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Abstract
To quantify stiffness of the descending aorta (DAo) in stroke patients using 4D flow MRI and compare results with transesoph-
ageal echocardiography (TEE). 48 acute stroke patients undergoing 4D flow MRI and TEE were included. Intima-media-
thickness (IMT) was measured in the DAo and the aorta was scrutinized for atherosclerotic plaques using TEE. Stiffness of 
the DAo was determined by (a) 4D flow MRI at 3 T by calculating pulse wave velocity (PWV) and by (b) TEE calculating 
arterial strain, stiffness index, and distensibility coefficient. Mean IMT was 1.43 ± 1.75. 7 (14.6%) subjects had no sign of 
atherosclerosis, 10 (20.8%) had IMT-thickening or plaques < 4 mm, and 31 (66.7%) had at least one large and/or complex 
plaque in the aorta. Increased IMT significantly correlated (p < 0.001) with increased DAo stiffness in MRI (PWV r = 0.66) 
and in TEE (strain r = 0.57, stiffness index r = 0.64, distensibility coefficient r = 0.57). Patients with at least IMT-thickening 
had significantly higher stiffness values compared to patients without atherosclerosis. However, no difference was observed 
between patients with plaques < 4 mm and patients with plaques ≥ 4 mm. PWV and TEE parameters of stiffness correlated 
significantly [strain (r = − 0.36; p = 0.011), stiffness index (r = 0.51; p = 0.002), and distensibility coefficient (r = − 0.59; 
p < 0.001)]. 4D flow MRI and TEE-based parameters of aortic stiffness were associated with markers of atherosclerosis 
such as IMT-thickness and presence of plaques. We believe that 4D flow MRI is a promising tool for future studies of aortic 
atherosclerosis, due to its longer coverage of the aorta and non-invasiveness.
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Introduction

Atherosclerosis is the leading cause of cardiovascular dis-
ease and the most important driver of morbidity and mor-
tality in the Western world [1]. Beginning in childhood it 
remains subclinical for decades [2] until symptomatic cardi-
ovascular disease (i.e. coronary heart disease, stroke, periph-
eral artery disease) develops in mid-age. Detection of dis-
ease in its early stages of development would allow initiation 

of profound lifestyle changes and/or medical therapy in order 
to hinder progression into a symptomatic disease. It has been 
shown that increased stiffness is a strong predictor of future 
cardiovascular events and all-cause mortality [3]. In this 
regard, quantification of arterial stiffness could be used as 
a marker of subclinical atherosclerotic disease, as stiffness 
increases long before wall thickening occurs. Furthermore, 
increased aortic stiffness was shown to be associated with 
reduced heart function [4] and presence of left ventricular 
hypertrophy [5] and may serve as a target parameter for anti-
hypertensive treatment [6]. The current diagnostic standard 
of noninvasive arterial stiffness quantification is carotid-to-
femoral pulse wave velocity (PWV) [7], which only meas-
ures systemic stiffness. However, regional stiffness assess-
ment may also be of clinical importance when screening for 
early stages of atherosclerotic disease; for example in the 
aorta, where atherosclerosis occurs earlier than in the carotid 
arteries [8]. Regional arterial stiffness can be assessed using 
local PWV quantification based on 4D flow MRI [9]. It can 
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also be measured using routine transesophageal echocardi-
ography (TEE) through quantification of stiffness indicators 
such as arterial strain, arterial stiffness index, and disten-
sibility coefficient in circumscribed sections of the aorta. 
However, such measurements require additional parameters 
such as vessel diameter change in systole and diastole and 
values of systolic and diastolic blood pressure which are 
not needed for PWV based on MRI [10]. So far, a com-
parison between MRI- and TEE-based parameters of aortic 
stiffness has not been undertaken. Moreover, it is unclear if 
all parameters are equally suitable to predict the presence 
of early atherosclerosis. Therefore in order to provide an 
insight on relevant parameters, in this work, we calculated 
arterial stiffness in the descending aorta of 48 acute stroke 
patients, who underwent both 4D flow MRI and transesopha-
geal echocardiography.

Methods

Study cohort

Forty-eight patients undergoing TEE as part of the diag-
nostic workup of acute ischemic stroke were included in 
this study. All patients underwent additional 4D flow MRI 
of the aorta. Cardiovascular risk factors were prospectively 
documented. The study was approved by the University 
of Freiburg ethics committee (IRB number 227/14) and 
informed consent was obtained from all participants.

MRI of the aorta

All MRI examinations were conducted using a 3-Tesla 
MRI system (TIM Trio, Siemens Healthcare AG, Erlan-
gen, Germany). 4D flow MRI (echo time/repetition 
time (TE/TR) = 2.52/40  ms, flip angle = 7°, temporal 
resolution = 40  ms, matrix size = 320 × 240 × 58, band-
width = 450 Hz/pixel, spatial resolution = 2.0 × 1.7 × 2.2 
 mm3, velocity sensitivity along all three direc-
tions = 150 cm/s, and parallel imaging (GRAPPA) along 
the phase encoding direction (y) with a reduction factor of 
R = 2 (24 reference lines)) was performed in order to acquire 
time-resolved and three-dimensional blood flow parameters 
with a velocity sensitivity (venc) of 150 cm/s. Experiments 
were ECG-synchronized and respiration-controlled using 
navigator-gating. 4D flow MRI datasets were further ana-
lyzed using the MEVISFlow software (Fraunhofer MEVIS, 
Bremen, Germany) which comprised correction for veloc-
ity aliasing and eddy-currents and calculation of a time-
averaged 3D PC MR angiography (for technical details see 
[11]). For quantification of PWV, a series of 25 virtual 2D 
emitter planes were positioned along the entire descend-
ing aorta. The number of emitter planes was a compromise 

between increasing accuracy with more sampling points at 
the expense of lower temporal resolution [12]. To guarantee 
comparability of the results between different subjects, an 
initial plane #0 was positioned directly distal to the outlet of 
the left subclavian artery. Subsequently, all other 2D analysis 
planes were automatically positioned downstream in 10 mm 
intervals (see Fig. 1) ending at the level of the diaphragm. 
The temporal evolution of blood flow for each analysis plane 
was calculated by multiplying the lumen area with the mean 
absolute velocity inside the lumen for each time frame in 
the cardiac cycle. PWV was derived from the data by auto-
matically identifying the time to peak (TTP) and time to 
foot (TTF) of the flow waveform. TTF was extracted from 
the flow waveforms by fitting a line to the upslope portion 
of the waveform (between 20 and 80% of the peak flow) and 
was defined as the intersection of the fitted line with the 
zero line. PWV was then determined by plotting the result-
ing TTP or TTF of all evaluated analysis planes as a func-
tion of location along the aortic lumen. In addition, XCor 
was used to estimate the temporal differences between the 
velocity–time curves in different analysis planes. Briefly, the 
waveform at each location was compared to the waveform 
of the first analysis plane. A cross-correlation function was 
used to apply a time shift to the more distal waveforms until 
the highest correlation value between the two waveforms 
was obtained, returning a time shift for each analysis plane 
relative to the first location. The local PWV of the DAo was 
calculated as the inverse of the slope of a linear fit to the 
data (see Fig. 1). For the following analysis we used only the 
TTF values, as an earlier study proved them do be the most 
reliable measure of PWV [13].

TEE of the aorta

Median time between 4D flow MRI and TEE was 2 days 
(inter quartile range 1–3). TEE examinations of the aorta 
were performed by one experienced cardiologist using a 
Philips iU22 (Philips Healthcare, Best, The Netherlands) 
ultrasonic device and a 2–7 MHz ultrasound probe (S7-
2t Omni Sector transesophageal phased array; 180° elec-
tronic rotation, field of view: 90°, electrocautery suppres-
sion). Blood pressure was measured every 5 min at the 
left upper arm with the patient in a supine position. After 
routine TEE examination (i.e. evaluation of the heart), the 
complete aorta was scrutinized for atherosclerotic plaques. 
Maximum plaque thickness was documented for each plaque 
and plaques were defined as complex plaques if they were 
≥ 4  mm thick, ulcerated, and/or had thrombi attached. 
The transducer was then rotated in order to visualize the 
descending aorta (DAo) in transverse (0°) section. The 
transition zone between the aortic arch curvature and the 
straight DAo was located by retracting the probe in cross-
sectional view until the round lumen of the straight DAo 
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became oval. Intima-media-thickness (IMT) and lumen area 
was assessed in cross-section (Fig. 1). Parameters of arte-
rial stiffness were calculated in the same plane. The follow-
ing definitions were used [10]: Arterial strain = [(maximum 
systolic area − maximum diastolic area)/maximum diastolic 
area], stiffness index = natural logarithm [(systolic blood 
pressure/diastolic blood pressure)/strain], and distensibility 
coefficient = [(2 × strain)/(systolic blood pressure − diastolic 
blood pressure)]. Area change was used instead of diameter 
change for strain calculation, as area change was shown to 
correlate better with global PWV in an earlier study [14]. 
Measurements were recorded and quantifications were made 
offline on the ultrasound platform.

Statistical analysis

Data are presented as mean (± standard deviations) or 
median (interquartile range) for continuous, absolute, and 
relative frequencies for categorical variables. Departures 
from normality were detected with the Shapiro–Wilk sta-
tistic. Differences between parameters were evaluated 
using Chi square tests, Fishers exact test was used for qual-
itative and independent samples, and t-tests was applied 
for quantitative parameters. The degree of individual 

atherosclerotic burden was classified as follows: (1) no 
atherosclerosis (IMT < 1.1 mm), (2) presence of athero-
sclerosis (IMT ≥ 1.1 mm and/or presence of atheroscle-
rotic plaques any thickness), (3) advanced atherosclerosis 
(i.e. presence of complex plaques). Bivariate correlation 
analyses were performed to quantify the association of 
arterial stiffness with IMT. The quantity of stiffness in 
patients with different degrees of atherosclerotic burden 
was studied using analysis of variance (ANOVA) with the 
Tukey post-hoc test. Furthermore, association between 
TEE-based parameters of stiffness and MRI-based PWV 
was studied using Pearson correlation analysis. A receiver 
operator characteristic (ROC) curve was performed to cal-
culate the threshold value of stiffness index and PWV in 
differentiating subjects with and without aortic atheroscle-
rosis. The optimal cutpoint was determined by maximizing 
the Youden-index. To quantify variability of the stiffness 
measurements we repeated stiffness quantification in all 48 
datasets using TEE and in 10 randomly selected datasets 
using MRI in a blinded fashion by a second rater (inter-
rater agreement), and the first rater after a time interval 
of 3 months (intra-rater agreement). 0.05 was used as the 
level of statistical significance. Statistical analyses were 
performed using IBM-SPSS Statistics version 19.0.1.

I) TEE based quantification of stiffness and atherosclerotic burden 

detection 
of plaques 

measurement  
of strain 

II) 4D flow MRI based pulse wave velocity quantification 

Descending 
Aorta 

Ascending 
Aorta 

Aortic  
Arch 

TEE  
probe 

4D flow  
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analysis 
planes 

quantification of  
intima-media-

thickness 

Fig. 1  Stiffness quantification in the aorta. Analysis comprised (I) 
TEE based quantification of stiffness and atherosclerotic burden (i.e. 
quantification of intima-media-thickness and detection of plaques) 

and (II) 4D flow MRI based pulse wave velocity quantification by 
assessing the temporal evolution of blood flow for each of 25 analysis 
planes positioned in the descending aorta using dedicated software
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Results

Baseline characteristics

Demographics, cardiovascular risk factors, and markers of 
atherosclerotic burden in the 48 stroke patients are given in 
Table 1. Median stroke severity according to the National 
Institute of Health Stroke Scale (NIHSS) was 2 (interquartile 
range 0–4).

Parameters of aortic stiffness

Intima-media-thickness correlated with increased pulse-
wave-velocity (r = 0.66; p < 0.001), decreased strain 
(r = 0.57; p < 0.001), increased stiffness index (r = 0.64; 
p < 0.001), and decreased distensibility coefficient (r = 0.57, 
p < 0.001) (see Fig. 2). When comparing PWV with TEE-
based measures, we detected significant correlations for 
PWV and decreased distensibility coefficient (r = 0.59; 
p < 0.001), increased stiffness index (r = 0.51; p = 0.002) and 
decreased strain (r = 0.36; p = 0.011) (see Fig. 3). Signifi-
cant correlations in the subgroup analysis were not observed 
between IMT and stiffness parameters and PWV and TEE-
based measures, which was probably due to the limited 
sample size in this group (N = 7). In the group of patients 
with IMT-thickening and/or small plaques (N = 10) we 
detected significant correlations for IMT and PWV (r = 0.76; 
p = 0.011), and between PWV and distensibility coefficient 

(r = − 0.79; p = 0.007) and strain (r = − 0.73; p = 0.016). For 
the largest group (N = 31) of patients with plaques ≥ 4 mm 
we detected significant correlations between IMT and dis-
tensibility coefficient (r = − 0.50; p = 0.005), stiffness index 
(r = 0.625; p = 0.002), strain (r = − 0.499, p = 0.005), and 
PWV (r = 0.487, p = 0.006). We furthermore observed sig-
nificant correlations between PWV and distensibility coef-
ficient (r = − 0.39; p = 0.031).

Parameters of aortic stiffness are presented in Table 2. 
When comparing parameters of stiffness between patients 
with different degrees of atherosclerosis we detected a sig-
nificant difference between patients with no sign of ath-
erosclerosis and patients with presence of atherosclerosis. 
However, there was no difference between patients with 
IMT-thickening and/or plaques < 4 mm and patients with 
plaques ≥ 4 mm. This was true for distensibility coefficient, 
stiffness index and PWV, but not for strain where there 
was no difference between patients without atherosclerosis 
and IMT-thickening and/or plaques < 4 mm, but between 
IMT-thickening and/or plaques < 4 mm and patients with 
plaques ≥ 4 mm.

Determining cutoff values for stiffness index 
and PWV

A receiver-operator-characteristic (ROC) (Fig. 4) curve 
analysis was performed using stiffness index and PWV val-
ues and revealed an area under the curve of 0.89 (p < 0.001) 
and 0.91 (p < 0.001), respectively. When choosing a stiffness 

Table 1  Patients’ demographics, cardiovascular risk factors, and markers of atherosclerosis

Values are mean ± SD or n(%)
IMTT intima-media-thickening, BMI body mass index, TIA transient ischemic attack

Characteristics of patients All subjects
N = 48

No atherosclerosis
N = 7

IMTT and/or 
plaques < 4 mm
N = 10

Plaques ≥ 4 mm
N = 31

Age (years) 67.3 ± 15.0 47.1 ± 11.6 66.7 ± 14.7 71.9 ± 7.9
Female 20 (41.7) 3 (42.9) 4 (40.0) 13 (41.9)
Hypertension 35 (72.9) 3 (42.9) 8 (80.0) 25 (80.6)
Hyperlipidemia 13 (27.1) 1 (14.3) 1 (10.0) 11 (35.5)
Diabetes 12 (25.0) 1 (14.3) 1 (10.0) 10 (32.3)
Smokers 10 (20.8) 2 (28.6) 3 (30.0) 5 (16.1)
BMI (kg/m2) 26.4 ± 6.9 26.2 ± 4.8 25.2 ± 2.3 26.4 ± 2.9
Previous stroke/TIA 12 (25.0) 1 (14.3) 3 (30.0) 4 (12.9)
Coronary heart disease 5 (10.4) 0 (0.0) 1 (10.0) 4 (12.9)
Peripheral arterial disease 4 (8.3) 0 (0.0) 0 (0.0) 4 (12.9)
Markers of aortic atherosclerosis
 Intima-media-thickness (mm) 1.43 ± 0.33 1.13 ± 0.26 1.51 ± 0.44 1.48 ± 0.27
 Presence of plaques (any thickness) 40 (83.3) 0 (0.0) 10 (100) 31 (100)
 Presence of complex plaques 31 (66.7) 0 (0.0) 0 (0.0) 31 (100)
 Thickness of the largest plaque (mm) 3.27 ± 2.94 n/a 1.92 ± 0.81 4.44 ± 1.78
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r=-0.57; p<0.001 

r=-0.57; p<0.001 r=0.64; p<0.001 

r=0.66; p<0.001 

Fig. 2  Scatter-plots illustrating the association between intima-media-thickness and distensibility coefficient (r = − 0.57; p < 0.001), strain 
(r = − 0.57; p < 0.001), stiffness index (r = 0.64; p < 0.001), and pulse wave velocity (r = 0.66; p < 0.001)

r=-0.36; p=0.011 r=0.51; p=0.002 r=-0.59; p<0.001 

Fig. 3  Scatter-plots illustrating the association between pulse wave velocity and distensibility coefficient (r = − 0.59; p < 0.001), strain (r = − 0.36; 
p = 0.011), and stiffness index (r = 0.51; p = 0.002)
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index cutoff value of 6.58, the sensitivity was 0.83 with a 
specificity of 0.80. The positive predictive value was 0.83 
and the negative predictive value was 0.80. For PWV, we 
chose a cutoff value of 7.09 which resulted in a sensitivity of 
0.90 and a specificity of 0.80. The positive predictive value 
was 0.94 and the negative predictive value was 0.71.

Intra‑ and inter‑observer agreement of stiffness 
quantification

Stiffness quantification using the TEE-based parameter 
strain in the DAo in 48 patients showed significant and 
high correlations for both inter-observer analysis (r = 0.71, 
p < 0.001) and intra-observer analysis (r = 0.88 p < 0.001). 
The same was true for the MRI-based parameter PWV which 
we studied in 10 datasets (inter-observer r = 0.94, p < 0.001; 
intra-observer r = 0.96, p < 0.001).

Discussion

This is the first study to compare parameters of arterial stiff-
ness of the descending aorta between 4D flow MRI and TEE 
and to investigate the correlation of such functional param-
eter with morphological parameters (IMT and presence of 
plaques) of the aorta.

Previous studies have reported a high reliability of MRI 
and TEE regarding assessment of arterial stiffness [10, 
15, 16]. Earlier studies demonstrated a strong correlation 
between invasive measurements of arterial stiffness and 
noninvasively calculated aortic stiffness index [17], strain, 
and distensibility [18] by echocardiography. However, no 
studies have directly compared 4D flow MRI based PWV 
calculation with invasive stiffness quantification. Hence, 
the high correlations of regional aortic stiffness measures 
between MRI and TEE observed in our study increase the 

Table 2  Comparison of 
different parameters of stiffness 
between patients with different 
degree of atherosclerotic burden

IMTT intima-media-thickening, 95% CI 95% confidence-interval
*Significant difference

N mean 95% CI P-value

Distensibility coefficient
 (I) No atherosclerosis 7 3.42 ± 1.15 2.35–4.48 vs. (II) p = 0.007*

vs. (III) p = 0.001*
 (II) IMTT and/or plaques < 4 mm 10 2.04 ± 1.44 1.01–3.08 vs. (I) p = 0.007*

vs. (III) p = 0.85
 (III) Plaques ≥ 4 mm 31 1.98 ± 0.74 1.71–2.24 vs. (I) p = 0.001*

vs. (II) p = 0.85
 Total 48 2.21 ± 1.09 1.88–2.51

Stiffness index
 (I) No atherosclerosis 4 6.03 ± 1.96 2.90–9.15 vs. (II) p = 0.007*

vs. (III) p = 0.023*
 (II) IMTT and/or plaques < 4 mm 8 15.70 ± 12.33 5.38–25.99 vs. (I) p = 0.007*

vs. (III) p = 0.26
 (III) Plaques ≥ 4 mm 23 11.68 ± 7.49 8.44–14.92 vs. (I) p = 0.023*

vs. (II) p = 0.26
 Total 35 11.95 ± 8.68 8.97–14.94

Strain
 (I) No atherosclerosis 7 0.11 ± 0.05 0.07–0.15 vs. (II) p = 0.36

vs. (III) p = 0.049*
 (II) IMTT and/or plaques < 4 mm 10 0.09 ± 0.06 0.05–0.13 vs. (I) p = 0.36

vs. (III) p = 0.31
 (III) Plaques ≥ 4 mm 31 0.07 ± 0.04 0.05–0.09 vs. (I) p = 0.049*

vs. (II) p = 0.31
 Total 48 0.08 ± 0.05 0.07–0.09

PWV
 (I) No atherosclerosis 7 6.42 ± 1.03 5.47–7.37 vs. (II) p = 0.003*

vs. (III) p = 0.002*
 (II) IMTT and/or plaques < 4 mm 10 8.84 ± 1.84 7.52–10.16 vs. (I) p = 0.003*

vs. (III) p = 0.67
 (III) Plaques ≥ 4 mm 31 8.58 ± 1.59 8.01–9.17 vs. (I) p = 0.002*

vs. (II) p = 0.67
 Total 48 8.33 ± 1.75 7.82–8.83
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reliability of MRI based stiffness quantification. Inter- and 
intra-observer variability regarding 4D flow MRI based 
PWV quantification proved to be low in an earlier study 
[15]. When compared with reference data from the litera-
ture, individual PWV values were higher in our study with a 
mean PWV of 8.3 m/s compared to a mean PWV of 3.6 m/s 
(n = 71; age 16.4 ± 7.6) which is probably due to the older 
age of our stroke patients and the higher prevalence of ath-
erosclerosis in more than 80% of subjects in our study [19].

When testing whether presence of atherosclerotic lesions 
may be predicted using parameters of stiffness, we observed 
high associations between stiffness-parameters and IMT and 
presence of plaques (any thickness). We did not detect a 
difference in arterial stiffness between patients with small 
plaques or IMT-thickening and patients with large plaques. 
Furthermore, correlations were not higher when performing 
correlation analysis in the subgroup analysis. However, this 
comparison was limited by the lack of further subclassifica-
tion of plaques based on plaque composition. Yet, this may 
be of importance as calcified and stable plaques are asso-
ciated with higher stiffness [20] as compared to lipid-rich 
and unstable plaques, and probably independent of plaque 
size. Hence, we are currently working on characterizing the 
association of plaque composition assessed using 3D multi 
contrast MRI in the aorta [21] and stiffness assessed using 
4D flow MRI. This may help in discriminating patients with 
critical or vulnerable atherosclerotic lesions in the future.

We were able to determine cutoff values for stiffness 
index and PWV with high sensitivity and specificity. 
Accordingly, we believe that both semi-invasive TEE and 
non-invasive 4D flow MRI can be used to assess arte-
rial stiffening in the aorta. However, 4D flow MRI is a 

cost-intensive technique and TEE is invasive which is why 
both techniques have limited value as a screening test for 
subclinical atherosclerosis. Nevertheless, PWV may serve 
as a target parameter in future trials on prevention of ath-
erosclerosis through interventions such as antihypertensive 
medication [6], statins [22], or physical activity [23–25]. 
4D flow MRI based regional stiffness quantification using 
PWV would be ideally suited for such studies as it allows 
comprehensive assessment of the vasculature, offline anal-
ysis and retrospective comparisons of datasets, and is not 
invasive.

Limitations of our study were the relative high amount 
of patients with atherosclerotic lesions in the aorta in com-
parison with patients without any atherosclerotic lesion. This 
was mainly due to the inclusion of acute stroke patients who 
have a higher prevalence of systemic atherosclerotic disease 
compared to the general population. However, inclusion of 
healthy individuals as reference is ethically not possible as 
study participants had to undergo semi-invasive TEE.

Conclusions

We have shown that parameters of aortic stiffness can be 
equally assessed using non-invasive 4D flow MRI and semi-
invasive TEE. Both, 4D flow MRI- and TEE-based param-
eters showed high correlations with presence of atheroscle-
rosis but not presence of complex plaques. Hence, 4D flow 
MRI based stiffness quantification using PWV may be ide-
ally suited for interventional studies using regional stiffness 
as a surrogate for subclinical atherosclerosis.

AUC: 0.89 AUC: 0.91 

Fig. 4  Receiver-operator-characteristic (ROC) curves for stiffness index (AUC = 0.89) and pulse wave velocity (AUC = 0.91) are provided. AUC  
area under the curve
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