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Abstract
Background  Aortic stiffness (AS) parameters as pulse wave velocity (PWV), aortic distensibility of the ascending 
and descending aorta (AD AoAsc, AD AoDesc) and pulse pressure (PP) are marker for vascular ageing, whereas data 
concerning obstructive sleep apnea (OSA) in population-based cohorts are sparse. Thus, we aimed to identify possible 
associations of AS with OSA in the Hamburg City Health Study (HCHS) cardiovascular magnetic resonance (CMR) 
cohort.

Methods  HCHS is a population-based cohort-study quantifying PWV and AD by 2D-phase-contrast-CMR-measuring-
methods and PP by blood pressure. OSA was defined as self-reported OSA by HCHS-study-interviews and/or a 
combination of snoring, respiratory arrest and Epworth-Sleepiness-Scale (ESS) > 10. Logistic regression analyses with 
adjustments were performed.

Results  In the cohort of 1,498 participants (median age 66 years, 39.0% female), 143 (9.5%) participants were 
identified as symptomatic high risk OSA cohort with significantly higher rates of males (p < 0.001), hypertension 
(p < 0.001), and coronary artery disease (p = 0.037). Median PWV and AD (p = 0.741, p = 0.145, p = 0.191) were not 
significantly different, but median PP was significantly higher in this OSA cohort (p = 0.003). In male OSA participants, 
median AD AoAsc and AD AoDesc were significantly lower and median PP significantly higher (p = 0.006, p = 0.015, 
p < 0.001). After adjustment for age, sex, cardiovascular risk factors (CVRF), diseases (CVD) and antihypertensive 
medication, OSA remained significantly associated with PP (p = 0.045), but not with PWV, AD AoAsc and AD AoDesc 
(p = 0.633, p = 0.503, p = 0.171).

Conclusions  Higher PP was associated with OSA after adjustment for age, sex, CVRF, CVD and medication. Therefore, 
PP might be used to identify individuals at risk for OSA.
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​​Background
Obstructive sleep apnea (OSA) describes a sleep disor-
der, characterized by recurrent upper airway obstruc-
tion during sleep, leading to respiratory interruptions 
and intermittent hypoxemia [1]. OSA remains largely 
undiagnosed in the general adult population [2]. Known 
risk factors to develop OSA are male sex, higher age and 
obesity [3]. OSA is a potentially life-threatening sleep 
disorder, due to discussed associations with cardiovas-
cular diseases [4] with increased all-cause mortality [5], 
as well as with increased rates of psychiatric disorders 
[6]. The exact mechanism of the association between 
OSA and cardiovascular diseases is still not completely 
understood, while one hypothesis is the acceleration of 
vascular ageing. A marker for vascular ageing and athero-
sclerosis seems to be an increasing aortic stiffness (AS) 
[7], which can be quantified by pulse pressure (PP), using 
non-invasive blood pressure measurements, as well as by 
pulse wave velocity (PWV) and aortic distensibility (AD) 
using cardiovascular magnetic resonance (CMR) imag-
ing. PP describes a non-invasive straightforward method 
using brachial blood pressure values and can be used 
as a surrogate marker for AS [8]. Moreover, PWV and 
AD describe stable parameter evaluating the individual 
aging of vessels [9, 10]. PWV increased with increasing 
blood pressure, age and male gender [11], which was 
confirmed in an analysis of aortic stiffness parameters in 
our Hamburg City Health Study (HCHS) CMR cohort 
[12]. Increasing aortic stiffness was described as a strong 
predictor of future cardiovascular events and all-cause 
mortality [13]. However, in the context of AS and OSA, 
the current literature reported contradicting results with 
[14, 15] and without associations between AS and OSA 
[16, 17]. In these studies, AS was quantified by different 
methods: by PP as a AS surrogate marker [15], by non-
CMR-based carotid-femoral PWV (cfPWV) [14, 16] and 
by CMR-based PWV [17]. Data about aortic stiffness, 
especially including PP and CMR-based PWV and AD, 
as well as OSA data in high-volume population-based 
studies remains sparse [17]. Therefore, based on our data 
in the HCHS cohort [12] and the current knowledge 
about OSA and CVD, our objective was to examine pos-
sible associations between aortic stiffness parameters and 
OSA in this Hamburg City Health Study CMR cohort.

Methods
Study population and design
The Hamburg City Health Study (HCHS) is a single-cen-
ter, prospective, long-term, population-based, epidemio-
logic study with the aim to include over 30,000 citizens 
of the city of Hamburg, Germany, with an age between 
45 and 74 years [18]. This analysis is based on the first 
available 10,000 participants of the HCHS, who were 
included between February 8th, 2016 and November 7th, 
2018, of whom 1,498 participants underwent CMR-based 
AS quantification as previously described in [12, 19] and 
non-invasive blood pressure measurements for pulse 
pressure quantification, as well as exhibited available 
OSA data (Fig.  1, Supplemental Fig.  1). A symptomatic 
high risk OSA cohort was defined as self-reported OSA 
while HCHS study interview and/or as a combination of 
snoring with respiratory arrests and an Epworth Sleepi-
ness Scale (ESS) > 10. The ESS conducted eight questions 
about the likelihood of falling asleep while sitting or read-
ing, in front of the television, in the cinema or theatre, 
as a co-driver, while mid-day nap, sitting while talking, 
sitting while eating, in the car while a short stop [20] 
(Fig. 1).

CMR protocols
All CMR scans were performed at a 3 Tesla magnetic res-
onance imaging (MRI) scanner (MAGNETOM™ Skyra, 
Siemens Healthineers, Erlangen, Germany) at the Uni-
versity Medical Center Hamburg-Eppendorf, Hamburg, 
Germany. Standardized CMR scan protocols were used 
as previously described [12, 19]. In particular, a parasag-
ittal T2 HASTE (Half Fourier-acquired single shot turbo 
spin) sequence was performed, visualizing the whole 
aortic arch to obtain the exact distance ( ∆ x) between 
the two aortic measurement points in the ascending and 
descending aorta. Typical T2 HASTE MR parameters 
were: repetition time (TR) 3.8 ms, echo time (TE) 91 ms, 
flip angle (FA) 110°, voxel size 1.3 × 1.3 × 8 mm3, field of 
view (FoV) 400 mm2 with a parallel acquisition technique 
(PAT) factor of 2 [19]. Blood flow in the ascending and 
descending aorta was measured on a single slice using a 
2D phase-contrast velocity-encoding (VENC) sequence 
at the level of the right pulmonary artery. Typical VENC-
CMR parameters were: TR 4.3 ms, TE 2.3 ms, FA 20°, 
voxel size 1.2 × 1.2 × 8 mm3, FoV 300 mm2, PAT 2, 64 
acquisitions per heart cycle [19].

Trial registration  The study has been registered at ClinicalTrial.gov (NCT03934957), retrospectively registered at 
01/04/2019.

Keywords  Obstructive sleep apnea, Aortic stiffness, Pulse wave velocity, Aortic distensibility, Pulse pressure, 
Cardiovascular magnetic resonance imaging
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CMR-based PWV and AD analysis
CMR raw data were transferred to a dedicated, non-com-
mercial analysis tool provided by the working group of 
Anja Hennemuth (Charité Berlin, Berlin, Germany) [21] 
to quantify PWV and AD values. All analyzes were per-
formed and reviewed by a cardiologist with a level III cer-
tification for cardiac magnetic resonance imaging of the 
German Cardiac Society (KAR). PWV was defined as the 
distance between two measurement points divided by the 
transit time of the pulse wave between these two points 
[22]. The centerline method enables the measurement of 
the distance ( ∆ x) between the two measurement points 
in the ascending and descending aorta using the parasag-
ittal T2 HASTE scan. Regions of interest were placed in 
the ascending and descending aorta to measure the tran-
sit time ( ∆ t) of the pulse wave between the ascending 
and descending aorta [22]. The PWV 50% algorithm uses 
the flow rate where it is half of the peak flow rate. This 
method was identified as a precise method for quantifica-
tion PWV in population-based cohorts [12, 23–25]. AD 
was calculated dividing the relative change of the aortic 
diameter over the heart cycle by the pulse pressure (PP) 
according to Harloff et al. [12, 26]. Regions of interest 
(ROIs) were located in the ascending and descending 
aorta in all scans over the heart cycle measuring the rela-
tive change of the aortic diameter over time in [m]. The 
non-invasively brachial measured blood pressure was 
used to calculate the pulse pressure (PP), defined as the 
difference of the systolic and the diastolic blood pressure.

Pulse pressure
Blood pressure was measured non-invasive brachial in all 
participants before the preformed CMR scan. Pulse pres-
sure (PP) in [mmHg] is defined as the difference between 
systolic blood pressure and the diastolic blood pressure 
[27].

Statistical analysis
Patients with incomplete responses to any of the ques-
tions defining OSA (self-reported OSA, snoring, respi-
ratory arrests, ESS questions) were excluded from the 
study. In addition, only participants with high CMR 
image quality (exact CMR section planes and the absence 
of flow, breathing or motion artifacts impeding the 
image analyses) were included. Continuous variables 
are presented as median (25th, 75th percentile), and 
dichotomous variables as absolute and relative frequen-
cies. Differences in continuous variables were evaluated 
using point-biserial correlation after Box-Cox transfor-
mation, whereas differences in dichotomous variables 
were assessed using chi-square test. For each question-
naire item, responses of “I don´t know” or “I prefer not 
to answer” were excluded from the respective analyses. 
To examine associations between aortic stiffness param-
eters (PWV, AD AoAsc, AD AoDesc, PP) and OSA, logis-
tic regression models were constructed. Separate models 
were fitted for each stiffness parameter as the main inde-
pendent variable, with OSA (yes/no) as the dependent 
variable. Models were adjusted for age, sex, obesity 
(BMI > 30  kg/m2), CVRF, CVD and antihypertensive 
medication. Stiffness parameters and age were included 

Fig. 1  Methods. Aortic stiffness (AS) was quantified by pulse pressure (PP) using non-invasive brachial blood pressure values and by pulse wave velocity 
(PWV) and aortic distensibility (AD) quantified by cardiovascular magnetic resonance imaging. OSA was defined as self-reported OSA in the HCHS study 
interview or as a combination of snoring, respiratory arrest and ESS > 10. HCHS = Hamburg City Health Study, CMR = cardiovascular magnetic resonance, 
OSA = obstructive sleep apnea, ESS = Epworth Sleepiness Scale
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as continuous variables, while OSA, sex, obesity, CVRF, 
CVD and antihypertensive medication were treated as 
binary variables. Multicollinearity was assessed using 
variance inflation factors (VIFs). For each continuous 
predictor (PWV, AD AoAsc, AD AoDesc, PP) and for age 
within each corresponding model, we tested the linear-
ity assumption by comparing a model including the lin-
ear term with a model including a restricted cubic spline 
term (4 degrees of freedom) via likelihood ratio test. A 
significance level of 0.05 was used for all analyses. All sta-
tistical analyses were performed using Python 3.12.7 with 
stasmodels 0.14.2 and SciPy 1.13.1. We used the STROBE 
reporting guideline to draft this manuscript [28].

Results
Study population
Our HCHS study cohort included 1,498 participants 
(median age 66 [58, 71] years, 39.0% female) (Supplemen-
tal Table 1, Supplemental Fig. 1). In this cohort, 143 par-
ticipants fulfilled our criteria for a symptomatic high risk 
OSA cohort (Table 1, Supplemental Fig. 1). Participants 
in this OSA cohort were significantly less female (21.0% 
vs. 40.9%, p < 0.001) with higher median body mass index 
(BMI) (29.2 [26.1, 33.4] kg/m2 vs. 26.1 [23.8, 28.9] kg/
m2, p < 0.001), higher rates of hypertension (62.2% vs. 
40.0%, p < 0.001), and of coronary artery disease (CAD) 
(9.8% vs. 5.5%, p = 0.037) compared with the cohort with-
out OSA (Table 1). Furthermore, in this cohort the rate 
of medication treatment with antihypertensive medica-
tion (58.6% vs. 40.1%, p < 0.001), angiotensin converting 
enzyme (ACE)- inhibitors and/or angiotensin II recep-
tor blocker (ARB) (37.1% vs. 22.1%, p < 0.001), as well 
as with anti-platelet aggregatory medication (21.4% vs. 
12.3%, p = 0.002) and aspirin (21.4% vs. 11.7%, p = 0.001) 
were significantly higher (Table  1). The rates of snoring 
(95.8% vs. 66.7%, p < 0.001) and respiratory arrests (92.3% 
vs. 7.6%, p < 0.001), as well as the number of participants 
with an ESS > 10 (37.8% vs. 10.6%, p < 0.001) were sig-
nificantly higher in the OSA cohort compared with the 
cohort without OSA (Table 1).

Aortic stiffness parameter
PWV was 7.45 [6.10, 9.60] m/s, AD AoAsc 0.40 [0.26, 
0.61] 1/(10^3*kPa), AD AoDesc 0.43 [0.28, 0.65] 1/
(10^3*kPa), and PP 50.0 [42.0, 60.0] mmHg (Supplemen-
tal Table 1). PWV (7.43 [6.15, 9.23] m/s vs. 7.45 [6.09, 
9.64] m/s, p = 0.741), AD AoAsc (0.37 [0.24, 0.57] 1/
(10^3*kPa) vs. 0.41 [0.26, 0.61] 1/(10^3*kPa), p = 0.145), 
and AD AoDesc (0.38 [0.27, 0.57] 1/(10^3*kPa) vs. 0.44 
[0.29, 0.65] 1/(10^3*kPa), p = 0.191) were not significantly 
different comparing participants with and without OSA 
(Table 1; Fig. 2). However, PP was significantly higher in 
the symptomatic high risk OSA cohort compared with 

CMR AS 
cohort
without OSA
(n = 1,355)

CMR AS 
cohort
with OSA
(n = 143)

p-value

Age [years] 66.0 [58.0, 71.0] 66.0 [60.0, 
71.0]

0.546

Sex, females 554 (40.9) 30 (21.0) < 0.001

Smoking (current and history) 884 (65.4) 99 (69.7) 0.300

BMI [kg/m2] 26.1 [23.8, 28.9] 29.2 [26.1, 
33.4]

< 0.001

Systolic blood pressure before 
CMR [mmHg]

141.0
[128.0, 154.0]

140.0
[131.0, 
152.0]

0.420

Diastolic blood pressure 
before CMR [mmHg]

82.5 [76.5, 90.0] 83.5 [76.0, 
88.2]

0.678

Hypertension 536 (40.0) 89 (62.2) < 0.001

Hyperlipidemia 344 (26.9) 44 (32.1) 0.191

Diabetes mellitus 120 (9.4) 16 (12.0) 0.335

Coronary artery disease 73 (5.5) 14 (9.8) 0.037

Myocardial infarction 43 (3.2) 8 (5.6) 0.206

Stroke 43 (3.2) 2 (1.4) 0.356

Heart failure 40 (3.7) 7 (5.9) 0.351

Creatinine [mg/dl] 0.87 [0.76, 0.99] 0.92 [0.80, 
1.10]

0.002

Medication 1052 (80.6) 121 (86.4) 0.091

Antihypertensive medication 524 (40.1) 82 (58.6) < 0.001

Diuretics 26 (2.0) 4 (2.9) 0.710

ACE inhibitor and/or ARB 289 (22.1) 52 (37.1) < 0.001

Betablocker 219 (16.8) 27 (19.3) 0.451

Anti-platelet aggregatory 
therapy

160 (12.3) 30 (21.4) 0.002

Aspirin 153 (11.7) 30 (21.4) 0.001

Antidepressants 72 (5.5) 12 (8.6) 0.141

Snoring 904 (66.7) 137 (95.8) < 0.001

Snoring Frequency
Almost every day
3–5 times a week
1–2 times a week
1–2 times a month
Less than once a month

250 (34.5)
169 (23.3)
191 (26.3)
68 (9.4)
47 (6.5)

101 (82.1)
11 (8.9)
8 (6.5)
3 (2.4)
0 (0.0)

< 0.001
 < 0.001
 < 0.001
0.017
0.007

Respiratory Arrest 103 (7.6) 132 (92.3) < 0.001

Respiratory Arrest Frequency
Almost every day
3–5 times a week
1–2 times a week
1–2 times a month
Less than once a month

70
11 (15.7)
11 (15.7)
15 (21.4)
10 (14.3)
23 (32.9)

84
67 (79.8)
5 (6.0)
6 (7.1)
1 (1.2)
5 (6.0)

< 0.001
0.087
0.020
0.005
 < 0.001

ESS > 10 143 (10.6) 54 (37.8) < 0.001

Aortic Stiffness Parameter

PWV [m/s] 7.45 [6.09, 9.64] 7.43 [6.15, 
9.23]

0.741

AD AoAsc [1/(10^3*kPa)] 0.41 [0.26, 0.61] 0.37 [0.24, 
0.57]

0.145

Table 1  Study population according to OSA status
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the cohort without OSA (53.0 [46.0, 63.0] mmHg vs. 50.0 
[42.0, 59.0] mmHg, p = 0.003) (Table 1; Fig. 2).

Aortic stiffness parameter according to sex and age
In male participants of the symptomatic high risk OSA 
cohort, AD AoAsc (0.35 [0.24, 0.54] 1/(10^3*kPa) vs. 
0.42 [0.27, 0.61] 1/(10^3*kPa), p = 0.006) and AD AoDesc 
(0.37 [0.25, 0.53] 1/(10^3*kPa) vs. 0.44 [0.30, 0.66] 1/
(10^3*kPa), p = 0.015) were significantly lower and PP 
(53.0 [47.0, 64.0] mmHg vs. 49.0 [41.0, 58.0], p < 0.001) 
significantly higher compared with males without OSA 
(Table 2, Supplemental Fig. 2). PWV was not significantly 
different comparing male participants with and without 
OSA (p = 0.412) (Table 2, Supplemental Fig. 2). Compar-
ing female participants with and without symptoms and 
high risk for OSA, no significant differences could be 
found (PWV: p = 0.123, AD AoAsc: p = 0.277, AD AoDesc: 
p = 0.583, PP: p = 0.706) (Table 2, Supplemental Fig. 2). In 
this OSA cohort of participants with an age ≥ 65 years, 
PP (59.0 [48.0, 64.0] mmHg vs. 53.0 [45.0, 63.0] mmHg, 
p = 0.041) was significantly higher compared with partici-
pants without OSA (Supplemental Table 2). Formal sex 
interaction tests showed no significant effect modifica-
tion for AD AoAsc (p = 0.055) or AD AoDesc (p = 0.081). 
However, the PP-by-sex interaction was nominally sig-
nificant (p = 0.048), indicating potential sex-specific effect 
modification. In the remaining age categories, no signifi-
cant differences of PWV, AD AoAsc, AD AoDesc, and 
PP were found comparing participants with and without 
OSA (Supplemental Table 2). An age interaction test for 
PP showed no effect modification (≥ 65 years old vs. <65 
years old; p = 0.435).

Aortic stiffness and OSA
Regression analyses without any adjustments were 
reported in Supplemental Table 3. Data after adjustment 
for age and sex were summarized in Supplemental Table 
4 and after adjustment for age, sex, obesity (BMI > 30 kg/
m2) and hypertension in Supplemental Table 5. After 

adjustment for age, sex, CVRF, CVD and with antihy-
pertensive medication, OSA remained significantly asso-
ciated with PP (OR 1.014 [1.000, 1.028], p = 0.045), but 
not with PWV (p = 0.633), AD AoAsc (p = 0.503) and 
AD AoDesc (p = 0.171) (Table 3; Fig. 3). The effect of the 
adjustment was predominantly driven by sex and obe-
sity (p < 0.001) (Table  3). Multicollinearity was assessed 
using variance inflation factors (VIFs). Slightly elevated 
VIFs were observed for hypertension and antihyperten-
sive medication, but all VIFs remained well below the 
commonly used threshold of 5 (Supplemental Table 6). 
For each continuous predictor (PWV, AD AoAsc, AD 
AoDesc, and PP), as well as age within the corresponding 
model, the linearity assumption was assessed by compar-
ing models including linear terms with models including 
restricted cubic spline terms with 4 degrees of freedom 
using likelihood ratio tests. None of the likelihood ratio 
tests indicated a statistically significant deviation from 
linearity (all p > 0.05) (Supplemental Table 7).

Discussion
Our large HCHS CMR study cohort (n = 1,498) enabled 
the assessment of PP, CMR-based PWV and AD, as well 
as data about OSA, defined as self-reported OSA in the 
HCHS study interview or snoring with respiratory arrest 
and an ESS > 10, in the same study population. The three 
main findings of this analysis were:

(1)	 Pulse pressure was significantly higher in the 
symptomatic high risk OSA cohort compared with 
participants without symptoms and a high risk for 
OSA.

(2)	 AD AoAsc and AD AoDesc was significantly lower 
and PP significantly higher in male participants in 
the symptomatic high risk OSA cohort compared 
with male participants without symptoms and a 
high risk for OSA.

(3)	 After adjustment for age, sex, obesity, CVRF, 
CVD and antihypertensive medication, OSA was 
significantly associated only with higher PP values.

OSA and cardiovascular risk factors and diseases
As excepted, OSA was reported in the HCHS CMR 
cohort in more male participants with higher BMI and 
higher rates of cardiovascular risk factors and diseases, 
like hypertension and CAD (Table  1). This is in accor-
dance with recent studies, in which OSA was predomi-
nantly documented in male [14, 29] and obese patients 
[30] with chronic disorders like hypertension [31]. Fur-
thermore, in a Scandinavian study, OSA was also found 
in more male patients with a higher BMI and signifi-
cant higher numbers of hypertension [15]. Korcarz et al. 
reported a significant higher number of antihypertensive 
medications in their sleep disordered breathing (SDB) 

CMR AS 
cohort
without OSA
(n = 1,355)

CMR AS 
cohort
with OSA
(n = 143)

p-value

AD AoDesc [1/(10^3*kPa)] 0.44 [0.29, 0.65] 0.38 [0.27, 
0.57]

0.191

PP [mmHg] 50.0 [42.0, 59.0] 53.0 [46.0, 
63.0]

0.003

Continuous data are median and interquartile range. Categorical data are 
absolute numbers with percentages. 

CMR cardiovascular magnetic resonance, AS aortic stiffness, OSA obstructive 
sleep apnea, BMI body mass index, ACE angiotensin converting enzyme, 
ARB angiotensin II receptor blocker, PWV pulse wave velocity, AD aortic 
distensibility, AoAsc ascending aorta, AoDesc descending aorta, PP pulse 
pressure, ESS Epworth Sleepiness Scale

Table 1  (continued) 



Page 6 of 11Riedl et al. BMC Cardiovascular Disorders          (2026) 26:691 

group with 44.6%, which was also documented in our 
HCHS OSA cohort with a treatment with antihyperten-
sive medication in 58.6% of the OSA participants and 
with ACE inhibitors and/or ARB in 37.1% [32]. These 
data confirmed the dominance of hypertension and CVD 
with a high number of corresponding antihypertensive 
and cardiovascular-treatment medication in HCHS OSA 
participants (Table 1). Especially secondary hypertension 
can be caused by OSA due to the hypoxemia and oxida-
tive stress reactions, which can also lead to increased 
aortic stiffness [15, 33]. Controversially to our data, 
studies reported OSA more common in older patients, 
which might be attributed to changes in the upper air-
ways and the respiratory muscles [14, 34]. In our HCHS 
CMR cohort, the median age did not differ significantly 
comparing the cohort with and without OSA. This could 
be explained by the population-based setting of the 
HCHS including participants between 45 and 74 years 
with a median age of 66 years in the HCHS CMR cohort 
(Table  1). The prevalence of OSA in our HCHS CMR 
cohort (9.55%, 143/1,498) is within the range of OSA 
prevalences found in a meta-analysis of population-based 
studies with 6–17% [35, 36]. Furthermore, the HCHS 
described a population-based cohort study without 
polysomnography data for OSA diagnosis. Overall, the 
analyzed HCHS CMR cohort depicted a representative 
cohort for OSA, expanding the data of the current litera-
ture [37].

Aortic stiffness in OSA patients
In the HCHS, pulse pressure was significantly higher in 
participants in the symptomatic high risk OSA cohort 
(Table  1, Fig.  2), as well as AD AoAsc and AD AoDesc 
significantly lower and PP significantly higher in male 
participants in the symptomatic high risk OSA cohort 
(Table  2, Supplemental Fig.  2). A large-scale Scandina-
vian study including over 6,000 participants with 34.5% 

OSA patients demonstrated significantly higher pulse 
pressure values in the OSA cohort [15]. These data are in 
accordance with our data with significant higher PP val-
ues in the symptomatic high risk OSA cohort and also in 
the male OSA sub-cohort. However, the male-to-female 
ratio in our cohort was not balanced with a small number 
of female participants in the OSA cohort. The PP-by-sex 
interaction was nominally significant (p = 0.048), suggest-
ing potential sex-specific effect modification. Given the 
limited number of females with OSA, this finding should 
be interpreted cautiously and warrants confirmation in 
larger cohorts. Moreover, Jenner et al. analyzed carotid-
femoral PWV (cfPWV) in 95 patients (54.7% OSA 
patients) with significantly higher cfPWV values in OSA 
patients, also after stratification by sex [14]. Additionally, 
in the Maastricht Study, cfPWV was measured in low 
risk OSA and high risk OSA participants (n = 1,352 vs. 
n = 423) with higher cfPWV values in the high-risk group. 
Whereas the association with cfPWV was no longer sig-
nificant after adjustment for mean blood pressure [38]. 
These data are contradicting to our PWV data without 
a significant difference, whereas the rate of OSA partici-
pants was lower in our cohort and PWV was quantified 
CMR-based. In contrast, the MESA study (n = 708) also 
performed CMR scans to quantify PWV without signifi-
cant differences of PWV after adjustment for potential 
confounders [17], which is in line with our results. These 
data were also confirmed by Korcarz CE et al. investigat-
ing objects with and without sleep disordered breathing 
(SDB) (n = 83 and 70). They found no significant differ-
ences of the PWV values quantified by arterial tonom-
etry [32]. Several studies could demonstrate that the 
cfPWV method in contrast to the CMR-based method 
does not include the exact distance between the carotid 
and femoral measurement points without taking into 
consideration the ascending aorta and the aortic arch 
[39]. These discrepance of the methods can also explain 

Fig. 2  Boxplots PWV in [m/s] (p = 0.741) (a), AD AoAsc in [1/(10^3*kPa)] (p = 0.145) (b), AD AoDesc in [1/(10^3*kPa)] (p = 0.191) (c) and PP in [mmHg] 
(p = 0.003) according to OSA categories. PWV = pulse wave velocity, AD = aortic distensibility, AoAsc = ascending aorta, AoDesc = descending aorta, PP = pulse 
pressure, OSA = obstructive sleep apnea
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Table 2  Study population according to OSA and sex categories
CMR AS cohort with-
out OSA
MALE
(n = 801)

CMR AS cohort
with OSA
MALE
(n = 113)

p-value CMR AS cohort 
without OSA
FEMALE (n = 554)

CMR AS cohort
with OSA
FEMALE (n = 30)

p-
value

Age [years] 66.0[59.0, 71.0] 66.0[60.0, 71.0] 0.450 65.0[57.0, 71.0] 64.0[58.0, 68.0] 0.572

Smoking (current and history) 559 (69.8) 82 (73.2) 0.458 325 (59.0) 17 (56.7) 0.802

BMI [kg/m2] 26.3
[24.4, 28.8]

29.2
[26.1, 32.7]

< 0.001 25.7
[22.9, 29.3]

29.3
[26.4, 35.7]

< 0.001

Systolic blood pressure before 
CMR [mmHg]

142.0
[130.0, 155.0]

141.0
[132.0, 153.0]

0.575 138.0
[126.0, 152.0]

136.0
[128.0, 144.0]

0.508

Diastolic blood pressure before 
CMR [mmHg]

83.5
[76.5, 91.0]

83.0
[76.6, 88.5]

0.405 81.5
[75.5, 88.0]

83.5
[74.0, 85.0]

0.685

Hypertension 319 (40.3) 71 (62.8) < 0.001 217 (39.5) 18 (60.0) 0.026

Hyperlipidemia 228 (30.3) 37 (34.3) 0.407 116 (22.0) 7 (24.1) 0.965

Diabetes mellitus 74 (9.8) 13 (12.4) 0.417 46 (8.9) 3 (10.7) 1.000

Coronary artery disease 52 (6.6) 13 (11.5) 0.058 21 (3.9) 1 (3.3) 1.000

Myocardial infarction 30 (3.8) 8 (7.1) 0.160 13 (2.4) 0 (0.0) 0.827

Stroke 28 (3.5) 2 (1.8) 0.490 15 (2.7) 0 (0.0) 0.763

Heart failure 26 (4.1) 5 (5.4) 0.764 14 (3.2) 2 (8.0) 0.465

Creatinine [mg/dl] 0.95
[0.86, 1.10]

0.97
[0.85, 1.10]

0.806 0.76
[0.68, 0.84]

0.79
[0.70, 0.88]

0.220

Medication 582 (76.0) 94 (84.7) 0.041 470 (87.0) 27 (93.1) 0.502

Antihypertensive medication 311 (40.6) 64 (57.7) < 0.001 213 (39.4) 18 (62.1) 0.016

Diuretics 10 (1.3) 3 (2.7) 0.473 16 (3.0) 1 (3.5) 1.000

ACE inhibitor and/or ARB 186 (24.3) 42 (37.8) 0.002 103 (19.1) 10 (34.5) 0.074

Betablocker 117 (15.3) 21 (18.9) 0.324 102 (18.9) 6 (20.7) 1.000

Anti-platelet aggregatory therapy 113 (14.8) 28 (25.2) 0.005 47 (8.7) 2 (6.9) 1.000

Aspirin 111 (14.5) 28 (25.2) 0.004 42 (7.8) 2 (6.9) 1.000

Antidepressants 27 (3.5) 8 (7.2) 0.111 45 (8.3) 4 (13.8) 0.496

Snoring 589 (73.5) 108 (95.6) < 0.001 315 (56.9) 29 (96.7) < 0.001

Snoring Frequency
Almost every day
3–5 times a week
1–2 times a week
1–2 times a month
Less than once a month

173 (34.3)
133 (26.4)
135 (26.8)
40 (7.9)
23 (4.6)

79 (79.8)
10 (10.1)
8 (8.1)
2 (2.0
0 (0.0)

< 0.001
 < 0.001
 < 0.001
0.058
0.060

77 (34.8)
36 (16.3)
56 (25.3)
28 (12.7)
24 (10.9)

22 (91.7)
1 (4.2)
0 (0.0)
1 (4.2)
0 (0.0)

< 0.001
0.202
0.011
0.372
0.181

Respiratory Arrest 83 (10.4) 104 (92.0) < 0.001 20 (3.6) 28 (93.3) < 0.001

Respiratory Arrest Frequency
Almost every day
3–5 times a week
1–2 times a week
1–2 times a month
Less than once a month

8 (13.8)
9 (15.5)
13 (22.4)
7 (12.1)
21 (36.2)

51 (77.3%)
4 (6.06%)
6 (9.09%)
1 (1.52%)
4 (6.06%)

< 0.001
0.155
0.071
0.043
 < 0.001

3 (25.0)
2 (16.7)
2 (16.7)
3 (25.0)
2 (16.7)

16 (88.9)
1 (5.6)
0 (0.0)
0 (0.0)
1 (5.6)

0.002
0.709
0.296
0.106
0.709

ESS > 10 82 (10.2) 43 (38.1) < 0.001 61 (11.0) 11 (36.7) < 0.001

Aortic stiffness parameter

PWV [m/s] 7.35
[6.17, 9.44]

7.91
[6.48, 9.28]

0.412 7.55
[5.98, 9.79]

6.18
[5.63, 8.21]

0.123

AD AoAsc [1/(10^3*kPa)] 0.42
[0.27, 0.61]

0.35
[0.24, 0.54]

0.006 0.39
[0.25, 0.64]

0.46
[0.31, 0.72]

0.277

AD AoDesc [1/(10^3*kPa)] 0.44
[0.30, 0.66]

0.37
[0.25, 0.53]

0.015 0.44
[0.27, 0.65]

0.46
[0.28, 0.65]

0.583

PP [mmHg] 49.0
[41.0, 58.0]

53.0
[47.0, 64.0]

< 0.001 50.0
[42.0, 62.0]

50.0
[43.0, 59.5]

0.706

Continuous data are median and interquartile range. Categorical data are absolute numbers with percentages. 

CMR cardiovascular magnetic resonance, AS aortic stiffness, OSA obstructive sleep apnea, BMI body mass index, ACE angiotensin converting enzyme, ARB angiotensin 
II receptor blocker, PWV pulse wave velocity, AD aortic distensibility, AoAsc ascending aorta, AoDesc descending aorta, PP pulse pressure, ESS Epworth Sleepiness 
Scale
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the contradicting results. However, the HCHS does not 
provide data about the risk of OSA, the severity and the 
treatment of OSA. Therefore, further studies investigat-
ing risk categories for OSA, especially in the context with 
CMR-based AS measurements, are needed.

Associations between OSA and increased aortic stiffness
In our analysis, OSA was significantly associated only 
with higher PP after adjustment for age, sex, CVRF, 
CVD and antihypertensive medication (Table  3, Fig.  3). 
The current literature provided contradicting results 
regarding associations between OSA and arterial stiff-
ness parameters: Higher PWV [14] and higher PP values 
[15] were found in OSA patients, whereas contradicting 

studies demonstrated no verifiable associations [17, 
32, 38]. Most of the studies investigating associations 
between OSA and arterial stiffness used PP as a surrogate 
marker for increased arterial stiffness [15]. One strength 
of the HCHS comprised the measurement of different 
AS parameters in the same cohort: the direct, exact non-
invasive CMR-based PWV and AD assessment [40] as 
well as the quantification of PP as a non-invasive surro-
gate marker for AS [41]. To the best of our knowledge, 
data comparing CMR-based AD values in a OSA cohort 
are missing so far and firstly analyzed in our cohort. Our 
data suggested that PP might be a possible biomarker 
for OSA risk stratification. PP serves as a simple marker 
reflecting “global” aortic stiffness, cardiac output and 

Table 3  Regression analysis of OSA with PWV, AD and PP after adjustment for age, sex, cardiovascular risk factors and diseases and 
antihypertensive medication

PWV model AD AoAsc model AD AoDesc model PP model
OR [95%
CI]

p-value OR
[95% CI]

p-value OR [95% CI] p-value OR [95% CI] p-value

PWV/AD/PP variable 0.984 [0.922, 1.050] 0.633 0.789 [0.394, 1.579] 0.503 0.590 [0.277, 1.256] 0.171 1.014 [1.000, 1.028] 0.045

Age 0.997 [0.971, 1.024] 0.818 0.990 [0.965, 1.017] 0.471 0.988 [0.963, 1.013] 0.342 0.992 [0.967, 1.018] 0.563

Sex 0.377 [0.242, 0.588] < 0.001 0.378 [0.242, 0.589] < 0.001 0.379 [0.243, 0.592] < 0.001 0.364 [0.228, 0.580] < 0.001

Obesity
(BMI > 30 kg/m2)

3.167 [2.129, 4.711] < 0.001 3.153 [2.120, 4.688] < 0.001 3.079 [2.068, 4.585] < 0.001 2.923 [1.929, 4.430] < 0.001

Hypertension 2.166 [1.180, 3.977] 0.013 2.153 [1.172, 3.952] 0.013 2.108 [1.146, 3.879] 0.016 1.660 [0.877, 3.143] 0.119

Hyperlipidemia 0.917 [0.589, 1.427] 0.700 0.918 [0.590, 1.428] 0.703 0.917 [0.589, 1.426] 0.699 0.988 [0.629, 1.553] 0.960

Smoking 1.001 [0.982, 1.020] 0.909 1.001 [0.978, 1.025] 0.924 1.001 [0.976, 1.027] 0.930 1.001 [0.971, 1.032] 0.940

Diabetes mellitus 0.916 [0.494, 1.696] 0.779 0.922 [0.499, 1.705] 0.796 0.914 [0.493, 1.693] 0.775 0.862 [0.453, 1.640] 0.651

CAD 1.348 [0.639, 2.845] 0.433 1.366 [0.649, 2.876] 0.411 1.396 [0.662, 2.942] 0.380 1.425 [0.675, 3.007] 0.353

Myocardial infarction 1.293 [0.508, 3.292] 0.590 1.285 [0.505, 3.267] 0.599 1.311 [0.516, 3.333] 0.570 1.296 [0.507, 3.314] 0.588

Antihypertensive medication 0.918 [0.498, 1.692] 0.784 0.926 [0.503, 1.707] 0.806 0.954 [0.516, 1.762] 0.880 1.065 [0.560, 2.023] 0.848
OSA obstructive sleep apnea, PWV pulse wave velocity, AD aortic distensibility, AoAsc ascending aorta, AoDesc descending aorta, OR odds ratio, PP pulse pressure, 
BMI body mass index, CAD coronary artery disease

Fig. 3  Forest plot associations between PWV, AD AoAsc, AD AoDesc and PP and OSA, after adjustment for age, sex, CVRF, CVD and antihypertensive 
medication. PWV = pulse wave velocity, AD = aortic distensibility, AoAsc = ascending aorta, AoDesc = descending aorta, PP = pulse pressure, OSA = obstructive 
sleep apnea
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hyper-sympathetic nervous system activation [42]. In 
contrast, PWV and AD quantify regional, structural 
aortic stiffness. While factors like male sex, obesity and 
hypertension might drive wall remodeling, PP is highly 
responsive to the dynamic stress and hyperdynamic epi-
sodes directly triggered by OSA [15]. Therefore, PP seems 
to represent a simple surrogate marker to depict individ-
uals at risk for OSA, which could be used as a gatekeeper 
for time-consuming OSA screening. However, this topic 
requires a dedicated clinical study. Furthermore, our 
findings expand current literature on potential interac-
tions between aortic stiffness and OSA, but do not allow 
proof of causality, which is beyond the scope of a cross-
sectional, population-based study.

Strengths and limitations
One limitation compared to other studies is that OSA 
was defined as self-reporting OSA in the HCHS study 
interview or a combination of snoring, respiratory arrests 
and an ESS > 10. This OSA assessment was based on sub-
jective evaluation, which is validated as a screening tool. 
Therefore, our cohort represents participants with a high 
risk for the presence of OSA. The HCHS is a population-
based cohort study without the aim of polysomnography-
based OSA testing in all participants which is beyond 
the scope of a cross-sectional population-based study. 
Additionally, the assessment of excessive daytime sleepi-
ness using the Epworth Sleepiness Scale can potentially 
encompass a phenotype present in multiple sleep disor-
ders. Nevertheless, this provides a main strength of our 
analyses, and our data can strengthen the role of PP in 
OSA screening and risk stratification. Further data about 
the deeper exploration of pathophysiology and inter 
play between OSA-induced stress and chronic vascular 
remodeling are not available in the HCHS and beyond 
the scope of this population-based cohort study setting 
and have to be fully addressed in further clinical and/or 
experimental studies. Furthermore, the male-to-female-
ratio was not completely balanced in the HCHS CMR 
cohort, which is in accordance with other CMR-based AS 
studies [8, 43] and with the known prevalence of OSA in 
females in the general population [44]. A potential tech-
nical limitation is the use of a 2D flow CMR method in 
this study in contrast to available 4D flow CMR methods. 
However, the majority of studies assessing aortic stiff-
ness and OSA did not perform CMR, whereas CMR and 
especially a 2D flow CMR approach is better suited for 
clinical CMR protocols due to fast data acquisition and 
analyses, especially in large population-based studies and 
can assess PWV and AD direct and exact [45]. Further-
more, we have to point out limitations of multiple testing, 
whereas available correction methods of multiple test-
ing also exhibit additional problems, as routine adjust-
ment for multiple comparisons may increase the risk of 

overlooking true associations (type II error) [46]. Of note, 
PWV, AD, and PP are dynamic parameters, which can 
be influenced by changes in medication and/or physical 
activity [47], but an analysis of these potential confound-
ers is beyond the scope of this cross-sectional, popula-
tion-based study. Several studies focused on the change 
of AS parameters in the context of OSA treatment with 
reduced aortic stiffness, especially PWV, in OSA patients 
[48]. In our study, currently no data about treatment or 
follow-up data are available.

Conclusions
After adjustment for age, sex, obesity, CVRF, CVD and 
antihypertensive medication, OSA was significantly asso-
ciated only with higher PP. Therefore, PP might be used 
to identify individuals at risk for OSA considering that PP 
describes a non-specific marker. Further detailed studies 
are needed to address this finding. 
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