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Abstract: Background and objective: Aortic stiffness can be evaluated by aortic distensibility or pulse
wave velocity (PWV) using applanation tonometry, 2D phase contrast (PC) MRI and the emerging
4D flow MRI. However, such MRI tools may reach their technical limitations in populations with
cardiovascular disease. Accordingly, this work focuses on the diagnostic value of aortic stiffness
evaluated either by applanation tonometry or MRI in high-risk coronary artery disease (CAD)
patients. Methods: 35 patients with a multivessel CAD and a myocardial infarction treated 1 year
before were prospectively recruited and compared with 18 controls with equivalent age and sex
distribution. Ascending aorta distensibility and aortic arch 2D PWV were estimated along with
4D PWV. Furthermore, applanation tonometry carotid-to-femoral PWV (cf PWV) was recorded
immediately after MRI. Results: While no significant changes were found for aortic distensibility;
cf PWV, 2D PWV and 4D PWV were significantly higher in CAD patients than controls (12.7 ± 2.9
vs. 9.6 ± 1.1; 11.0 ± 3.4 vs. 8.0 ± 2.05 and 17.3 ± 4.0 vs. 8.7 ± 2.5 m·s−1 respectively, p < 0.001).
The receiver operating characteristic (ROC) analysis performed to assess the ability of stiffness
indices to separate CAD subjects from controls revealed the highest area under the curve (AUC)
for 4D PWV (0.97) with an optimal threshold of 12.9 m·s−1 (sensitivity of 88.6% and specificity of
94.4%). Conclusions: PWV estimated from 4D flow MRI showed the best diagnostic performances in
identifying severe stable CAD patients from age and sex-matched controls, as compared to 2D flow
MRI PWV, cf PWV and aortic distensibility.

Keywords: MRI; PWV; 4D flow; coronary artery disease

1. Summary

In the setting of high-risk coronary artery disease, pulse wave velocity estimated by 4D
flow was able to differentiate patients from controls better than other stiffness assessments.

2. Key Results

In this prospective study, which included 35 patients with severe CAD 1 year from a
myocardial infarction and 18 matched controls, the measurement of aortic stiffness by Pulse
wave velocity using 4D flow showed the best sensitivity and specificity to differentiate
patients from controls compared to 2D flow, MRI aortic distensibility and carotid-to-femoral
pulse wave velocity.

Four-dimensional flow-derived pulse wave velocity was related to hypertrophic re-
modeling (ρ = 0.28; p = 0.048).
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3. Introduction

Aortic stiffness, reflecting the loss in arterial elastic function, increases with aging
and, in the case of atherosclerotic diseases, including coronary artery disease. Pulse wave
velocity (PWV), the pulse or flow waveform velocity along the arterial tree, is one of the
major metrics to clinically assess arterial stiffness. Carotid-to-femoral PWV (cf PWV), eval-
uated by applanation tonometry, has been largely validated as an independent prognostic
factor of cardiovascular morbidity and cardiovascular or all-cause mortality in the general
population or in hypertensive patients [1–5] and is thus proposed as an additional marker
of cardiovascular risk [6].

PWV can also be derived from MRI images, with the advantages of focusing on central
aorta and overcoming the geometrical approximation of the arterial length, covered by
the traveling waveform. Two-dimensional phase contrast (PC) can evaluate PWV within
the aortic arch [3,7–9] with good agreement with invasive measurements [10], and it has
been validated as a marker of vascular aging and an independent factor of cardiovascular
morbidity [11] or mortality [12,13]. Aortic distensibility is another widely used MRI
estimate of proximal aorta stiffness. It is a local measurement calculated as a combination of
cine MRI-derived aortic strain and pulse pressure. It has also been validated as a marker of
vascular aging and as an independent prognostic factor of cardiovascular mortality [14,15].

Four-dimensional PC MRI or 4D flow is an emerging technique to noninvasively assess
PWV, with the advantage over 2D PC MRI of allowing a full aortic anatomical coverage
with three-dimensional blood flow velocity encoding [16–19]. Thanks to this amount of
data and coverage, several approaches have been proposed in recent years to measure
PWV with validation against either cf PWV, 2D phase contrast, aortic distensibility, aging
or left ventricle remodeling, mainly in cohorts of healthy volunteers or patients with aortic
diseases [17,18,20,21]. However, few studies focused on patients with atherosclerotic dis-
ease [16,22,23]. Measurements in patients with vascular diseases entail further challenges:
as PWV rises, a high temporal resolution is needed and aortas with complex geometry
could be more difficult to assess. These concerns might be overcome by the availability of
3D segmentation techniques [24] and time-frequency domain methods for transit time [25],
which make PWV assessment less sensitive to temporal resolution [21]. Since patients with
confirmed atherosclerotic disease are expected to have higher aortic stiffness than age and
sex-matched controls, we hypothesize that 4D flow PWV may be the best tool to assess
this difference.

This work focuses on the evaluation of aortic stiffness from 4D flow MRI compared to
other MRI techniques and applanation tonometry in a population of patients with coronary
artery disease (CAD) and healthy controls.

4. Methods
4.1. Population

Stiffness data were collected prospectively from a subpopulation of the FLOWER MI
multicentric study [26] (clinicaltrials.gov accessed on 23 April 2023 identifier: NCT02943954)
to achieve this ancillary work. Briefly, the main study aimed at determining the value of
the angiographic FFR (fractional flow reserve) in revascularization strategy in a population
of patients with myocardial infarction and multicoronary lesions. Inclusion criteria of the
main study were: STEMI patients ≥18 years old with successful culprit lesion percutaneous
coronary intervention (PCI: primary, rescue or pharmaco-invasive) and ≥50% stenosis
judged amenable to PCI in at least one additional nonculprit lesion. Exclusion criteria
were: patients in cardiogenic shock, patients with multivessel disease transferred to surgery
for coronary artery bypass graft or treatment of acute complications, previous coronary
bypass surgery, extremely tortuous, calcified coronary vessels or chronic total occlusion, life
expectancy <2 years, known hypersensitivity to adenosine, pregnancy, and participation
to another therapeutic interventional study at the same time or within 3 months prior to
the beginning of the present study. As part of this protocol, these patients could undergo a
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cardiac MRI after one year of follow-up. In our center, the cardiac MRI included an aortic
stiffness assessment.

The first 40 patients were recruited for this study from December 2017 to February
2019. Of these patients, 1 did not undergo the 4D flow sequences and 4 datasets were
judged nonanalyzable: 1 due to a coverage issue and 3 due to low SNR leading to failure of
the aortic segmentation (see below). Finally, 35 patients were analyzed and retrospectively
matched on age and sex with two patients for one control (Figure 1). Controls were selected
from a database of 60 healthy subjects from the Elasto-Cardio study [27] (clinicaltrials.gov
accessed on 23 April 2023 identifier: NCT02537041). The study was conducted in accor-
dance with the Declaration of Helsinki, and approved by the Ethics Committee of Comité
de Protection de Personnes Ile de France (protocol FLOWER-MI, approval on 14 April
2016); written informed consent was obtained from all participants.
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Figure 1. Patient selection flow diagram. SNR: signal−to−noise ratio.

4.2. Acquisition Protocol and CMR Data Analysis

A CMR exam was performed by using a 3 Tesla system (Mr 750W, GE Healthcare
Milwaukee, WI, USA, upgraded to Signa Architect) with a 32-channel cardiac-phased array
surface coil. Precontrast cine Standard Steady-State Free Precession (SSFP) sequences were
acquired in axial, long-, and short-axis views during breath hold to cover the whole left
ventricle [9]. Stacks of SSFP cine short-axis images were analyzed using cvi42 (Circle,
Calgary, AB, Canada) to estimate LV volumes, mass and function.

4.2.1. Cf PWV

Applanation tonometry of the right carotid artery and right femoral artery was per-
formed immediately after MRI acquisitions using a Complior Device (ALAM medical, Saint
Quentin Fallavier, France). Cf PWV was not feasible in 2 patients due to failure to record
the femoral pressure waveform in a context of high BMI.

4.2.2. Aortic Distensibility and 2D PC PWV

An SSFP cine aortic slice was acquired perpendicularly to the ascending and descend-
ing aorta at the level of the pulmonary artery bifurcation, during a breath hold (20 s of
acquisition time) with a pixel size of 0.74 mm × 0.74 mm and slice thickness of 8 mm.
Systolic (Amax) to diastolic (Amin) change (∆A) in the aortic area was estimated through
time-resolved automated segmentation of aortic lumen using the Artfun Software (INSERM
U 1146, Paris, France) [10,28]. During the MRI exam, central aortic pressures were derived
from brachial pressures with a Sphygmocor xcel device (Atcor, Naperville, IL, USA) using a
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previously validated generalized transfer function [28,29]. Distensibilities of the ascending
and descending aortas were calculated as ∆A/(Amin × PP), where PP is the central pulse
pressure and then averaged.

Two-dimensional flow imaging with through-plane velocity encoding was applied
at the same anatomical location as the aortic cine acquisition during a breath hold (20 s of
acquisition time, with an acquired temporal resolution of 20 ms reconstructed into 10 ms,
a pixel size of 1.24 × 1.24 mm2, and slice thickness of 6 mm). Such velocity data were
used to calculate the ascending to descending aorta transit time using the Artfun software
(INSERM U1146, Paris, France) [7,14]. A 3D centerline of the aorta was obtained from a
3D phase contrast angiogram (PC-MRA) generated around the systolic peak of the 4D
flow dataset. Two-dimensional PWV was calculated as the combination of the ascending
to descending aorta transit time with the corresponding aortic length measured from the
3D centerline.

4.2.3. 4D Flow PWV

An ECG synchronized 4D flow CMR acquisition (10 min of acquisition time in free
breathing) was performed either without or after gadolinium injection in a sagittal volume
orientation encompassing the thoracic aorta. The pulse sequence consisted of a gradient echo
sequence with three-directional velocity encoding (encoding velocity = 250 cm·s−1 for all di-
rections). Scan parameters were as follows: average spatial resolution = 2.0 × 2.4 × 1.5 mm3,
flip angle 7 to 15◦, RT = 4.2 ms, TE = 1.60 ms, bandwidth = 62 kHz, views per segment = 2,
resulting in an effective temporal resolution of 34 ms, reconstructed into 50 cardiac phases
after using view sharing, independent of the value of the heart rate, acceleration factor 4,
using kt-ARC. The eddy current correction, aortic segmentation and PWV computation
were performed semiautomatically using a custom process, recently described [21,30].
Briefly, the 3D phase contrast angiogram (PC-MRA) generated around the systolic peak of
the 4D flow dataset was used for 3D semiautomated aortic segmentation [31,32] based on
8 initial anatomical landmarks: aortic valve, sino-tubular junction, ascending aorta at the
2D slice level, brachiocephalic artery bifurcation, isthmus, descending aorta at the 2D slice
level, diaphragmatic aorta and coeliac trunk. Such segmentation provided aortic length and
was further used to estimate aortic flow-rate curves in consecutive planes perpendicular to
the aortic centerline. Finally, aortic length was combined with transit times calculated from
these latter flow-rate curves while using the wavelet-based method and considering the
last abdominal plane as the reference for calculations (Figure 2) [21].

4.3. Statistical Analysis

Baseline characteristics were provided as mean ± SD or median [inter quartile range]
as appropriate. Normality was tested using the Shapiro-Wilk test. Unpaired student t test
and Wilcoxon test were used to compare patients and controls using continuous variables
with Gaussian and non-Gaussian distribution, respectively, and Fisher’s exact test was
used for categorical variables.

Statistical differences between the different values or aortic stiffness were analyzed
using paired t tests or Wilcoxon signed rank test as appropriate. Univariate correlations
between aortic stiffness measurements were reported using Pearson’s or Spearman’s corre-
lation coefficient, as appropriate. The ability of the calculated aortic stiffness parameters
to separate patients from controls, in terms of sensitivity and specificity, was evaluated
using a receiver operating characteristic (ROC) analysis with definition of the optimal
threshold. The correlations of aortic stiffness measurement with clinical or MRI parameters
were obtained using Pearson’s or Spearman’s coefficient, as appropriate. A p value < 0.05
was used to indicate statistical significance. Analyses were performed using JMP 14 (SAS
institute, Cary, NC, USA).
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5. Results

The characteristics of patients and controls are presented in Table 1.

Table 1. Baseline Characteristics.

MI
n = 35

Controls
n = 18 p

age (y) 64.3 ± 11.7 62.0 ± 10.1 0.473
Sex Male 32 (91%) 16 (89%) 1.000

Weight (kg) 78.0 ± 14.1 71.6 ± 11.4 0.099
Height (cm) 172.2 ± 8.8 171.1 ± 8.46 0.644

BMI (kg·m−2) 26.2 ± 3.83 24.3 ± 2.25 0.025
Myocardial Segments with MI (n) 3 [2–4] 0 (0%) <0.001

HR (bpm) 61.1 ± 8.8 67.3 ± 7.1 0.025
Central SBP (mmHg) 118 ± 12.5 116 ± 9.7 0.615
Central DBP (mmHg) 81.0 ± 10.6 82.9 ± 7.2 0.503

LV EDVi (ml·m−2) 58.0 [48.0–77.0] 64.9 ± 14.1 0.547
LV ESVi (ml·m−2) 25.0 [19.0–42.0] 24.7 ± 6.6 0.699

LVEF (%) 55.4 ± 11.0 61.6 ± 6.1 0.012
LVMi (g·m−2) 66.5 [58.1–78.9] 57.8 [52.11–61.25] 0.002

AA Diameter (mm) 35.1 ± 4.2 34.2 ± 3.0 0.436
DA diameter (mm) 26.7 ± 3.1 27.9 ± 3.2 0.191

Cf PWV (m·s−1) 12.67 ± 2.86 9.58 ± 1.13 <0.001
Aortic distensibility (10−3 mmHg) 1.71 [1.19–2.17] 1.77 [1.46–2.70] 0.375

2D PWV(m·s−1) 10.97 ± 3.43 8.01 ± 2.05 <0.001
4D PWV(m·s−1) 17.3 ± 4.04 8.69 ± 2.54 <0.001

MI: myocardial infarction. HR: heart rate. SBP: systolic blood pressure. DBP: diastolic blood pressure. AA:
ascending aorta. DA: descending aorta. Cf: carotid to femoral. Baseline characteristics are provided as mean ± SD
or median [inter quartile range], or n (percentage) as appropriate. p values in bold are <0.05.
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CAD patients showed significantly higher BMI (26.2 ± 3.83 vs. 24.3 ± 2.25 kg·m−2,
p = 0.025) and number of infarcted segments (3 [2–4] vs. 0 [0–0], p < 0.001) compared to
controls. They also had lower heart rates (61.1 ± 8.8 vs. 67.3 ± 7.1 bpm, p = 0.025), lower
left ventricular ejection fractions (55.4 ± 11 vs. 61.6 ± 6.1%, p = 0.012) and a higher LV mass
index (66.5 [58.1–78.9] vs. 57.8 [52.11–61.25], p = 0.002).

5.1. Differences in Stiffness Measures between CAD Patients and Controls

Concerning aortic stiffness, cf PWV was significantly higher in patients (12.67 ± 2.86 m·s−1)
compared to controls (9.58 ± 1.13 m·s−1, p < 0.001). While 2D PWV (10.97 ± 3.43 m·s−1 vs.
8.01 ± 2.05 m·s−1, p < 0.001) was also significantly higher in CAD patients than controls,
aortic distensibility was lower but did not reach statistical significance.

Similarly to 2D PWV, 4D PWV was significantly higher in CAD patients compared
to controls (17.3 ± 4.04 m·s−1 vs. 8.69 ± 2.54 m·s−1, p < 0.001). The ability of 4D PWV to
discriminate CAD patients from controls was evaluated with an ROC analysis and further
compared with cf PWV, aortic distensibility and 2D PWV (Table 2 and Figure 3). Overall,
4D PWV showed the best AUC (0.97), sensitivity (88.6%) and specificity (94.4%), for a
threshold value of 12.86 m·s−1.

Table 2. ROC curve analysis.

Threshold AUC Sensitivity Specificity

Cf PWV 10.30 m.s−1 0.87 87.5% 83.4%
Aortic distensibility 1.49 × 10−3 mmHg 0.57 48.5% 78.8%

2D PWV 10.23 m·s−1 0.76 62.1% 88.9%
4D PWV 12.86 m·s−1 0.97 88.6% 94.4%

ROC: receiver operating characteristics. AUC: area under the curve. Cf: carotid to femoral (tonometry). PWV:
pulse wave velocity.
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5.2. Correlations between Stiffness Indices

From data of both groups, a correlation matrix of the relationship between all aortic
stiffness estimates is provided in Figure 4, revealing a good to moderate correlation between
4D PWV and cf PWV (ρ = 0.66; p < 0.0001) and between 4D PWV and 2D PWV (ρ = 0.51;
p = 0.0002). Four-dimensional PWV was less correlated with aortic distensibility (ρ = −0.33;
p = 0.0187).
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5.3. Relationship between 4D PWV and Clinical Parameters

In addition, a significant correlation was found between 4D PWV and the number of
infarcted segments (ρ = 0.57; p < 0.001) and LV Mass indexed to BSA (ρ = 0.28; p = 0.048)
(Table 3). However, such correlations were no longer significant when analyzing the groups
separately. Interestingly, the correlation between 4D PWV and age was significant in the
control group (r = 0.52, p = 0.028) but was no longer significant when considering CAD
patients only or the entire population.

Table 3. Correlations between 4D PWV and clinical parameters for each group.

CAD Control All

r p r p r p

Age 0.13 0.43 0.52 0.028 0.22 0.12
cMBP 0.26 0.12 0.01 0.97 0.24 0.077

ρ p ρ p ρ p

Infarct size −0.01 0.76 NA 0.57 <0.001
LVMi −0.03 0.86 −0.23 0.36 0.28 0.048

PWV: pulse wave velocity. CAD: coronary artery disease. cMBP: central mean blood pressure. LVMi: indexed left
ventricular mass. Pearson’s or Spearman’s correlation coefficients (r or ρ) are given as appropriate. Coefficients in
bold when p < 0.05.

6. Discussion

In this work, we confirmed that values of PWV in CAD patients were higher than
in controls, regardless of the measurement technique. Additionally, the thoracic aorta
PWV assessed from 4D flow MRI showed the best overall ability in terms of sensitivity
and specificity to differentiate patients with CAD from controls as compared to 2D phase
contrast PWV, aortic distensibility and cf PWV. In addition, thoracic aorta 4D PWV was
well related to hypertrophic remodeling.

6.1. Methodological Reasons for 4D PWV Superiority in the Setting of CAD

The poor performance of aortic distensibility to differentiate patients with a severe
atheromatous disease (stable CAD) from healthy controls was not a surprising result. If
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aortic distensibility is known to be a useful biomarker for event prediction in the early
stage of cardiovascular disease [15], its performance may be highly affected at a later stage
when the population is older with a stiffer aorta, since the smaller changes in the aortic
lumen area over the cardiac cycle may reach the limitations of MRI spatial resolution.

The higher performance of 4D PWV over 2D PWV might be explained by the longer
aortic segment considered in the 4D flow data, by the iterative transit-time estimation along
such segment that could render the overall estimate more robust to the poor temporal
resolution of 4D flow MRI and by the specific slice placement that may hamper 2D PWV.
Indeed, even if the 2D dataset has twice the temporal resolution of the 4D flow dataset, the
PWV is estimated from a transit time calculated on a two-times shorter aortic segment.

Carotid-to-femoral PWV assessed by tonometry is less concerned by such measure-
ment issues thanks to its high temporal resolution; however, cf PWV reflects diffuse arterial
disease, while 2D and 4D PWV focus on the central aorta. The evaluation of aortic stiffness
in this proximal location could explain the superiority of MRI in our population of patients
with severe CAD. Our results might have been different for patients with a less central
location of atherosclerosis.

6.2. Correlations between the Aortic Stiffness Measurement Methods

When looking at the multiple correlations between stiffness measurements, the most
related were cf PWV and 4D PWV. This could be explained by the fact that both measure-
ments look at a longer arterial segment, as compared to 2D PWV and distensibility, which
are more centralized at the level of the aortic arch and the ascending aorta, respectively.
The relationship between the techniques might be also affected by the precision of the
measurements, explaining the poor relationship with aortic distensibility, which might be a
less conclusive metric in our stiff and relatively old population.

6.3. Which Threshold for High PWV?

PWV is highly related to age and should always be interpreted while considering
individual calendar age. Nevertheless, the ESC/ESH 2018 guidelines recommend a cf
PWV cutoff value of 10 m·s−1 as a factor of cardiovascular risk. The 10.3 m·s−1 threshold
of cf PWV found in our study to differentiate stable CAD from healthy controls was in
line with such guidelines in favor of the reliability of cf PWV measurements in our cohort.
Several studies have previously reported that PWV of the aorta was lower than cf PWV in
healthy cohorts [14,20]. Our results are consistent with such findings for the control group;
however, we found higher 4D PWV than cf PWV in the CAD group, resulting in an overall
higher threshold of 12.8 m·s−1 to differentiate CAD patients from controls.

6.4. Relation with the Left Ventricular Impairment

The relationship with the size of myocardial infarction, defined by the number of
segments with MI, is not significant in the subgroup of patients with CAD. However,
patients at the early stage of vascular disease might have had a more severe myocardial
infarction due to the lack of preconditioning and collateral arteries. Similarly to previ-
ous work, arterial stiffness assessed using 4D PWV was correlated with LV ventricular
remodeling [20].

6.5. Limitations and Perspectives

As in many studies involving PWV, no comparison with invasive measures was
conducted. However, 4D flow was well correlated with cf PWV in our study, providing
a validation beyond comparison between only MRI measurements. Aortic segmentation
issues in the CAD group were more pronounced than in controls and would require further
technical improvements through newly proposed tools that might help overcome such
issues [24]. Our cohort is relatively small. However, such a small sample size is partly
compensated by the homogeneity of the included patients with stable CAD, since they all
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had a previous myocardial infarction 1 year before and multivessel disease. Our promising
results would need to be confirmed in cohorts with less severe disease.

Previous works have found relationships between arterial stiffness and prognosis in
patients with coronary artery disease [33,34]. Those outcome data are lacking for 4D flow,
and further works are warranted to prove that 4D PWV could do better to predict CV
events in patients with or without CVD.

7. Conclusions

4D flow PWV outperformed other tonometry and 2D MRI stiffness measures in terms
of differentiating CAD patients from age and sex-matched controls. Longitudinal studies
are now needed to evaluate the prognostic performances of 4D PWV in patients with or
without arteriosclerotic disease.

Author Contributions: Conceptualization, E.M. and G.S.; data curation, N.K.; formal analysis, G.S.;
funding acquisition, E.P. and E.M.; investigation, L.-A.N. and U.G.; methodology, E.M., N.K. and G.S.;
project administration, E.M.; resources, E.P., E.M. and N.K.; software, S.H.-G.-S., T.D., K.B., A.D.C.
and E.B.; supervision, E.M. and G.S.; validation, S.H.-G.-S.; visualization, G.S.; writing—original
draft, L.-A.N.; writing—review and editing, G.S. All authors have read and agreed to the published
version of the manuscript.

Funding: Grant from the Programme Hospitalier de Recherche Clinique issued by the French Ministry
of Health.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee of Comité de Protection de Personnes Ile de
France (protocol FLOWER-MI, approval on 14 April 2016).

Informed Consent Statement: Written informed consent has been obtained from the patients to
publish this paper.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank all the physicians who took care of the patients.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sutton-Tyrrell, K.; Najjar, S.S.; Boudreau, R.; Venkitachalam, L.; Kupelian, V.; Simonsick, E.M.; Havlik, R.; Lakatta, E.G.; Spurgeon,

H.; Kritchevsky, S.; et al. Elevated Aortic Pulse Wave Velocity, a Marker of Arterial Stiffness, Predicts Cardiovascular Events in
Well-Functioning Older Adults. Circulation 2005, 111, 3384–3390. [CrossRef] [PubMed]

2. Mattace-Raso, F.U.S.; van der Cammen, T.J.M.; Hofman, A.; van Popele, N.M.; Bos, M.L.; Schalekamp, M.A.D.H.; Asmar, R.;
Reneman, R.S.; Hoeks, A.P.G.; Breteler, M.M.B.; et al. Arterial Stiffness and Risk of Coronary Heart Disease and Stroke: The
Rotterdam Study. Circulation 2006, 113, 657–663. [CrossRef] [PubMed]

3. Laurent, S.; Cockcroft, J.; Van Bortel, L.; Boutouyrie, P.; Giannattasio, C.; Hayoz, D.; Pannier, B.; Vlachopoulos, C.; Wilkinson, I.;
Struijker-Boudier, H. Expert consensus document on arterial stiffness: Methodological issues and clinical applications. Eur. Heart
J. 2006, 27, 2588–2605. [CrossRef] [PubMed]

4. Ben-Shlomo, Y.; Spears, M.; Boustred, C.; May, M.; Anderson, S.; Benjamin, E.; Boutouyrie, P.; Cameron, J.; Chen, C.-H.;
Cruickshank, J.K.; et al. Aortic Pulse Wave Velocity Improves Cardiovascular Event Prediction: An individual participant
meta-analysis of prospective observational data from 17,635 subjects. J. Am. Coll. Cardiol. 2014, 63, 636–646. [CrossRef]

5. Vlachopoulos, C.; Aznaouridis, K.; Stefanadis, C. Prediction of Cardiovascular Events and All-Cause Mortality with Arterial
Stiffness: A Systematic Review and Meta-Analysis. J. Am. Coll. Cardiol. 2010, 55, 1318–1327. [CrossRef]

6. Williams, B.; Mancia, G.; Spiering, W.; Agabiti Rosei, E.; Azizi, M.; Burnier, M.; Clement, D.L.; Coca, A.; De Simone, G.; Dominiczak,
A.; et al. 2018 ESC/ESH Guidelines for the management of arterial hypertension: The Task Force for the management of arterial
hypertension of the European Society of Cardiology (ESC) and the European Society of Hypertension (ESH). J. Hypertens. 2018,
36, 1953–2041. [CrossRef]

7. Dogui, A.; Redheuil, A.; Lefort, M.; DeCesare, A.; Kachenoura, N.; Herment, A.; Mousseaux, E. Measurement of aortic arch pulse
wave velocity in cardiovascular MR: Comparison of transit time estimators and description of a new approach. J. Magn. Reson.
Imaging 2011, 33, 1321–1329. [CrossRef]

https://doi.org/10.1161/CIRCULATIONAHA.104.483628
https://www.ncbi.nlm.nih.gov/pubmed/15967850
https://doi.org/10.1161/CIRCULATIONAHA.105.555235
https://www.ncbi.nlm.nih.gov/pubmed/16461838
https://doi.org/10.1093/eurheartj/ehl254
https://www.ncbi.nlm.nih.gov/pubmed/17000623
https://doi.org/10.1016/j.jacc.2013.09.063
https://doi.org/10.1016/j.jacc.2009.10.061
https://doi.org/10.1097/HJH.0000000000001940
https://doi.org/10.1002/jmri.22570


J. Clin. Med. 2023, 12, 3643 10 of 11

8. Dogui, A.; Kachenoura, N.; Frouin, F.; Lefort, M.; De Cesare, A.; Mousseaux, E.; Herment, A. Consistency of aortic distensibility
and pulse wave velocity estimates with respect to the Bramwell-Hill theoretical model: A cardiovascular magnetic resonance
study. J. Cardiovasc. Magn. Reson. 2011, 13, 1–8. [CrossRef]

9. Herment, A.; Kachenoura, N.; Lefort, M.; Bensalah, M.; Dogui, A.; Frouin, F.; Mousseaux, E.; De Cesare, A. Automated
segmentation of the aorta from phase contrast MR images: Validation against expert tracing in healthy volunteers and in patients
with a dilated aorta. J. Magn. Reson. Imaging 2010, 31, 881–888. [CrossRef]

10. Grotenhuis, H.B.; Westenberg, J.J.; Steendijk, P.; Van Der Geest, R.J.; Ottenkamp, J.; Bax, J.J.; Jukema, J.W.; de Roos, A. Validation
and reproducibility of aortic pulse wave velocity as assessed with velocity-encoded MRI. J. Magn. Reson. Imaging 2009, 30,
521–526. [CrossRef]

11. Ohyama, Y.; Ambale-Venkatesh, B.; Noda, C.; Kim, J.-Y.; Tanami, Y.; Teixido-Tura, G.; Chugh, A.R.; Redheuil, A.; Liu, C.-Y.; Wu,
C.O.; et al. Aortic Arch Pulse Wave Velocity Assessed by Magnetic Resonance Imaging as a Predictor of Incident Cardiovascular
Events. Hypertension 2017, 70, 524–530. [CrossRef] [PubMed]

12. Latham, R.D.; Westerhof, N.; Sipkema, P.; Rubal, B.J.; Reuderink, P.; Murgo, J.P. Regional wave travel and reflections along the
human aorta: A study with six simultaneous micromanometric pressures. Circulation 1985, 72, 1257–1269. [CrossRef] [PubMed]

13. Halushka, M.K.; Angelini, A.; Bartoloni, G.; Basso, C.; Batoroeva, L.; Bruneval, P.; Buja, L.M.; Butany, J.; D'Amati, G.; Fallon, J.T.;
et al. Consensus statement on surgical pathology of the aorta from the Society for Cardiovascular Pathology and the Association
for European Cardiovascular Pathology: II. Noninflammatory degenerative diseases—Nomenclature and diagnostic criteria. Off.
J. Soc. Cardiovasc. Pathol. 2016, 25, 247–257. [CrossRef] [PubMed]

14. Redheuil, A.; Yu, W.-C.; Wu, C.O.; Mousseaux, E.; de Cesare, A.; Yan, R.; Kachenoura, N.; Bluemke, D.; Lima, J.A.C. Reduced
Ascending Aortic Strain and Distensibility: Earliest Manifestations of Vascular Aging in Humans. Hypertension 2010, 55, 319–326.
[CrossRef]

15. Redheuil, A.; Wu, C.O.; Kachenoura, N.; Ohyama, Y.; Yan, R.T.; Bertoni, A.G.; Hundley, G.W.; Duprez, D.A.; Jacobs, D.R.; Daniels,
L.B.; et al. Proximal Aortic Distensibility Is an Independent Predictor of All-Cause Mortality and Incident CV Events: The MESA
study. J. Am. Coll. Cardiol. 2014, 64, 2619–2629. [CrossRef]

16. Markl, M.; Wallis, W.; Brendecke, S.; Simon, J.; Frydrychowicz, A.; Harloff, A. Estimation of global aortic pulse wave velocity by
flow-sensitive 4D MRI. Magn. Reson. Med. 2010, 63, 1575–1582. [CrossRef]

17. Markl, M.; Wallis, W.; Strecker, C.; Gladstone, B.P.; Vach, W.; Harloff, A. Analysis of pulse wave velocity in the thoracic aorta by
flow-sensitive four-dimensional MRI: Reproducibility and correlation with characteristics in patients with aortic atherosclerosis.
J. Magn. Reson. Imaging 2012, 35, 1162–1168. [CrossRef]

18. Dyverfeldt, P.; Ebbers, T.; Länne, T. Pulse wave velocity with 4D flow MRI: Systematic differences and age-related regional
vascular stiffness. Magn. Reson. Imaging 2014, 32, 1266–1271. [CrossRef]

19. Harloff, A.; Mirzaee, H.; Lodemann, T.; Hagenlocher, P.; Wehrum, T.; Stuplich, J.; Hennemuth, A.; Hennig, J.; Grundmann,
S.; Vach, W. Determination of aortic stiffness using 4D flow cardiovascular magnetic resonance—A population-based study. J.
Cardiovasc. Magn. Reson. 2018, 20, 43. [CrossRef]

20. Soulat, G.; Gencer, U.; Kachenoura, N.; Villemain, O.; Messas, E.; Boutouyrie, P.; Laurent, S.; Mousseaux, E. Changes in segmental
pulse wave velocity of the thoracic aorta with age and left ventricular remodelling. An MRI 4D flow study. J. Hypertens. 2020, 38,
118–126. [CrossRef]

21. Houriez-Gombaud-Saintonge, S.; Mousseaux, E.; Bargiotas, I.; De Cesare, A.; Dietenbeck, T.; Bouaou, K.; Redheuil, A.; Soulat,
G.; Giron, A.; Gencer, U.; et al. Comparison of different methods for the estimation of aortic pulse wave velocity from 4D flow
cardiovascular magnetic resonance. Off. J. Cardiovasc. Magn. Reson. 2019, 21, 75. [CrossRef]

22. Soulat, G.; Jarvis, K.; Pathrose, A.; Vali, A.; Scott, M.; Syed, A.A.; Kinno, M.; Prabhakaran, S.; Collins, J.D.; Markl, M. Renin
Angiotensin System Inhibitors Reduce Aortic Stiffness and Flow Reversal After a Cryptogenic Stroke. J. Magn. Reson. Imaging
2020, 53, 213–221. [CrossRef] [PubMed]

23. Jarvis, K.; Soulat, G.; Scott, M.; Vali, A.; Pathrose, A.; Syed, A.A.; Kinno, M.; Prabhakaran, S.; Collins, J.D.; Markl, M. Investigation
of Aortic Wall Thickness, Stiffness and Flow Reversal in Patients with Cryptogenic Stroke: A 4D Flow MRI Study. J. Magn. Reson.
Imaging 2020, 53, 942–952. [CrossRef]

24. Berhane, H.; Scott, M.; Elbaz, M.S.; Jarvis, K.; McCarthy, P.; Carr, J.; Malaisrie, C.; Avery, R.; Barker, A.J.; Robinson, J.D.; et al. Fully
automated 3D aortic segmentation of 4D flow MRI for hemodynamic analysis using deep learning. Magn. Reson. Med. 2020, 84,
2204–2218. [CrossRef] [PubMed]

25. Meloni, A.; Zymeski, H.; Pepe, A.; Lombardi, M.; Wood, J.C. Robust estimation of pulse wave transit time using group delay. J.
Magn. Reson. Imaging 2014, 39, 550–558. [CrossRef] [PubMed]

26. Puymirat, E.; Cayla, G.; Simon, T.; Steg, P.G.; Montalescot, G.; Durand-Zaleski, I.; le Bras, A.; Gallet, R.; Khalife, K.; Morelle, J.-F.;
et al. Multivessel PCI Guided by FFR or Angiography for Myocardial Infarction. N. Engl. J. Med. 2021, 385, 297–308. [CrossRef]

27. Villemain, O.; Correia, M.; Mousseaux, E.; Baranger, J.; Zarka, S.; Podetti, I.; Soulat, G.; Damy, T.; Hagège, A.; Tanter, M.; et al.
Myocardial Stiffness Evaluation Using Noninvasive Shear Wave Imaging in Healthy and Hypertrophic Cardiomyopathic Adults.
JACC: Cardiovasc. Imaging 2018, 12, 1135–1145. [CrossRef]

28. Soulat, G.; Millasseau, S.; Stroer, S.; Tavolaro, S.; Kachenoura, N.; Khettab, H.; Boutouyrie, P.; Laurent, S.; Mousseaux, E. Impact of
simultaneous measurement of central blood pressure with the SphygmoCor Xcel during MRI acquisition to better estimate aortic
distensibility. J. Hypertens. 2019, 37, 1448–1454. [CrossRef]

https://doi.org/10.1186/1532-429X-13-11
https://doi.org/10.1002/jmri.22124
https://doi.org/10.1002/jmri.21886
https://doi.org/10.1161/HYPERTENSIONAHA.116.08749
https://www.ncbi.nlm.nih.gov/pubmed/28674039
https://doi.org/10.1161/01.CIR.72.6.1257
https://www.ncbi.nlm.nih.gov/pubmed/4064270
https://doi.org/10.1016/j.carpath.2016.03.002
https://www.ncbi.nlm.nih.gov/pubmed/27031798
https://doi.org/10.1161/HYPERTENSIONAHA.109.141275
https://doi.org/10.1016/j.jacc.2014.09.060
https://doi.org/10.1002/mrm.22353
https://doi.org/10.1002/jmri.22856
https://doi.org/10.1016/j.mri.2014.08.021
https://doi.org/10.1186/s12968-018-0461-z
https://doi.org/10.1097/HJH.0000000000002224
https://doi.org/10.1186/s12968-019-0584-x
https://doi.org/10.1002/jmri.27279
https://www.ncbi.nlm.nih.gov/pubmed/32770637
https://doi.org/10.1002/jmri.27345
https://doi.org/10.1002/mrm.28257
https://www.ncbi.nlm.nih.gov/pubmed/32167203
https://doi.org/10.1002/jmri.24207
https://www.ncbi.nlm.nih.gov/pubmed/24123545
https://doi.org/10.1056/NEJMoa2104650
https://doi.org/10.1016/j.jcmg.2018.02.002
https://doi.org/10.1097/HJH.0000000000002061


J. Clin. Med. 2023, 12, 3643 11 of 11

29. Pauca, A.L.; O’rourke, M.F.; Kon, N.D. Prospective Evaluation of a Method for Estimating Ascending Aortic Pressure from the
Radial Artery Pressure Waveform. Hypertension 2001, 38, 932–937. [CrossRef]

30. Bouaou, K.; Bargiotas, I.; Dietenbeck, T.; Bollache, E.; Soulat, G.; Craiem, D.; Houriez-Gombaud-Saintonge, S.; De Cesare, A.;
Gencer, U.; Giron, A.; et al. Analysis of aortic pressure fields from 4D flow MRI in healthy volunteers: Associations with age and
left ventricular remodeling. J. Magn. Reson. Imaging 2019, 50, 982–993. [CrossRef]

31. Dietenbeck, T.; Craiem, D.; Rosenbaum, D.; Giron, A.; De Cesare, A.; Bouaou, K.; Girerd, X.; Cluzel, P.; Redheuil, A.; Kachenoura,
N. 3D aortic morphology and stiffness in MRI using semi-automated cylindrical active surface provides optimized description of
the vascular effects of aging and hypertension. Comput. Biol. Med. 2018, 103, 101–108. [CrossRef] [PubMed]

32. Dietenbeck, T.; Houriez-Gombaud-Saintonge, S.; Charpentier, E.; Gencer, U.; Giron, A.; Gallo, A.; Boussouar, S.; Pasi, N.; Soulat,
G.; Mousseaux, E.; et al. Quantitative magnetic resonance imaging measures of three-dimensional aortic morphology in healthy
aging and hypertension. J. Magn. Reson. Imaging 2021, 53, 1471–1483. [CrossRef] [PubMed]

33. Park, H.W.; Kang, M.G.; Kim, K.; Koh, J.-S.; Park, J.R.; Hwang, S.-J.; Jeong, Y.-H.; Ahn, J.H.; Jang, J.Y.; Kwak, C.H.; et al. Prognostic
value of brachial-ankle pulse wave velocity in patients with non-ST-elevation myocardial infarction. Coron. Artery Dis. 2017, 28,
642–648. [CrossRef]

34. Siasos, G.; Oikonomou, E.; Maniatis, K.; Georgiopoulos, G.; Kokkou, E.; Tsigkou, V.; Zaromitidou, M.; Antonopoulos, A.;
Vavuranakis, M.; Stefanadis, C.; et al. Prognostic significance of arterial stiffness and osteoprotegerin in patients with stable
coronary artery disease. Eur. J. Clin. Investig. 2018, 48, e12890. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1161/hy1001.096106
https://doi.org/10.1002/jmri.26673
https://doi.org/10.1016/j.compbiomed.2018.10.006
https://www.ncbi.nlm.nih.gov/pubmed/30347341
https://doi.org/10.1002/jmri.27502
https://www.ncbi.nlm.nih.gov/pubmed/33426700
https://doi.org/10.1097/MCA.0000000000000529
https://doi.org/10.1111/eci.12890
https://www.ncbi.nlm.nih.gov/pubmed/29330911

	Summary 
	Key Results 
	Introduction 
	Methods 
	Population 
	Acquisition Protocol and CMR Data Analysis 
	Cf PWV 
	Aortic Distensibility and 2D PC PWV 
	4D Flow PWV 

	Statistical Analysis 

	Results 
	Differences in Stiffness Measures between CAD Patients and Controls 
	Correlations between Stiffness Indices 
	Relationship between 4D PWV and Clinical Parameters 

	Discussion 
	Methodological Reasons for 4D PWV Superiority in the Setting of CAD 
	Correlations between the Aortic Stiffness Measurement Methods 
	Which Threshold for High PWV? 
	Relation with the Left Ventricular Impairment 
	Limitations and Perspectives 

	Conclusions 
	References

