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Abstract 

Background. Obstructive sleep apnea (OSA) is associated with an increased prevalence of aortic 

aneurysms, and it has also been suggested that severe OSA furthers aneurysm expansion in the 

abdomen. We evaluated whether OSA is a risk factor for the progression of ascending thoracic aortic 

aneurysms (TAA). 

Methods. Patients with TAA underwent yearly standardized echocardiographic measurements of the 

ascending aorta over three years, and two level-III sleep studies. The primary outcome was the 

expansion rate of TAA in relation to the apnea-hypopnea-index (AHI). Secondary outcomes included 

surveillance for aortic events (composite endpoints of rupture, dissection, elective surgery, and death).  

Results. Between July 2014 and March 2020, 230 patients (median age 70 years, 78% male) 

participated in the cohort. At baseline, 34.8% of patients had an AHI of ≥15 events/hour. There was no 

association between TAA diameters and the AHI at baseline. After three years mean expansion rates 

were 0.55±1.25mm at the aortic sinus and 0.60±1.12mm at the ascending aorta. In the regression 

analysis, after controlling for baseline diameter and cardiovascular risk factors, there was strong 

evidence for a positive association of TAA expansion with AHI (aortic sinus estimate 0.025mm 

[95%CI 0.009 to 0.040], p<0.001; ascending aorta estimate 0.026mm [95%CI 0.011 to 0.041], 

p=0.001). Twenty participants (8%) experienced an aortic event, however, there was no association 

with OSA severity. 

Conclusion. OSA may be a modest but independent risk factor for faster TAA expansion and thus 

potentially contributes to life-threatening complications in aortic disease.  

Keywords: Obstructive Sleep Apnea, Thoracic Aortic Aneurysm, Epidemiology  



 

 

Introduction 

A thoracic aortic aneurysm (TAA) is a confined dilation of all three layers of the thoracic aorta. TAAs 

have a prevalence of approximately 0.3% in Western countries and they are more common among the 

male sex.(1) Although clinically silent, a TAA may result in sudden life-threatening complications 

such as thrombosis, dissection, and rupture.(2) TAA management currently includes controlling for 

currently known risk factors, serial imaging to monitor progression, and surgical intervention.(2) The 

majority of TAAs involve the ascending aorta, their etiology is mostly degenerative and associated 

with the general risk factors for atherosclerosis.(3) However, these factors, alone, are poor predictors 

of the incidence and subsequent growth rate of TAAs, and the underlying mechanisms that contribute 

to TAAs are poorly understood.(4) A combination of mechanical and biological factors is thought to 

contribute to vessel degeneration, but longitudinal clinical studies on this subject are scarce. Therefore, 

the investigation of modifiable factors influencing the growth rate of TAAs is of major interest. 

Obstructive sleep apnea (OSA) is a common sleep-related breathing disorder, induced by complete or 

partial obstruction of the upper airway, resulting in nightly apneas and hypopneas.(5) Over 20% of 

males and 10% of females in Western countries are affected by some degree of asymptomatic OSA.(6, 

7) Population studies have reported that severe OSA may be associated with the development of 

atherosclerosis(8, 9). In addition to being a systemic proatherosclerotic factor, OSA is also thought to 

impact the vessels within the thorax through various mechanical processes occurring during apneas 

(e.g. chronic hypertension, passive stretching of the aorta, intermittent hypoxia(10)), therefore 

establishing OSA as a candidate risk factor for TAA. Meta-analyses of randomized controlled trials 

have shown that OSA is highly treatable, since most common therapies (e.g. continuous positive 

airway pressure [CPAP] therapy) effectively counteract the adverse effects of the disorder, notably 

arterial hypertension and apneas.(11)  

A clinical association between TAA and OSA was initially documented in patients with Marfan 

syndrome, among whom the severity of OSA independently affected aortic diameter and adversely 

influenced aortic event-free survival rate.(12-14) A cross-sectional study in a non-Marfan population 

confirmed a higher prevalence of OSA in patients with TAA when compared to patients with normal 



 

 

aortic dimensions, suggesting that OSA may contribute to aneurysm expansion.(5) Finally, 

longitudinal data suggested that severe OSA may contribute to faster aneurysm expansion in the 

abdomen, but similar data on TAA are currently lacking.(15) 

With the aim of addressing this knowledge gap, we conducted a prospective cohort study in patients 

with TAA with the primary objective of investigating the association between OSA and yearly TAA 

progression. The secondary objective of the study was to analyze the association between OSA and the 

need for aortic surgery, or death (presumed or proven) from aortic rupture or dissection. 

Methods 

Study design and participants. This prospective study investigated a cohort of 230 TAA patients 

with baseline measurements (anthropometrics, respiratory polygraphy, echocardiography, 7-days 

ambulatory blood pressure) and a three-year follow-up which consisted of yearly echocardiographs 

(i.e. four visits altogether). The primary outcome was the aneurysm expansion rate over a period of 

three years and its relationship with OSA (reflected by the apnea-hypopnea index [AHI]). Secondary 

outcomes included a composite endpoint of surgery (or fulfilling the criteria for one), or elective 

endovascular repair because of rapid progression of thoracic aortic aneurysm (usually >10 mm per 

year and/or an aneurysm diameter >50 to 60 mm), or death from proven or presumed aortic 

dissection/rupture. From July 2014 onward, patients with TAA were identified from three databases in 

Switzerland (Figure 1) according to the following inclusion criteria: 1.) History of TAA according to 

at least one echocardiography report, and 2.) Aged ≥18 years. For this study, TAA was predefined as 

an aortic diameter exceeding the sex-specific cut-offs at the level of the sinus of Valsalva (i.e. ≥39 mm 

for women, ≥44 mm for men), or the ascending aorta (i.e. ≥42 mm for women, ≥46 mm for men).(16) 

Exclusion criteria included 1.) Current treatment with continuous positive airway pressure (CPAP) 

therapy for OSA at baseline; 2.) A history of central sleep apnea; 3.) A history of morphine/opioid 

medication, or heroin or alcohol addiction; 4.) A documented moderate or severe aortic regurgitation; 

5.) A documented moderate or severe aortic stenosis; and 6.) Pregnancy. All subjects were invited by 

mail to take part, and the study was approved by the Cantonal Ethics Committee Zurich, Switzerland 



 

 

(KEK-ZH-Nr. 2014-0035). All participants provided written informed consent prior to participation. 

The cohort was registered a priori (ClinicalTrials.gov identifier: NCT02204774) and post-hoc analyses 

are highlighted.  

Respiratory polygraphy. All patients underwent a full level-III respiratory polygraphy (ApneaLink 

Air, ResMed, San Diego, USA) during the habitual sleep time at their homes. The setup and scoring 

was performed according to the guidelines by the American Academy of Sleep Medicine 

recommendations from 2007 (version A).(17) Two blinded investigators reviewed all raw-data 

manually, and the sleep study was repeated in case of artefacts or <4 hours of recording time (28 

cases).  

Echocardiography. All echocardiographic studies were performed with a 3.5 MHz transducer on a 

cardiovascular ultrasound system (Vivid E9 with XDclear, GE Healthcare, Little Chalfont, UK). 

According to a standardized approach, all measurements for this study were performed in the left 

parasternal long axis window using two-dimensional, guided M-mode, documenting the end-systolic 

diameter of the aortic sinus (defined as the largest diameter of the sinus of Valsalva) and the ascending 

aorta (at the level of the right pulmonary artery). Every measurement was performed three times, and 

the data were averaged by the mean. According to the recommendations by the American Society of 

Echocardiography, the “leading edge-to-leading edge” technique was applied.(18) The limitations of 

the ultrasound-technology did not allow for the inclusion of TAA at the descending aorta. Since 

investigators were blind to the preceding measurements, in some cases (approx. 24%), a negative 

growth rate (i.e. <0 mm) was calculated. For statistical analysis, the average of the three annual 

expansion rates for each patient was calculated. 

Statistical analysis. Sample size calculation required 230 participants, assuming a 60% prevalence of 

OSA (defined as AHI≥5/h)(15) and a dropout rate of 10%/year, in order to detect a difference in TAA 

expansion of 1mm (SD=0.647, α=0.05, β=0.9 and assuming >126 complete cases). The cut-off value 

of 1 mm was chosen as this is the considered minimal clinically important difference at the individual 

level. Descriptive statistics of baseline patient characteristics are presented as mean and standard 

deviation (SD) or median and interquartile range (IQR) for continuous measurements, and as number 

and percentage of total for categorical measurements. For the primary outcome, a least-squares linear 



 

 

regression analysis was fitted with pre-defined cardiovascular confounding variables (Table 3). 

Estimates of the regression analysis are reported with 95% confidence intervals, and a two-sided p-

value of <0.05 was considered statistically significant for all reported tests. Statistical analysis was 

performed with STATA Version 15 (StataCorp LP, College Station, TX) and R Version 3.6.3 (R Core 

Team). Data and quality monitoring was conducted by a third party (RMC consult GmbH & Co. KG). 

Results 

Study profile and participants’ characteristics. Figure 1 shows the study flow chart. Between July 

2014 and March 2020, all patients completed the study. The baseline characteristics are shown in 

Table 1, 2 and eTable 1, 2. None of the patients were diagnosed with a syndromic connective tissue 

disorder (e.g. Marfan, Ehlers-Danlos, or Loeys-Dietz syndromes) or a major vascular inflammatory 

disorder (e.g. Takayasu/giant cell arteritis). Of the final TAA cohort (n=230), 20 patients reached an 

end-point during the study period, 36 patients were lost to follow-up, and 174 patients completed the 

fourth annual visit. Complete annual expansion rate data was available for 160 patients. In 14 cases, 

data points for the primary outcome for a maximum of one visit were missing due to technical 

difficulties. The average follow-up interval over three years was 369 ± 54 days. The patients spent a 

median of 1099 (IQR 943 to 1117) days within the cohort. There was no association between TAA 

baseline diameters and severity of OSA at baseline (r=0.25, p=0.82 for aortic sinus, r=0.21, p=0.81 for 

ascending aorta). 

Primary outcome. At baseline, 34.8% of patients had an AHI of ≥15 events/hour, and the prevalence 

of OSA-syndrome (defined as an AHI ≥5/hour and an Epworth Sleepiness Score ≥11 points) was 

12.6% (Table 2). Mean (±standard deviation) expansion rates over three years were 0.55±1.25 mm at 

the aortic sinus and 0.60±1.12 mm at the ascending aorta (eFigure 1). TAA expansion rates were 

larger in higher AHI categories (Figure 2, eTable 5, p for trend <0.001 for aortic sinus and ascending 

aorta). In the regression analysis (Table 3), controlled for baseline diameter, cardiovascular risk factors 

and blood pressure, there was strong evidence for a positive association of TAA expansion with the 

baseline diameter (Table 3, eTable 4), and the AHI (p=0.001 for both the aortic sinus and ascending 



 

 

aorta). A separate model with the oxygen desaturation index (ODI) yielded similar results (eTable4). 

Alternative markers for OSA severity (e.g. time below SpO2<90%) are reported in eTable 4. 

Expansion rates at the aortic sinus were higher for males when compared to females (+0.809 mm 

[95%CI 0.163 to 1.456], p=0.02), however, there was no statistically significant difference at the 

ascending aorta (+0.289 mm [95%CI -0.285 to 0.863], p=0.320). Sensitivity analysis suggested, that 

the results were not sensitive to multiple imputation (n=14 cases of incomplete data) or when an 

intention-to-treat analysis (n=230) was implemented.  

Secondary outcome. During follow-up, 20 patients experienced a predefined endpoint: 9 patients 

underwent elective TAA surgery, 10 patients died due to causes unrelated to their TAA, and 1 patient 

died due to unknown reasons (sudden death, no autopsy, last measurements: 39 mm [aortic sinus] and 

35 mm [ascending aorta]). Zero patients experienced a TAA rupture and/or emergency surgery for 

TAA. The patients who underwent elective TAA surgery (n=9) did not differ significantly from the 

rest of the cohort (n=212) in terms of their OSA severity (median AHI surgery 13.6 [IQR 1.6 to 44.5] 

vs. AHI rest  9.8 [3.8 to 20.6] events/hour; p=0.16), however, their TAA expansion rates were 

significantly higher (mean expansion surgery 0.14 [IQR 0.06 to 0.40] vs. mean expansion rest 0.63 

[IQR 0.03 to 0.67] mm/year; p<0.001).  

Quality assessment. Absolute and relative intraobserver variability (eTable 6) indicated a normal 

distribution of the ultrasound-measurement error and intraclass correlation coefficients for the aortic 

sinus (0.982 [95%CI 0.980 to 0.984]) and ascending aorta (0.987 [95%CI 0.985 to 0.989]) indicated 

excellent reliability (eTable 7 & 8). Finally, there was no evidence of a significant association between 

the three observers and annual TAA expansion rate (eTable 9). 

Post-hoc analysis. As a result of the baseline measurements, 25% (n=57) of patients received their 

results and decided to undergo further sleep laboratory testing (which was not part of the study, no 

randomization involved). Ultimately, 11% (n=25) of the cohort patients initiated CPAP-therapy during 

the follow-up. Of those 25 patients, 11 patients discontinued CPAP-therapy after a median of 3 (IQR 1 

to 5) months, and 14 patients stayed on CPAP for the rest of the study (≥3 years). In a post-hoc 

analysis, median expansion rates for these 14 patients on CPAP were 0.21 mm/year (IQR -0.10 to 



 

 

0.50) at the aortic sinus and 0.51 mm/year (IQR 0.00 to 1.31) at the ascending aorta. There was no 

evidence for a statistically significant difference in median expansion rates when this group (n=14) 

was compared to the non-CPAP group (n=146). The main outcome did not differ, when the 

regression-analysis was restricted to the non-CPAP group (eTable 4). 

Discussion 

Thoracic aortic aneurysms can have life-threatening complications, and the mechanisms underlying 

their prevalence and expansion are still poorly understood. In this study, an association between OSA 

severity (i.e. AHI) and TAA expansion rate was confirmed, making it highly relevant as it opens 

research avenues into possible strategies to identify populations at risk and to slow down TAA 

progression. Our results are similar to those previously reported for patients with abdominal aortic 

aneurysms, although the average TAA expansion rate was significantly smaller than that of abdominal 

aortic aneurysms.(10) Interestingly, in the post-hoc analysis, TAA expansion rates were even smaller 

(but not statistically significant) for patients who initiated and sustained CPAP therapy at the 

beginning of the trial. This is in line with a previous publication, which suggested that, in patients with 

TAA, sustained and effective CPAP therapy may counteract the adverse effects of OSA on aneurysm 

expansion.(19) Although this was an observation for which no experimental data were presented, this 

finding underlines the potential role of OSA in the pathogenesis of TAA.  

Our regression analysis (Table 3) showed strong evidence for the dominant role of the baseline 

diameter on subsequent expansion rate, which is in accordance with Laplace's law and a well-known 

fact in the literature on TAA.(2) In our model, >80% of the variability in the follow-up measurements 

of the aortic sinus and the ascending aorta were explainable by the baseline diameter value alone. 

Considering the sub-millimeter confidence interval for AHI in our model, the proposed clinical impact 

of OSA severity on TAA expansion remains relatively small during the three-year period of this study. 

Nevertheless, OSA is a common chronic disorder that often requires lifelong therapy and 

cardiovascular consequences may accumulate over decades. In the bigger picture, the pathophysiology 

of TAA remains undoubtedly multifactorial and OSA may represent only one of the few potentially 

modifiable risk factors underlying aortic disease. 



 

 

In a three-year follow-up echocardiography study of a demographically similar cohort, average 

expansion rates of 0.82±1.10 mm/year for the aortic sinus and 0.75±1.10 mm/year for the ascending 

aorta were reported.(20) However, in contrast to our cohort, the abovementioned study did not use a 

sex-specific definition of TAA and thus overall aortic dimensions were higher. Furthermore, 

considering the inherent limitations of ultrasound technology use (inter- and intra-observer 

variability), our measurements are in line with the current literature, albeit below the previously 

reported average.(20)  

Patients in our cohort experienced an above-average rate of „aortic events‟, with an extrapolated event 

rate of 1.30 per 100 patient years, whereas the aforementioned cohort(20) reported 0.88 events per 100 

patient years (also mostly TAA surgery).(20) As most of the aortic events in our cohort were related to 

elective TAA surgery (at least 90%), rather than emergencies, we attribute this to highly successful 

implementation of primary prevention in the current cohort. A family history of TAA was reported in 

9.6% of our patients, suggesting a genetic component (e.g. ACTA2-mutation) in the pathogenesis, 

which is also recognized in the literature.(2) Furthermore, 4.3% of our TAA patients were diagnosed 

with a concurring abdominal aneurysm, which supports the hypothesis that systemic factors contribute 

to aneurysm formation at different sites. The latter finding is also in line with a previously reported 

estimate of the number of patients who experience both a thoracic and an abdominal aneurysm 

(4%).(21) 

The underlying mechanisms through which OSA might contribute to aortic disease are currently not 

well understood.(10) It is also not clear, whether OSA pathophysiology affects thoracic and 

abdominal aneurysms differently.(10) Recent literature suggests that untreated OSA may contribute 

to TAA progression via three main mechanisms: First, chronic hypertension and vascular dysfunction, 

resulting from underlying neurohumoral changes induced by OSA(22), are known risk factors for the 

pathogenesis of TAA.(2) Indeed, the prevalence of arterial hypertension in our cohort was 

disproportionately high (77.4%, Table 1). Nevertheless, it is worth noting, that the small group within 

our cohort, who initiated and sustained CPAP-therapy during the study, (n=14) reported lower office 

blood pressure when compared to the rest of the cohort. However, this difference was not statistically 



 

 

significant as the small sample size may have played a role (systolic 121.8±10.4 vs. 125.0±11.9 

mmHg, p=0.329; diastolic 75.0±7.3 vs. 76.5±9.2 mmHg, p=0.401). While we did not measure 

nocturnal blood pressure, it is worth noting, that arterial blood pressure in OSA patients is particularly 

elevated during sleep and nocturnal non-dipping patterns (diminished night-time blood pressure 

reductions), as well as larger intermittent rises in blood pressure, are especially prominent.(23) Thus, 

office-blood pressure is likely to underestimate the true effects of both OSA and CPAP. 

The second mechanism through which OSA may contribute to TAA progression involves passive 

stretching of the aorta during sleep, which subjects the vessels to additional negative shear stress, 

resulting in fibrinolytic imbalance in the short term and degeneration in the long term.(10) An invasive 

study utilizing an aortic catheter detected significant negative intrathoracic pressure swings 

(approximately -13 to -19 mmHg) during apneas, which can last up to one minute and were repeated 

many times per hour, depending on disease severity.(24) As a result, pathologic negative pressure 

surges during apneas (as the patient continues to inhale against an obstructed airway) is forwarded to 

the walls of the aorta, promoting dilation. The fact that in our cohort obstructive apneas were the most 

common type of apnea (68%), followed by mixed (16%) and central (16%) apneas, underlines the 

significance of this mechanism. 

Finally, the literature suggests that intermittent hypoxia (desaturations of 5 to 30% during apneas) and 

subsequent arousal-induced sympathetic activation result in short-term bursts of vasoconstriction and 

blood pressure surges of approximately 10 to 80 mmHg, adding mechanical shear stress from within 

the vessel.(10, 25) Since these blood pressure surges can be blunted by oxygen administration, it is 

thought that hypoxemia influences the autonomous nervous system via chemoreceptors.(10, 26)  

Finally, the literature suggests that intermittent hypoxia (desaturations of 5% to 30% during apneas) 

and subsequent oxidative stress with arousal-induced sympathetic activation result in short-term bursts 

of vasoconstriction and blood pressure surges of approximately 10 to 80 mmHg, adding mechanical 

shear stress from within the vessel.(10, 25) Since these blood pressure surges can be blunted by 

oxygen administration(26), it is thought that hypoxemia influences the autonomous nervous system 

via chemoreceptors.(10) The potential role of short-term intermittent hypoxia is supported by the fact, 



 

 

that the ODI also significantly predicted TAA expansion rates, while long term indices (e.g. time 

below SpO2 90%) were not associated with TAA expansion in this cohort (eTable 4).  

Limitations. While OSA was repeatedly assessed during our follow-up, we utilized level-III 

respiratory polygraphy and not the gold standard of in-hospital polysomnography. While a randomized 

trial has proven that level-III devices are non-inferior to polysomnography in the clinical setting for 

OSA, we might have missed or misclassified cases of mixed or central sleep apnea to a small 

extent.(27) Furthermore, we did not collect genetic data in order to estimate the genetic predisposition, 

and our cohort might be non-representative of patients with TAA as whole, since no syndromic 

connective tissue disorders or major vascular inflammations (e.g. aortitis) were included. Since TAA 

is a lifelong disease, our follow-up of only three years may also be regarded as too short and thus 

underestimate the aneurysm expansion. Finally, sustained CPAP initiation among the TAA cohort 

might have introduced a bias towards the null hypothesis (i.e. underestimation of the true association). 

Finally, the design of this cohort study does not allow establishing any causal relationships between 

OSA, CPAP treatment and TAA. 

Conclusions. Besides already known risk factors for TAA expansion (e.g. baseline diameter, genetic 

predispositions, etc.) OSA may be a modest underlying factors contributing to aortic disease. Although 

the clinical impact over a period of three years may seem small, the cardiovascular consequences of 

untreated OSA usually accumulate over decades. Since OSA is effectively treatable, and sustained 

CPAP-therapy might alleviate the adverse effects of OSA on TAA expansion, further trials 

establishing a causal link are required.   
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Figure 1. Study flow chart.



 

 

Figure 2. TAA expansion rates by AHI categories of complete cases (n=160, p for trend <0.001 for aortic sinus and ascending aorta). Bars represent quartiles 

and 95% confidence intervals.



 

 

Tables 

Table 1. Patient characteristics of the final TAA cohort (n=230). 

Anthropometrics 

Age, years 69.7 (60.6 to 74.7) 

Male, n (%)  192 (78%) 

BMI, kg/m
2
 26.3 (24.4 to 29.4) 

Height, cm 178 (170 to 182) 

Weight, kg 83.6 (75.5 to 92.0) 

Body surface area, m
2
 2.0 (1.9 to 2.1) 

Neck circumference, cm 40.5 (38.0 to 42.5) 

Blood pressure data 

Office 
(average of three) 

Systolic, mmHg 129.2 (119.3 to 144.3) 

Diastolic, mmHg 81.5 (74.9 to 89.3) 

Home 
(7 day average) 

Systolic, mmHg 124.5 (116 to 133.9) 

Diastolic, mmHg 75.2 (70.0 to 81.6) 

Comorbidities 

Active / Ex- / Never-Smokers, n (%) 30 (13%) / 107 (46.5%) / 93 (40.4%) 

History of hypertension, n (%) 178 (77.4%) 

History of diabetes mellitus type 2, n (%) 18 (7.8%) 

HbA1c, % 5.7 ± 0.7 

History of dyslipidemia, n (%) 135 (58.7%) 

Cholesterol, mmol/l 4.6 ± 1.2 

Triglycerides, mmol/l 1.6 ± 0.8 

High-density lipoprotein, mmol/l 1.4 ± 0.5 

Low-density lipoprotein, mmol/l 2.6 ± 1.1 

History of stroke, n (%) 33 (14.3%) 

History of coronary artery disease, n (%) 53 (23.0%) 

History of atrial fibrillation, n (%) 53 (23.0%) 

Family history of aortic aneurysms, n (%) 22 (9.6%) 

Abdominal aortic aneurysm, n (%) 10 (4.3%) 

Bicuspid aortic valve, n (%) 14 (6.1%) 

Data are n (%), median (interquartile range), or mean ± SD as appropriate. BMI, body mass index.  

  



 

 

Table 2. Baseline characteristics of the primary outcome in patients with TAA (n=230). 

Obstructive sleep apnea data 

Apnea-hypopnea index, hr
-1

 9.7 (3.7 to 20.8) 

AHI ≥ 5, n (%) 147 (63.9%) 

AHI ≥ 15, n (%) 80 (34.8%) 

AHI ≥ 30, n (%) 32 (13.9%) 

Obstructive sleep apnea syndrome, n (%)* 29 (12.6%) 

Oxygen-desaturation index, hr
-1

 9.4 (4.0 to 20.9) 

Absolute time below SpO2 <90%, minutes 57 (8 to 178) 

Relative time below SpO2 <90%, % of recording time 13 (3 to 43) 

Epworth Sleepiness Scale, points 6.3 ± 3.8 

Aortic dimensions (men, n=192) 

Aortic sinus (end-systole), mm 45 (43 to 47) 

Ascending aorta (end-systole), mm 44 (40 to 47) 

Aortic dimensions (women, n=38) 

Aortic sinus (end-systole), mm 39 (37 to 40) 

Ascending aorta (end-systole), mm 43 (42 to 45) 

Data are n (%) or median (interquartile range). AHI, Apnea-hypopnea index  

*Sleep apnea syndrome was defined as an AHI ≥5/hour and an Epworth score ≥11 points. 



 

 

Table 3. Least-squares linear regression based on aortic size at the end of the study as the primary outcome in a complete case analysis (n=160) with controlling 

for baseline diameter and pre-defined cardiovascular confounders. 

 

 Aortic sinus Ascending aorta 

 Coefficient 95% CI p-value Coefficient 95% CI p-value 

Intercept 1.544 -2.211 to 5.299 0.42 -0.255 -3.687 to 3.177 0.89 

Baseline diameter, mm 0.973 0.922 to 1.025 < 0.001 0.984 0.942 to 1.026 < 0.001 

Apnea-hypopnea index, hr
-1

 0.025 0.009 to 0.040 0.002 0.026 0.011 to 0.041 0.001 

Age, years 0.001 -0.021 to 0.021 0.99 0.002 -0.019 to 0.022 0.86 

Male (Reference level: female) 0.735 0.024 to 1.447 0.04 0.204 -0.436 to 0.844 0.53 

Body surface area, m
2
 -0.632 -2.313 to 1.048 0.46 0.372 -1.246 to 1.990 0.65 

Number of antihypertensives (0 to 5), n 0.038 -0.139 to 0.214 0.68 0.004 -0.168 to 0.175 0.97 

BMI, kg/m
2
 0.006 -0.057 to 0.069 0.85 -0.005 -0.065 to 0.056 0.88 

History of dyslipidemia (yes/no) 0.071 -0.099 to 0.241 0.41 0.068 -0.097 to 0.232 0.42 

Active smoker (yes/no) -0.182 -0.788 to 0.424 0.55 -0.005 -0.589 to 0.579 0.99 

Bold values denote statistical significance at the p < 0.05 level. R
2
=0.941. BMI, body mass index; CI, confidence interval 
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eTable 1. Patient characteristics of the per-protocol subgroup with complete data for annual aortic 

growth (n=160). 

Anthropometrics 

Age, years 68.7 (60.0 to 73.6) 

Male, n (%)  132 (83%) 

BMI, kg/m
2
 26.2 (24.4 to 29.1) 

Height, cm 176 ± 7 

Weight, kg 83.9 ± 12.9 

Body surface area, m
2
 2.0 ± 0.2 

Neck circumference, cm 39.5 ± 3.5 

Blood pressure data 

Office 
(average of three) 

Systolic, mmHg 129.3 (119.6 to 143.4) 

Diastolic, mmHg 82.3 (75.6 to 89.5) 

Home 
(7 day average) 

Systolic, mmHg 125.4 (118.1 to 132.6) 

Diastolic, mmHg 77.0 (70.4 to 83.7) 

Comorbidities 

Active / Ex- / Never-Smokers, n (%) 18 (11%) / 75 (47 %) / 67 (42%) 

History of hypertension, n (%) 116 (73%) 

History of diabetes mellitus type 2, n (%) 10 (7%) 

HbA1c, % 5.7 ± 0.7 

History of dyslipidemia, n (%) 92 (58%) 

Cholesterol, mmol/l 4.7 ± 1.2 

Triglycerides, mmol/l 1.5 (1.0 to 2.0) 

High-density lipoprotein, mmol/l 1.4 (1.0 to 1.6) 

Low-density lipoprotein, mmol/L 2.6 (1.9 to 3.2) 

Data are n (%), median (interquartile range), or mean ± SD as appropriate. BMI, body mass index.   



eTable 2. Medication of the final TAA cohort at baseline (n=230). 

Drugs 
Baseline, all 
participants 

(n=230) 

Baseline, 
complete 

cases  
(n=160) 

Absolute 
changes 
during 

follow-up 

Follow-up 3 
yrs, complete 

cases  
(n=160) 

β-Adrenoreceptor 
antagonists 

120 (52.2%) 82 (51.2%) +4 / -2 84 (52.5%) 

α-Adrenoreceptor 
antagonists 

16 (7.0%) 8 (5.0%) +0 / -0 8 (5.0%) 

Angiotensin-converting-
enzyme inhibitors 

78 (33.9%) 59 (36.9%) +4 / -1 62 (38.8%) 

Calcium channel 
antagonists 

56 (24.3%) 38 (23.7%) +5 / -1 42 (26.3%) 

Angiotensin-II-receptor 
blockers 

59 (25.7%) 36 (22.5%) +2 / -1 37 (23.1%) 

Aldosterone antagonists 9 (3.9%) 6 (3.8%) +0 / -0 6 (3.8%) 

Diuretics 74 (32.2%) 45 (28.1%) +2 / -1 46 (28.8%) 

Statins 129 (56.1%) 94 (58.8%) +5 / -1 98 (61.3%) 

Insulin 4 (1.7%) 3 (1.9%) +3 / -0 6 (3.8%) 

Oral antitiabetics 16 (7.0%) 11 (6.9%) +4 / -0 15 (9.4%) 

Oral anticoagulation  78 (33.9%) 58 (36.2%) +5 / -1 62 (38.8%) 

Aspirin 88 (38.3%) 64 (40.0%) +0 / -0 64 (40.0%) 

Total number of antihypertensive drugs 

0 antihypertensive 
drugs 

37 (16.1%) 26 (16.3%) +0 / -2 24 (15.0%) 

1 antihypertensive drug 64 (27.8%) 48 (30.0%) +1 / -3 46 (28.8%) 

2 antihypertensive 
drugs 

64 (27.8%) 45 (28.1%) +4 / -2 46 (28.8%) 

3 antihypertensive 
drugs 

43 (18.7%) 28 (17.5%) +4 / -3 29 (18.1%) 

4 antihypertensive 
drugs 

19 (8.3%) 13 (8.1%) +4 / -2 15 (9.4%) 

5 antihypertensive 
drugs 

3 (1.3%) 0 (0%) +0 / -0 0 (0%) 

All data are n (%) 



eTable 3. Average TAA growth rates and blood pressure data by changes in overall number of 

antihypertensive drugs. 

 

 

Less 

antihypertensive 

drugs at the end 

of follow-up 

No change of 

antihypertensive 

drugs at the end 

of follow-up 

More 

antihypertensive 

drugs at the end 

of follow-up 

ANOVA 

p-value 

n 2 146 12  

Aortic sinus growth 

rate, mm 
0.00 ± 0.05 0.54 ± 1.26 0.50 ± 1.98 0.259 

Ascending aorta 

growth rate, mm 
1.00 ± 0.9 0.59 ± 1.13 0.68 ± 1.20 0.586 

Systolic blood 

pressure (office), 

mmHg 

126.0 (121.0 to 

131.0) 

129.2  

(119.3 to 144.3) 

130.5  

(120.0 to 136.0) 
0.682 

Diastolic blood 

pressure (office), 

mmHg 

80.0 (75.0 to 85.0) 81.5 (74.9 to 89.3) 81.3 (76.3 to 88.3) 0.568 



eFigure 1. Absolute aortic sinus and ascending aorta measurements over three years of complete cases (n=160). 
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eTable 4. Normal linear regression model based on TAA expansion as the primary outcome (n=160) and controlling for baseline value and pre-defined 
cardiovascular confounders. Model 1 (β1 AHI) was conducted according to the study protocol. Model 2-4 (β1 ODI / β1 T90a / β1 T90r) are post-hoc analysis exploring 
potential association of alternative severity parameters of OSA. Model 5 (β1 AHI) limited the analysis to subjects who did not effectively initiate CPAP-therapy 
during the course of the study.  

  
 Aortic sinus Ascending aorta 

   Coefficient 95% CI p-value Coefficient 95% CI p-value 

Model 1 (n=160) 

β0 + β1 AHI + β2-8 

 

β0 Intercept 0.547 -2.663 to 3.757 0.74 -0.812 -3.901 to 2.278 0.60 

β1 AHI Apnea-hypopnea index, hr
-1

 0.025 0.009 to 0.040 0.002 0.026 0.011 to 0.041 0.001 

β2 Age, years -0.001 -0.022 to 0.021 0.97 0.001 -0.019 to 0.022 0.91 

β3 Male (Reference level: female) 0.604 -0.060 to 1.268 0.074 0.208 -0.430 to 0.847 0.52 

β4 Body surface area, m
2
 -0.706 -2.380 to 0.968 0.41 0.331 -1.280 to 1.943 0.68 

β5 n of antihypertensives (0 to 5), n 0.036 -0.141 to 0.213 0.69 -0.003 -0.173 to 0.167 0.97 

β6 BMI, kg/m
2
 0.010 -0.053 to 0.072 0.76 -0.005 -0.066 to 0.055 0.86 

β7 History of dyslipidemia (yes/no) 0.076 -0.094 to 0.246 0.38 0.071 -0.092 to 0.235 0.39 

β8 Active smoker (yes/no) -0.162 -0.767 to 0.442 0.60 -0.016 -0.598 to 0.566 0.96 

Alternative OSA severity parameters (substitution of β1) 

Model 2 (n=160) 

β0 + β1 ODI + β2-8 
β1 ODI Oxygen-desaturation index, hr

-1
 0.023 0.008 to 0.038 0.001 0.019 0.004 to 0.034 0.002 

         

Model 3 (n=160) 

β0 + β1 T90a + β2-8 
β1 T90a 

Absolute time SpO2 <90%, 
minutes 

-0.001 -0.003 to 0.006 0.563 0.001 -0.003 to 0.006 0.910 

         

Model 4 (n=160) 

β0 + β1 T90r + β2-8 
β1 T90r 

Relative time SpO2 <90%, % of 
recording time 

-0.001 -0.213 to 0.191 0.917 -0.010 -0.330 to 0.824 0.276 

Limitation to subjects who did not effectively initiate CPAP during the trial (restriction of n) 

Model 5 (n=146) 

β0 + β1 AHI + β2-8 
β1 AHI Apnea-hypopnea index, hr

-1
 0.029 0.012 to 0.049 0.005 0.028 0.009 to 0.050 0.004 

 
Bold values denote statistical significance at the p<0.05 level. Model 1: R

2
=0.127. BMI, body mass index; CI, confidence interval 

Akaike's information criterion (AIC): Model 1 (-212.9) < Model 2 (-212.1) < Model 4 (-206.2) < Model 3 (-205.6) < Model 5 (-203.6) 
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eTable 5. Average growth rates by AHI categories above and below 15 events per hour. 

 

 
AHI <15 

events/hour 

AHI  15 

events/hour 
p-value 

n 105 55  

Aortic sinus, mm 0.35 ± 1.05 0.95 ± 1.49 0.005 

Ascending aorta, mm 0.44 ± 1.19 0.90 ± 1.23 0.016 

 

 

  



 

Quality control 

 

eTable 6. Aortic sinus and ascending aorta dimensions measured by the same observer and 
corresponding absolute and relative measures of intraobserver variability cumulatively 1,920 

measurements (160 subjects x 4 visits x 3 measurements). 

 

 
Absolute  

intraobserver variability 
Relative  

intraobserver variability 

 
Absolute 
difference 

(mm)* 

Difference 
(mm)* 

Individual 
SD (mm) 

Absolute 
differene 

(%)* 

Difference 
(%)* 

SD (%) 

Aortic Sinus, 
average 

0.62 +0.01 0.34 1.43 +0.20 0.79 

Ascending 
aorta, 
average 

0.57 -0.01 0.32 1.34 -0.21 0.74 

 

* for the difference the two most extreme values (minimum, maximum) were considered 

 

 

eTable 7. Intraclass correlation coefficient using one-way ANOVA from 1,920 measurements at the 

aortic sinus (160 subjects x 4 visits x 3 measurements). 

Source of 
variation 

Sum of 
squares 

Degr. of 
freedom 

Mean 
squares 

p-value ICC (95%CI) 

Subjects 37,263.5 639 58.3 <0.001 

0.982  
(0.980-0.984) 

Error 463.2 1,280 0.4 - 

Total 37,726.7 1,919 19.7 - 

 

95% CI, Confidence interval; ICC, Intraclass correlation coefficient 
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eTable 8. Intraclass correlation coefficient using one-way ANOVA from 1,920 measurements at the 

ascending aorta (160 subjects x 4 visits x 3 measurements). 

Source of 
variation 

Sum of 
squares 

Degr. of 
freedom 

Mean 
squares 

p-value ICC (95%CI) 

Subjects 38,915.1 639 60.4 <0.001 

0.987 
(0.985 – 0.989) 

Error 334.9 1,280 0.3 - 

Total 38,915.1 1,919 20.3 - 

 

95% CI, Confidence interval; ICC, Intraclass correlation coefficient 

 

 

 

eTable 9. Average aortic sinus and ascending aorta growth rates measured by three different 

observers in 480 growth rate calculations (160 subjects x 3 annual growth rates). 

 

 Observer 1 Observer 2 Observer 3 
p-value 
(global) 

Measurements, n (%) 288 (60.0%) 180 (37.5%) 12 (2.5%) - 

Aortic sinus 0.17±0.88 0.21±0.84 0.29±1.02 0.743 

Ascending aorta 0.22±0.98 0.25±0.83 0.18±0.96 0.160 

 


