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SUMMARY

Previous data on the associations between nocturnal oxygen saturation parameters and carotid 

atherosclerosis are conflicting. We examined the prospective associations of nocturnal oxygen 

saturation (SaO2) and cardiovascular disease (CVD) risk factors with carotid intima-media 

thickness (IMT) and plaques. We used data on 689 Wisconsin Sleep Cohort participants who had 

baseline overnight polysomnography followed by carotid ultrasonography a mean (standard 

deviation) of 7.8 (2.5) years later. Far wall common carotid IMT was measured using B-mode 

ultrasound. Bilateral common, bifurcation, and internal carotid artery segments were evaluated for 

plaque score. Participants were 56 (8) years old (55% male); 32% had hypertension and mean 

body-mass index was 31 (7) kg/m2. Mean and minimum nocturnal SaO2 were 95% (2) and 86% 

(7), respectively. Mean percent sleep time with SaO2 <90% was 2% (8). Both mean (odds ratio 

[OR]=0.60 lower plaque count per 5% higher mean SaO2, 95% CI=0.38–0.96, p=0.033) and 

minimum SaO2 (OR=0.88 lower plaque count per 5% higher minimum SaO2, 95% CI=0.80–0.97, 

p=0.013) predicted carotid plaque score after adjusting for age, sex and body-mass index. 

Minimum SaO2 predicted future plaque score after adding adjustment for traditional CVD risk 

factors (OR=0.90 lower plaque count per 5% higher minimum SaO2, 95% CI=0.81–0.99, 
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p=0.038). Mean SaO2 was not associated with carotid IMT after CVD risk factor adjustment. We 

conclude that minimum nocturnal SaO2 is an independent predictor of future carotid plaque 

burden. Other nocturnal SaO2 parameters are not associated with future carotid IMT or plaques 

after adjusting for traditional CVD risk factors.
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Introduction

Obstructive sleep apnea (OSA) is associated with increased risk of cardiovascular disease 

(CVD) and is characterized by repeated episodes of airway obstruction with a concomitant 

decrease in oxygen saturation (Campos-Rodriguez et al., 2005; Marin et al., 2005; Somers et 

al., 2008; Young et al., 2008). Repetitive hypoxic insults may lead to endothelial 

dysfunction, arterial injury, and eventually, atherosclerosis (Jelic et al., 2008; Kraiczi et al., 

2001; Yokoe et al., 2003). OSA is an important public health concern due to its rising 

prevalence, likely related to the obesity epidemic (Peppard et al., 2013; Peppard et al., 

2000). Carotid artery intima-media thickness (IMT) and carotid artery plaques are 

established markers of subclinical arterial disease that predict future CVD events (Inaba et 

al., 2012; Den Ruijter et al., 2012; Stein et al., 2008a).

We have previously shown that the apnea-hypopnea index (AHI) is associated with greater 

future carotid atherosclerosis (Gunnarsson et al., 2014). However, existing data on 

associations between nocturnal oxygen saturation parameters and carotid atherosclerosis are 

limited to small cross-sectional and case-control studies that have shown conflicting results 

(Baguet et al., 2009; Baguet et al., 2005; Drager et al., 2010; Drager et al., 2005; Minoguchi 

et al., 2005; Ozdemir et al., 2013; Protogerou et al., 2007; Saletu et al., 2006; Schulz et al., 

2005; Suzuki et al., 2004; Szabóová et al., 2007; Tan et al., 2012). Also, very few studies 

have looked at the relationships between oxygen saturation parameters and plaques (Baguet 

et al., 2005; Saletu et al., 2006; Schulz et al., 2005). Thus, we undertook this study to 

investigate the prospective associations of baseline nocturnal oxygen saturation parameters 

with carotid IMT and plaque score using data from the Wisconsin Sleep Cohort Study, a 

large cohort study of the natural history of OSA in adults. We hypothesized that the severity 

of oxygen desaturation would predict higher future carotid IMT and carotid plaques and that 

the associations would persist after adjusting for body-mass index and other CVD risk 

factors.

Methods

Participants and Study Procedures

The study was approved by the UW Health Sciences Institutional Review Board. All 

subjects provided free informed consent for participation in all study activities. The design 

of the parent study, the Wisconsin Sleep Cohort Study (WSCS), begun in 1989, has been 

reported previously (Peppard et al., 2013). The protocol for the current investigation of 
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nocturnal saturation and subclinical carotid atherosclerosis was added in 2004. Subjects 

underwent in-lab overnight polysomnography from August 2000 to September 2013 (See 

Figure 1). Methods for performing and interpreting these polysomnograms have been 

described elsewhere (Young et al., 1993). Note that between 1988 and 2000, sleep studies 

were scored using a paper-based system; since 2000, studies have been scored on a 

computer. All statistical modeling adjusts for the scoring changes; this removes 

instrumentation-related influences on sleep-disordered breathing assessments after the year 

2000. The polysomnography variables of interest were mean nocturnal oxygen saturation 

(mean SaO2), minimum nocturnal oxygen saturation (minimum SaO2) defined as the lowest 

saturation reached during sleep, and percentage of time spent asleep with oxygen saturation 

below 90% (TST<90%). Arterial oxygen saturation (SaO2) was measured using pulse 

oximetry (Datex-Ohmeda 3900 Pulse Oximeter). All values of SaO2 <50% were considered 

to be measurement error and were excluded. Only five subjects had minimum saturation 

<55%. These were considered valid measurements and were included.

The overnight protocol included measurement of height and weight, and blood pressure 

assessment by auscultatory sphygmomanometry (average of 2 sitting measurements at 5-

minute intervals). A questionnaire was completed at each visit that included items about past 

medical history, current and past medication use, sleep habits, lifestyle habits (including 

cigarette smoking history, alcohol use, and physical activity), socio-demographic 

characteristics, and use of positive airway pressure (CPAP). The morning after the sleep 

study, a venipuncture was performed for fasting plasma glucose and lipids.

Carotid Artery Ultrasound and Measurements

Carotid ultrasound studies were performed from October 2004, through September 2013, on 

849 participants. Approximately half of the participants completed two carotid ultrasound 

visits in this time period. To maximize the time between polysomnography and carotid 

ultrasound visits, the measurements from the second visit were used in the analysis. Ninety-

two participants were excluded for not having SaO2 data at least two years prior to the IMT 

measures. Participants that were using CPAP for the treatment of OSA at the time of the 

polysomnography (n=47) or were missing covariate data (n=21) were also excluded from 

this analysis. The final sample size was 689 participants with complete IMT and SaO2 data 

(Figure 1). The mean (standard deviation) follow-up time between first polysomnogram 

study and carotid ultrasound was 7.8 (2.5) years.

B-mode ultrasound images of each carotid artery were obtained using an 8.0 MHz linear 

array transducer (8L5, Acuson Sequoia C512, Siemens Medical Solutions, Malvern, PA), 

using a standardized imaging protocol (Stein et al., 2004). Mean carotid IMT was measured 

from the distal 1 cm of the far walls of each common carotid artery from three different 

angles on each side. IMT measurements at each angle were performed in triplicate and 

averaged. Carotid artery plaque was defined as a focal wall thickening with carotid IMT 

≥1.5 mm or a distinct protrusion into the lumen with a thickness 50% greater than that of the 

adjacent wall (Stein et al., 2008a). Carotid plaques were evaluated from transverse and 

longitudinal views of all carotid artery segments. The carotid plaque score (CPS) was 

defined as the total number of segments with carotid plaque (range 0–12). Ultrasound 
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examinations were interpreted and measured by a single experienced investigator with 

excellent reproducibility, blinded to all subject information (Stein et al., 2008b; Stein et al., 

2004).

Statistical Analysis

Statistical analyses were performed with SAS, version 9.2 (SAS Institute Incorporated, 

Cary, NC). Spearman correlations were computed as initial associations between nocturnal 

oxygen saturation parameters and carotid IMT variables. Primary outcome variables were: 

1) mean carotid IMT (modeled with linear regression) and 2) carotid plaque score (modeled 

with ordinal logistic regression). For both outcomes, we evaluated associations with baseline 

nocturnal oxygen saturation parameters and covariates assessed at the first 

polysomnography study. We chose to describe these associations with 5% increments in the 

oxygen saturation parameters because it was clinically meaningful and beyond normal 

measurement variations. Baseline variables included age, sex, body-mass index, systolic 

blood pressure, current smoking status, serum high-density lipoprotein (HDL) and self-

reported use of lipid-lowering medications. These baseline variables were used to predict 

carotid ultrasound measures assessed an average of 7.8 years after baseline measurements.

Meaningful deviations from modeling assumptions were checked for each presented model. 

For ordinal logistic regressions of the carotid plaque score outcome, the proportional odds 

assumption was met when statistically significant covariates were included in the model and 

when the upper end of the plaque score distribution was grouped together into one “high” 

level (i.e., 9–12 plaques were grouped into a single category, ≥9 plaques). Thus, plaque 

score models included only statistically significant covariates and the plaque score outcome 

variable was grouped as described above.

Results

At baseline, the mean (standard deviation) age of the 689 participants was 56 (8) years (55% 

male, 97% white) (Table I). Mean body-mass index was 31 (7) kg/m2, 32% were taking 

anti-hypertensive medications, and 11% were smokers. At the carotid ultrasound assessment 

visit (7.8 [2.5] years later), the participants’ mean age was 64 (8) years; mean body-mass 

index was 31 (7) kg/m2 and 51% were taking anti-hypertensive medications. The mean 

carotid IMT was 0.76 (0.16) mm and the average carotid plaque score was 2.5 (2.5).

Associations between Nocturnal Oxygen Saturation Parameters and Future Carotid IMT

Both minimum (r=−0.11; p=0.004) and mean (r=−0.10; p=0.007) nocturnal SaO2 were 

inversely correlated with future IMT. In linear regression models adjusted for age and sex, 

only minimum SaO2 predicted IMT (β=−0.009 mm per 5% increment in minimum SaO2, 

95% CI=−0.017 – −0.001, p=0.023). This association no longer was statistically significant 

after adding body-mass index and traditional CVD risk factors (p=0.991) to the model 

(Table 2). Surprisingly, mean SaO2 was associated with higher IMT after covariate 

adjustment, though this association probably is spurious (see discussion). Percent time with 

SaO2 <90% was not associated with future carotid IMT.
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Associations between Baseline Mean and Future Carotid Plaque Score

Both minimum (r=−0.13; p=0.001) and mean (r=−0.15; p<0.001) SaO2 were inversely 

correlated with future carotid plaque score. In ordinal logistic regression models adjusted for 

age, sex and body-mass index, both mean SaO2 (OR=0.60 per 5% higher mean SaO2, 95% 

CI 0.38–0.96, p=0.033) and minimum SaO2 (OR=0.88 per 5% higher minimum SaO2, 95% 

CI 0.80–0.97, p=0.013) predicted risk of higher carotid plaque score. TST<90% was not 

associated with carotid plaque score (p=0.66). Minimum SaO2 was the only saturation 

parameter that remained a significant predictor of carotid plaque score after adjusting for 

traditional CVD risk factors (OR=0.90 per 5% higher minimum SaO2, 95% CI 0.81–0.99, 

p=0.038) (Table 2). Other significant predictors of carotid plaque score in the final model 

included age, body-mass index (BMI), systolic blood pressure, high density lipoprotein 

cholesterol, lipid medication use and smoking (Table 3).

Including blood pressure and diabetes medication use in the model did not change the 

association between minimum SaO2 and carotid plaques (OR 0.98, 95% CI 0.96–1.00, 

p=0.043), but including these two variables meant that proportional odds assumption for 

ordinal logistic regression model was not met. Thus, we decided to leave these variables out 

of the final model.

The association between minimum SaO2 and carotid plaque score remained significant after 

adjusting for mean SaO2 level at rest before the sleep study and other possible causes of 

hypoxia, such as self-reported history of emphysema, obstructive lung disease, asthma or 

congestive heart failure. Also, inclusion of CPAP users did not change the results 

significantly (OR=0.89 per 5% higher minimum SaO2, 95% CI 0.81–0.98, p=0.023). 

Similarly, in models including interaction terms, neither age nor sex interacted with 

minimum SaO2 to predict plaque score.

Discussion

This is the first large cohort study to show that minimum nocturnal oxygen saturation is 

independently associated with future carotid artery plaques. This finding has important 

clinical implications because plaques are powerful predictors of CVD risk (Inaba et al., 

2012). The associations of other parameters of nocturnal oxygen saturation with carotid 

atherosclerosis (i.e. mean SaO2 and TST<90%) were confounded by BMI and other CVD 

risk factors. These findings are in keeping with our previous study which showed that AHI, 

another marker of OSA severity, was a stronger, independent predictor of future plaques 

than of IMT (Gunnarsson et al., 2014). Similarly, we found that minimum oxygen saturation 

predicted carotid IMT after adjusting for age and sex, but this association disappeared after 

the addition of BMI. This may be because BMI is more closely correlated with carotid wall 

thickening than with plaque development.

We believe that the observed association between higher mean SaO2 and higher later carotid 

IMT was spurious. The effect size was very small and likely was due to residual 

confounding effects of drugs that affect carotid wall thickness more than plaque, such as use 

of antihypertensive and lipid-lowering medications.
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Of note, our results remained robust after adding interaction terms for age and sex and also 

after adjustments for self-reported history of COPD and congestive heart failure. This 

supports our theory that the observed increase in plaques is related to OSA rather than other 

causes of nocturnal hypoxia. Adding CPAP users to our models did not change the 

association with minimum Sa02 significantly. However, it is important to note that the 

CPAP group was too small (n=47) to draw any meaningful conclusions about the effects of 

CPAP treatment on carotid atherosclerosis. Also, we were unable to determine any 

definitive threshold points for minimum SaO2 predicting increased carotid plaques, most 

likely because there were not enough subjects with nocturnal oxygen saturation below 80%. 

Of note, we excluded all subjects with minimum SaO2 <50% due to high likelihood that 

these were artifactually low values. Excluding true hypoxemic episodes with Sa02 <50% 

would be expected to weaken our observed association between minimum SaO2 and carotid 

plaque score. As a sensitivity test, we looked at the effect of excluding the five subjects with 

minimum SaO2 <55% and found that the strong trend between minimum SaO2 and carotid 

plaques remained, but the level of significance decreased, as expected (p=0.072).

Previous data on the relationship between nocturnal oxygen saturation and carotid 

atherosclerosis come from relatively small case-control and cross-sectional studies on 

patients with known or suspected OSA (Baguet et al., 2009; Baguet et al., 2005; Drager et 

al., 2010; Drager et al., 2005; Minoguchi et al., 2005; Ozdemir et al., 2013; Protogerou et 

al., 2007; Saletu et al., 2006; Schulz et al., 2005; Suzuki et al., 2004; Szabóová et al., 2007; 

Tan et al., 2012). It therefore is challenging to compare our findings with these older studies 

because our data come from randomly selected community dwelling adults with much 

higher mean and minimum oxygen saturations and a lower percentage of TST<90%, so 

some true associations may have been missed. However, the majority of these studies 

showed that either minimum (Drager et al., 2005; Schulz et al., 2005; Suzuki et al., 2004; 

Tan et al., 2012), mean (Baguet et al., 2009; Baguet et al., 2005; Schulz et al., 2005; Tan et 

al., 2012) or TST<90% (Baguet et al., 2009; Minoguchi et al., 2005; Saletu et al., 2006; 

Schulz et al., 2005; Suzuki et al., 2004; Szabóová et al., 2007) or two or more of these 

oxygen saturation parameters were associated with increased carotid IMT. Only one study 

showed no relationship (Drager et al., 2010). It is important to appreciate that only one-half 

of the studies explored these relationships with adjustments for covariates. Thus, it is not 

clear whether the oxygen saturation parameters contributed independently to carotid IMT in 

the studies that were based on simple correlations.

There have been very few studies that examined OSA-associated hypoxia and carotid 

plaques and their results are conflicting (Baguet et al., 2005; Protogerou et al., 2007; Saletu 

et al., 2006). One study found that both minimum and mean SaO2 predicted carotid plaques 

(Baguet et al., 2005). Two other studies found no relationship between TST<90% and 

plaques but did not comment on mean or minimal SaO2 and plaques (Protogerou et al., 

2007; Saletu et al., 2006). However, studies examining coronary arteries have shown that 

OSA is associated with increased coronary artery plaque scores (Kent et al., 2013; 

Weinreich et al., 2013).

Intermittent hypoxemia causes increased systemic inflammation and sympathetic activity 

leading to endothelial dysfunction (Jelic et al., 2008; Kraiczi et al., 2001; Yokoe et al., 
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2003). Hypoxemia also is related to atherosclerotic plaque progression in animal models 

(Jun et al., 2010; Savransky et al., 2007). Inflammation, sympathetic activation, and 

endothelial dysfunction may explain, in part, the observed relationship between minimum 

SaO2 and carotid plaques. However, we did not have measurements of inflammatory 

markers to address this directly.

It is intriguing that minimum SaO2 but not mean SaO2 or TST <90% were independently 

related to carotid plaque score. One study showed that compared to minimum SaO2, TST 

<90% might be a better predictor of increased inflammation in patients with OSA (Yokoe et 

al., 2003), but to our knowledge, no such study has been performed in community dwelling 

subjects. It is possible that in a cohort derived from the general community with a very low 

prevalence of severe OSA; lowest nocturnal oxygen level (i.e. minimum SaO2), rather than 

mean SaO2 or TST <90%, better reflects the endothelial damage caused by nocturnal 

hypoxia and thus is a stronger stimulator of atherosclerosis.

The strengths of this study include the large size cohort, prospective design, and inclusion of 

multiple covariates. Limitations include that participants were 97% Caucasian which 

reduces the generalizability of our findings. Because we did not have carotid artery 

measurements at the time of the baseline polysomnography, we were unable to assess 

carotid IMT progression. We also did not have hemoglobin A1C levels to adjust for diabetes 

mellitus control. Diagnoses of COPD, asthma and congestive heart failure were self-reported 

without confirmatory tests or clinical assessment at the time of baseline assessments.

CONCLUSION

In a large cohort of community-dwelling subjects, minimal nocturnal oxygen saturation is an 

independent risk factor for increased future carotid plaque burden. This has important 

clinical implications because carotid plaque burden strongly predicts CVD events. Thus, 

early recognition and treatment of OSA and associated risk factors could affect future CVD 

risk.
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Figure 1. 
Participant Flow Diagram
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Table 1

Descriptive Statistics for Participant Demographics and Key Study Variables

Variable At Baseline Sleep Study Visit At Carotid Ultrasound Visit

Age – years 56 (8) 64 (8)

Male – N (%) 375 (54%) -

Race – % White 97% -

Body-mass index – kg/m2 31(7) 31 (7)

Apnea-Hypopnea Index – events/hour 6.4 (8.7)

 N (%)

 <5 421 (61%) -

 5–15 190 (28%) -

 15–30 56 (8%) -

 ≥30 22 (3%) -

Systolic blood pressure – mmHg 125 (15) 126 (14)

High-density lipoprotein cholesterol – mg/dL 52 (14) -

Glucose – mg/dL 103 (24) -

Current smoker – N (%) 79 (11%) 52 (8%)

Antihypertensive medication use – N (%) 220 (32%) 348 (51%)

Lipid-lowering medication use – N (%) 156 (22%) 306 (44%)

Diabetes medication use – N (%) 40 (6%) 86 (12%)

Mean % O2 saturation 95 (2) -

Minimum % O2 saturation 86 (7) -

Percent sleep time with SaO2<90% 2 (8) -

Mean CCA intima-media thickness – mm - 0.76 (0.16)

Presence of carotid plaque - 477 (69%)

Carotid plaque score – count - 2.5 (2.5)

CCA = Common carotid artery

All values are mean (standard deviation) unless noted otherwise.
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Table 3

Multivariable Associations of Minimum Sa02 and other Cardiovascular Disease Risk Factors With Future 

Carotid Plaque Score (fully adjusted model)

Predictor Plaque Score
Odds Ratio (95% CI) p

Age 1.09 (1.07 – 1.11) <0.001

Female sex 0.87 (0.63 – 1.18) 0.373

Body-mass index 0.97 (0.95 – 1.00) 0.031

Systolic blood pressure 1.02 (1.01 – 1.03) <0.001

High-density lipoprotein cholesterol 0.99 (0.97 – 1.00) 0.010

Lipid medication use 2.02 (1.46 – 2.81) <0.001

Current smoker 2.27 (1.49 – 3.47) <0.001

Minimum SaO2 0.90 (0.81 – 0.99) 0.038

CI = confidence interval; SaO2 = arterial oxygen saturation
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