with 95% confidence intervals from linear regression analyses which were 

utilized to investigate the associations between pre-existing comorbidities and the progression of desaturation 

parameters between the two PSG recordings. β-values correspond to the expedited increase in parameter value 

between the PSG recordings that is associated with the existence of the comorbidity at baseline.

ΔODI ΔDesSev ΔDesDur Δavg. DesArea Δavg. DesDur

Any-Comorbidity 0.98 (−0.02, 1.99) 0.03 (−0.01, 0.06) 0.74 (−0.05, 1.52) −0.98 (−3.17, 1.21) −0.22 (−0.77, 0.32)

Hypertension 0.98 (−0.05, 2.01) 0.03 (−0.01, 0.06) 0.74 (−0.06, 1.54) −1.05 (−3.31, 1.20) −0.21 (−0.78, 0.35)

Diabetes 3.59 (1.78, 5.39)** 0.08 (0.02, 0.14)* 2.60 (1.22, 3.98)** −3.59 (−8.00, 0.81) −1.41 (−2.54, −0.27)*

CVD 2.73 (1.15, 4.32)** 0.06 (0.00, 0.11) 1.85 (0.62, 3.08)** −1.19 (−4.97, 2.59) −0.38 (−1.34, 0.58)

Regression analyses were adjusted for sex, age, baseline values of body mass index, neck circumference-height ratio, ODI, avg. DesArea, and avg. 
DesDur, and changes in body mass index and neck circumference-height ratio between the PSG recordings. Statistically significant association 
between pre-existing comorbidity and the expedited progression of the parameter (Δ) is marked with an asterisk (p<0.05, *; Bonferroni-corrected 
threshold p<0.01, **). Participants free from hypertension, diabetes, and CVD (i.e. No-Comorbidity group) were used as a reference group in 
the case of all comorbidities. ODI = oxygen desaturation index, DesSev = desaturation severity, DesDur = desaturation duration, avg. DesArea = 
average desaturation area of individual desaturation events, avg. DesDur = average desaturation duration of individual desaturation events, CVD = 
cardiovascular disease (consists of myocardial infarction, heart failure, coronary angioplasty, coronary artery bypass graft, and stroke).
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Table 5.

Desaturation parameter values at the baseline, after the follow-up, and changes in parameter values between 

the two PSG recordings for participants with and without incident CVD after the baseline measurement.

NoIncident-CVD Incident-CVD Incident-CVDbetween Incident-CVDafter

n (male%) 1149 (40.9) 115 (62.6) 37 (67.6) 78 (60.3)

Time between PSGs (y) 5.3 (0.3) 5.2 (0.4)## 5.3 (0.4) 5.2 (0.3)##*

Total follow-up time (y) 12.1 (1.5) 11.8 (1.6) 12.1 (1.1) 11.6 (1.8)

ODI (1/h)

 Baseline (1st PSG) 3.0 (1.4, 8.0) 4.6 (2.1, 9.0)# 3.8 (1.8, 7.2) 4.6 (2.1, 9.6)#

 Follow-up (2nd PSG) 7.9 (3.9, 15.6) 10.0 (5.8, 18.3)# 9.5 (6.4, 19.0) 10.2 (5.5, 17.9)#

 Change 4.0 (1.2, 8.6) 5.1 (2.2, 11.2)# 4.9 (2.4, 12.2) 5.1 (1.8, 11.0)

DesSev (%)

 Baseline (1st PSG) 0.08 (0.03, 0.21) 0.11 (0.04, 0.24)## 0.10 (0.03, 0.20) 0.12 (0.05, 0.26)##

 Follow-up (2nd PSG) 0.19 (0.09, 0.40) 0.24 (0.13, 0.49)## 0.21 (0.14, 0.46) 0.26 (0.13, 0.53)#

 Change 0.08 (0.02, 0.21) 0.12 (0.05, 0.29)# 0.13 (0.06, 0.25) 0.12 (0.03, 0.30)

DesDur (%)

 Baseline (1st PSG) 2.6 (1.0, 6.8) 3.9 (1.7, 7.8)## 3.5 (1.2, 6.1) 4.1 (1.9, 8.2)##

 Follow-up (2nd PSG) 6.8 (3.3, 13.4) 8.6 (4.8, 16.0)## 8.4 (5.0, 14.8) 9.0 (4.7, 17.2)#

 Change 3.4 (1.0, 7.1) 4.7 (2.2, 9.1)## 5.2 (2.7, 8.7)# 4.7 (1.8, 9.3)

avg. DesArea (s%)

 Baseline (1st PSG) 87.8 (70.2, 108.9) 95.7 (78.2, 113.0)# 94.4 (70.4, 111.6) 97.4 (81.1, 113.5)#

 Follow-up (2nd PSG) 84.9 (70.0, 103.3) 90.1 (77.0, 109.0)# 91.4 (73.0, 105.9) 89.7 (77.3, 112.5)#

 Change −1.8 (−19.2, 15.6) −5.5 (−17.9, 14.9) −5.5 (−16.7, 22.2) −6.2 (−18.5, 12.9)

avg. DesDur (s)

 Baseline (1st PSG) 28.3 (23.1, 33.9) 30.6 (26.0, 36.1)## 29.0 (24.2, 34.1) 31.1 (26.5, 36.9)##

 Follow-up (2nd PSG) 28.9 (24.6, 33.5) 30.8 (27.0, 34.9)## 31.0 (26.9, 34.2) 30.6 (27.0, 35.9)##

 Change 0.6 (−4.6, 5.9) −0.6 (−4.8, 5.4) 1.0 (−3.6, 6.5) −1.3 (−4.9, 5.3)

Parameter values are presented as medians and interquartile ranges. Incident-CVD group consist of participants who developed CVD after the 
baseline PSG examination. This group is further divided into Incident-CVDbetween and Incident-CVDafter groups based on whether the first 

CVD occurred before or after the follow-up PSG, respectively. Mann-Whitney U test was used to investigate statistical significance of differences 
between incident CVD groups and NoIncident-CVD group (p<0.05, #; p<0.01, ##), and between Incident-CVDbetween and Incident-CVDafter 
groups (p<0.05, *; p<0.01, **). ODI = oxygen desaturation index, DesSev = desaturation severity, DesDur = desaturation duration, avg. DesArea = 
average desaturation area of individual desaturation events, avg. DesDur = average desaturation duration of individual desaturation events. CVD = 
cardiovascular disease (consists of myocardial infarction, heart failure, coronary angioplasty, coronary artery bypass graft, and stroke.
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