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Abstract

Background: We aimed to provide a comprehensive aortic stiffness description using magnetic
resonance imaging (MRI) in patients with ascending thoracic aorta aneurysm and tricuspid (TAV-

ATAA) or bicuspid (BAV) aortic valve.

Methods: This case-control study included 18 TAV-ATAA and 19 BAV patients, with no aortic valve
stenosis/severe regurgitation, who were 1:1 age-, gender- and central blood pressures (BP)-matched to
healthy volunteers. Each underwent simultaneous aortic MRI and BP measurements. 3D anatomical
MRI provided aortic diameters. Stiffness indices included: regional ascending (AA) and descending
(DA) aorta pulse wave velocity (PWV) from 4D flow MRI; local AA and DA strain, distensibility and

theoretical Bramwell-Hill (BH) model-based PWV, as well as regional arch PWV from 2D flow MRI.

Results: Patient groups had significantly higher maximal AA diameter (median[interquartile range],
TAV-ATAA: 47.5[42.0-51.3]mm, BAV: 45.0[41.0-47.0]mm) than their respective controls (29.1[26.8-
31.8] and 28.1[26.0-32.0]mm, p<0.0001), while BP were similar (p>0.25). Stiffness indices were
significantly associated with age (p>0.33), mean BP (arch PWV: p=0.25, p=0.05; DA distensibility:
p=-0.30, p=0.02) or AA diameter (arch PWV: p=0.28, p=0.03; DA PWV: p=0.32, p=0.009). None of
them, however, was significantly different between TAV-ATAA or BAV patients and their matched
controls. Finally, while direct PWV measures were significantly correlated to BH-PWV estimates in

controls (p>0.40), associations were non-significant in TAV-ATAA and BAV groups (p=>0.18).

Conclusions: The overlap of MRI-derived aortic stiffness indices between patients with TAV or BAV
aortopathy and matched controls highlights another heterogeneous feature of aortopathy, and suggests

the urgent need for more sensitive indices which might help better discriminate such diseases.



Introduction

Ascending thoracic aortic aneurysm (ATAA) resulting from a pathological dilation of the ascending
aorta, and bicuspid aortic valve (BAV)-related aortopathy are both associated with an increased risk of
dissection and rupture [1]. Therefore, their early detection is crucial to prevent the occurrence of such
acute critical events. While the management and treatment of patients with aortic disease are currently
based on aortic diameter and its growth rate [1], there have been controversies regarding purely
geometric and non-tailored descriptors since even small ascending aortas can dissect [2]. With the
advent of non-invasive imaging techniques, novel biomarkers have been proposed as a complement to
aortic size to better understand the pathological progression of dilation and help improve individual

patient risk assessment and thus surgical decisions.

Avrterial stiffening, which is associated with alterations in large artery wall structure and
elasticity as well as blood flow hemodynamics, has been shown to be a strong independent predictor of
cardiovascular events and morbidity as well as all-cause mortality in several populations [3]. Indeed,
elasticity of the thoracic aorta plays a major role in damping pulsatility of pressure and flow waves
generated by the beating left ventricle, and is used as a clinical surrogate for cardiovascular disease risk.
As such, an almost two-fold increase in the risk of developing cardiovascular events and mortality was
reported in subjects with increased aortic stiffness [3]. Besides applanation tonometry [4—6], numerous
imaging studies previously investigated elastic properties of the central aorta in vivo in patients with
either a BAV or a tricuspid aortic valve and ATAA(TAV-ATAA), using ultrasound [4,7-17],
cardiovascular magnetic resonance imaging (MRI) [18-22], or computed tomography [23]. However,
most works comparing against controls did not match populations for age [22], gender [16], blood
pressure [5,6,9,10,17-19,22] or valve impairment such as stenosis or regurgitation [10-12,14—
17,20,21], which have known confounding effects on arterial stiffness. In the remaining studies,
conflicting findings were reported as to whether aortic stiffness in aortopathy remains unchanged
[4,8,22], or increases [4,7,8,13] as reflected by significantly reduced strain and distensibility or elevated

pulse wave velocity (PWV).



Accordingly, the main objective of this case-control study was to provide a comprehensive
description of both local and regional aortic stiffness, as assessed non-invasively using MRI, in patients
with either a BAV or a TAV and ATAA, in comparison with healthy volunteers. To discard potential
confounders, careful matching for age, gender and central blood pressures was performed and we
studied only patients without significant valve dysfunction. A secondary objective was to test in such
patients the validity of the Bramwell-Hill theoretical model describing the relationship between aortic

distensibility and PWV.

Methods

Participants

We retrospectively identified based on chart review, all patients with TAV-ATAA, as well as all patients
with a BAV and ascending aortic (AA) dilation, who underwent a standard-of-care thoracic aortic MRI
along with 3D, time-resolved, three-directional velocity-encoded (4D flow MRI) acquisitions and
simultaneous measurement of central blood pressures. ATAA was defined by a maximal diameter over
the AA > 41 mm or > 22 mm/m2 when normalized by body surface area (BSA). Exclusion criteria were:
concomitant presence of aortic valve stenosis, regurgitation (AR) graded more than moderate, aortic
coarctation, Marfan or Turner syndrome, history of aortic dissection and previous surgery. Aortic valve
function as well as BAV confirmation and fusion pattern according to Sievers classification were
evaluated using conventionally acquired stacks of 2D cine anatomical and velocity images
perpendicular to the aortic root. Each patient was retrospectively 1:1 matched, in terms of age as well
as sex and central blood pressures as close as possible, to healthy volunteers from an already existing
prospective local MRI cohort of 57 individuals free of overt cardiovascular disease. Approval from the

local ethics committee and subjects informed consent were obtained.

Data acquisition

Healthy volunteers were scanned on a Discovery MR750w GEM (3T, GE Healthcare, Chicago, IL,

USA) and patients were scanned either on the Discovery MR750w, a SIGNA Architect (3T) or SIGNA



Artist (1.5T, GE Healthcare). Gadolinium-based contrast agent was typically injected (0.1 to 0.2
mmol/kg) prior to acquisitions. Central blood pressures were recorded simultaneously to MRI using the
Sphygmocor Xcel device (AtCor Medical, Australia) [24]. Three measurements were averaged to
provide central systolic (SBP), diastolic (DBP) and pulse (PP = SBP-DBP) pressures. Mean pressure
was also collected. Aortic 2D phase-contrast (PC) and 4D flow data were acquired, along with 3D
anatomical data using either a spoiled gradient-recalled echo (SPGR, at 3T) or steady-state free

precession (SSFP, 1.5T) MRI sequence.

Through-plane 2D PC data were acquired during breath-holding, in an axial plane
perpendicular to both the mid-ascending aorta and descending aorta at the level of the right pulmonary
artery, with a pixel size of 1.24 x 1.24 mm2, slice thickness ranging from 5 to 8 mm and acquired
temporal resolution of 22 ms reconstructed to 11 ms. 4D flow MRI data were acquired during free
breathing, in a sagittal-oblique 3D volume encompassing the thoracic aorta. Acquired spatial and
temporal resolutions ranged within 1.3-2.4 x 2.0-2.7 mm?2 and 33-51 ms, respectively, with a
reconstructed pixel size = 1.3-1.7 x 1.4-2.7 mm?, slice thickness = 1.0-2.6 mm and a reconstructed
temporal resolution = 15-25 ms. An acceleration factor of 3 to 4 was used (ESPIRIT or kat-ARC). For
both sequences, retrospective ECG gating and view sharing were used, and single encoding velocity
Venc was set to 160-400 cm/s according to the suspected presence of aortic valve stenosis. Finally, 3D
anatomical data were acquired in a volume including the thoracic aorta in a sagittal-oblique view during
diastolic phase using ECG gating, slice thickness = 3.2 mm and the smallest in-plane pixel size amongst
acquisitions which was 0.67 x 0.67 mm, to provide a better depiction of aortic borders and a more
accurate measurement of maximal diameter over the AA. More detailed scan parameters are provided

in Supplementary Table S1.

Analysis of 4D flow MRI data: regional proximal and descending aorta PWV

A custom software programmed in C# (Lattido, Buenos Aires, Argentina) was used to import and
visualize 4D flow MRI images, correct for eddy current effects using a third-order surface interpolation
[25], and segment the aortic volume (Figure 1). Segmentation was performed on the anatomic modulus

images at the time phase with maximal velocity magnitude, and then applied to the remaining phases.



Such process started with the manual placement of four 2D planes using a multiplanar reconstruction
scheme and definition of circular regions of interest (ROIs) delineating the aortic cross-sectional
borders, at specific anatomical landmarks (Figure 1.A in red). The center of these ROIs was used to
automatically position 6 additional 2D planes (Figure 1.A in blue), in which ROIls delineating aortic
borders were subsequently defined manually. An interpolating centripetal Catmull-Rom spline
connecting ROIls centers was then used to define the aortic centerline. Additional ROIs were
automatically reconstructed every 5 mm orthogonal to the centerline, by linearly interpolating the aortic
diameter between the 10 previously defined ROIs (Figure 1.B). We performed a visual inspection of
every reconstructed ROI to check for the absence of velocity aliasing or other artifacts. Since only
global indices were considered in the present study, single local ROIs with detected artefacts were
discarded from further analyses. We then computed the velocity field within each ROI using a trilinear
interpolation scheme for each velocity component. Finally, net flow rate was computed inside each
ROI, for each phase, as the averaged velocities along the spatial direction that was orthogonal to the
cross-section multiplied by its area, resulting in time-resolved waveforms throughout the cardiac cycle

(Figure 1.C) along the aorta.

Regional ascending (AA-PWYV) and descending (DA-PWYV) aorta PWV was derived using a
reproducible and consistent method [26], which was applied to the reflectionless systolic upslope of
normalized and interpolated (to 1 ms) net flow rate waveforms. Briefly, the time delay or transit time
(TT) between waveforms in the diaphragm aortic plane (ROI-Desc100%) and each of the remaining
ROIs was calculated using a 4th-order complex Gaussian wavelet transform [27]. Distance (D) along
the centerline between each ROI and the most proximal ROI-AV was also computed. Then, AA-PWV,
DA-PWYV were equal to the inverse slope of the linear regression of TT vs. D points between ROI-AV

and ROI-45°, ROI-45° and ROI-Desc150%, respectively (Figure 1.D).

Analysis of 2D PC MRI data: local AA, DA strain, distensibility and PWV, and regional aortic arch

PWV

2D PC data were analyzed using the ArtFun software (Sorbonne Université, U1146 Inserm) as

previously described [28]. Briefly, AA and DA borders throughout the cardiac cycle were automatically



delineated on modulus anatomical images, and diastolic minimal (Amin) as well as systolic maximal
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Finally, the automatically detected AA and DA contours were superimposed on velocity-
encoded images, and regional PWV through the aortic arch was calculated as the AA-to-DA distance
divided by the transit time between normalized net flow rate systolic upslopes at both locations [31].
The distance between AA and DA centers was measured as the arch length from SPGR/SSFP data in
3D using a semi-automated custom segmentation method (Mimosa, Sorbonne Université) while
registering the 2D PC MRI axial plane on such 3D data [32]. We also reported mid-AA and proximal

DA diameters at that same location as extracted from the 3D SPGR/SSFP images segmentation [32].
Statistical analysis

Statistical analysis was performed using JMP Pro 14.0.0 (SAS Institute, Cary, NC, USA). Values were
expressed as median (interquartile range, IQR) unless stated otherwise. Differences between each
patient group and its respective matched controls were tested using a Wilcoxon rank-sum test, except
for gender which was studied using a Fisher's exact test. The reliability of MRI aortic stiffness
measurements was studied through their physiological associations over the whole group with age,
mean blood pressure and mid-ascending aortic diameter. Finally, validity of the Bramwell-Hill
theoretical model was tested in each group, while comparing distensibility-derived BH-PWV against
regional PWV estimates measured from 4D flow MRI (AA PWV and DA PWYV) as well as from 2D
PC MRI (arch PWV). For the latter, the average between AA and DA BH-PWV was considered.
Spearman rho’s correlation coefficients p and p values are provided. p values below a threshold of 5%

were considered significant.



Results

Population characteristics

Four patients had to be excluded due to 4D flow MRI extensive artefacts that could not be corrected
(n=2), acquisition volume which was too small (n=1) or the segmentation algorithm that failed because
the descending aorta was too tortuous (n=1), resulting in n=18 TAV-ATAA, n=19 BAV patients and
n=27 healthy volunteers (10 of them were included in both control groups). Among patients: n=12 (7
TAV-ATAA and 5 BAV) or 33% had no AR; n=16 (5 TAV-ATAA and 11 BAV) or 43% had mild AR;
n=9 (6 TAV-ATAA and 3 BAV) or 24% had moderate AR. Among BAYV patients, right-left (RL) and
right-non coronary (RN) fusion prevalence were 74% (n=14) and 26% (n=5), respectively. Patients
were scanned from July 2015 to January 2019. While all (n=27) healthy volunteers and most (n=30)
patients were scanned with a 3T magnet (89% over the entire study group), the remaining (n=7,
including 4 patients with TAV-ATAA and 3 with a BAV) patients were scanned on a SIGNA Acrtist
1.5T scanner (11%). Four (IQR: 2-6) ROIs, which represented on average 5 (3-8)% of the total number
of ROIs used to compute 4D flow PWV, in 10 patients (8 BAV and 2 TAV-ATAA), were discarded
due to artefacts. 4D flow data analysis including eddy current correction, segmentation, flow
computation and PWV estimation took approximately 8-10 minutes per patient (Intel® Core™ i5-4460

CPU @ 3.20 GHz, 16.0 GB RAM).

Maximal diameter over the AA was 47.5 (42.0-51.3) mm, ranging from 41.0 to 56.0 mm, or
24.9 (22.4-26.7) mm/m?, ranging from 18.6 to 31.9 mm/m? when indexed to BSA, in TAV-ATAA
patients; and 45.0 (41.0-47.0) mm, ranging from 34.0 to 51.0 mm, or 22.2 (20.5-24.7) mm/m2, ranging
from 18.7 to 28.2 mm/m2 when indexed to BSA, in BAV patients. It was located at the sinuses of
Valsalva in 6 TAV-ATAA and 5 BAV patients, sinotubular junction in 2 TAV-ATAA and 2 BAV
patients, and in the mid-ascending aorta in 10 TAV-ATAA and 12 BAYV patients. Subjects descriptive
characteristics along with central blood pressures and aortic MR measurements are provided in Table
1 for each patient group and their respective control groups. By design, age, gender and central blood
pressures were similar for TAV-ATAA and BAV patient groups when compared to their respective

matched controls. As expected, both patient groups had a significantly dilated proximal aorta compared
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to controls. However, while such dilation was further extended to the descending aorta in TAV-ATAA

patients, it was restricted to the AA in BAV patients.

Local and regional thoracic aortic stiffness

None of the 4D flow and 2D PC MRI-derived local and regional aortic strain, distensibility or PWV
measurements was significantly different between TAV-ATAA patients and their matched controls
(Table 1 left side, Supplementary Figure S2), as well as between BAV patients and their controls (Table

1 right side, Supplementary Figure S3).

Aortic PWV measurements revealed consistent relationships between increased stiffness and
aging as well as elevated pressures (Table 2), which were mostly significant. Of note, Spearman
correlation coefficients and p values obtained for distensibility were identical to BH-PWYV. Increased
AA diameter was also found to be significantly associated with higher regional aortic arch (p=0.28,
p=0.03) and DA (p=0.32, p=0.009) PWV, while no tendency was observed between diameter and BH-

PWV or distensibility (AA: p=0.31; DA: p=0.83).

Finally, while direct measures of PWV derived from 4D flow MRI in the AA (p=0.50, p=0.007)
and DA (p=0.40, p=0.04), or from 2D PC MRI in the aortic arch (p=0.66, p=0.0002) were significantly
correlated to distensibility-derived BH-PWV estimates in healthy volunteers, such associations were
non-significant both in TAV-ATAA (AA: p=0.79, arch: p=0.69 and DA: p=0.78) and BAV (AA:

p=0.25, arch: p=0.18 and DA: p=0.21) patients.

Discussion

We presently report a comprehensive, quantitative, non-invasive assessment of regional and local aortic
stiffness biomarkers in patients with dilated ascending thoracic aorta associated with either a normal
tricuspid aortic valve (TAV-ATAA group) or a bicuspid aortic valve (BAV group). Our major findings
were that: 1- neither regional nor local surrogates of thoracic ascending and descending aortic stiffness

were significantly different between patients and their respective matched controls; 2- in addition, the
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theoretical Bramwell-Hill (BH) model linking distensibility to pulse wave velocity measured from MRI

was unmet in either patient group.

A major strength of our case-control study is the similar age, gender and blood pressure between
patient and control groups, while excluding patients with significant valve dysfunction such as stenosis
or severe regurgitation, given their previously described effects on arterial stiffness [12]. The
measurement of central instead of peripheral brachial blood pressures, which were also acquired
simultaneously to aortic MRI scans [24], is another advantage of our work. As a result, the reliability
of our MRI stiffness indices was confirmed by their expected associations with age [9,12,14,20,21,23],
aortic diameter [13,18] or blood pressure [14], as well as between PWV measures and BH model-
derived PWV estimates based on distensibility in healthy volunteers [30]. Of note, the physiological
associations we obtained are further in agreement with the fact that in aortopathies, age has been
identified as an essential determinant of the arterial stiffening process, while the influence of blood

pressure or diameter was less significant [14].

Differences between our results and previous literature might be explained by several factors.
Indeed, thoracic aortic stiffness as evaluated in vivo was reported to be significantly increased in BAV
[6-7,9,11-19,21,22] or aneurysm [8,14] patients compared to controls. However, most studies were not
designed to account for the confounding impact of valve impairment [11-17,21], blood pressure
[5,6,9,17,18,22], age [22] or gender [16]. In addition, a few were restricted to young BAV patients
(78457 months [15], 1245 years [12], 1644 years [19] or 23+10 years [9]), which might reflect a specific
early stage in the disease process, or were focused on male patients [7,9], which might introduce another
bias. Our study is in agreement with confounder-adjusted reports in adult patients, which observed
similar stiffness between BAV patients and controls with tricuspid aortic valve [4,22]. Importantly,
similar to our findings, several groups acknowledged the considerably wide stiffness variation observed
within BAV [9,14,21] or aneurysm [14] groups, and overlap with normal values [18,19] regardless of
pediatric or adult populations. It was also found that, while distensibility was significantly lower
compared to controls in patients with an aorta larger than 5 cm only, it was actually higher in aneurysms

below 4 cm [8], further highlighting such heterogeneity.
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According to the Moens-Korteweg equation: PWV = /% where E is Young’s elastic

modulus, h is wall thickness and r is the vessel radius, we hypothesize that the theoretical dilation-
related decrease in PWV could be counterbalanced by a simultaneous increase in E (reduced elasticity)
and/or wall thinning or thickening. This equation illustrates the fact that so-called indices of stiffness
such as PWV should not be considered as equivalent synonyms of wall elasticity markers, since it is
related to E but also to wall and lumen geometry. Indeed, at a fixed E or E.h and thus a fixed level of
aortic wall stiffness, PWV theoretically depends on the vessel diameter. In other words, for a given
degree of aortic medial elastin fibers fragmentation as observed in TAV-ATAA or BAV patients, PWV
will be determined by the extent of vessel expansion: the larger the arterial diameter the lower the PWV,
at the same wall elasticity. This effect was previously hypothesized in abdominal aortic aneurysms, in
which PWV was shown to be increased in the thoracic but similar in the abdominal aorta compared to
controls, suggesting that the enlargement might cancel out the intrinsic wall stiffening [33]. Inversely,
at a fixed aortic dilation degree and given the heterogeneity we found in PWV measurements, we could
also hypothesize that patients who did show an increased PWV through elevated E might be at higher

risk of developing aortic complications later than patients with a normalized PWV.

To the best of our knowledge, the validity of the BH model was previously tested in vivo in
healthy subjects [30] or patients with suspected coronary artery disease [34]. The present study
evaluated the BH model for the first time in patients with dilated aorta associated with either BAV or
TAV-ATAA, and we found no significant correlations between the theoretical BH-PWV and 2D PC as
well as 4D flow MRI PWV measurements in either patient group. This could be due to the fact that
PWYV and/or distensibility estimates might not be suitable to accurately reflect stiffness in case of dilated
and non-elastic aortas. Another potential explanation is that in such situations, BH assumptions might
not be completely fulfilled. Also, measurements of regional PWV using 3D MRI volumetric coverage
might not be sensitive enough to detect local changes, while distensibility measured through a 2D MRI
acquisition plane reflects wall properties averaged over the circumference and restricted to that single
axial location. In contrast, ultrasound techniques have the advantage to provide more local information

throughout a vessel, such as aortic longitudinal strain which was demonstrated using speckle tracking



13

to be asynchronous along the ascending aorta in BAV patients [17]. Derwich et al. have also shown
considerable variations in local wall strain distribution, including circumferentially, in patients with
abdominal aortic aneurysms compared with controls of similar age using 4D ultrasound [35]. Finally,
Koullias et al. revealed using epiaortic echocardiography significant differences in local wall stress and
distensibility between narrow and wider locations within AA aneurysms [8]. Technical issues pertaining
to MRI should be further mentioned: despite constant advances, higher spatial and temporal resolutions
will help provide wall thickness as well as more local distensibility or PWV measures, which are needed
especially in aortas with elevated stiffness resulting in both limited cross-sectional area time-variations
and narrow transit times. Flow disorganization previously described [20] in patients with a BAV and/or
aortic aneurysm might also hamper PWV calculation which is based on velocity or flow rate time-

resolved profiles.

Our study has some limitations. While PWV estimated using 4D flow MRI was recently
compared to applanation tonometry-derived carotid-femoral PWV [26], such validation has not been
confirmed in patients with aortic disease, and no gold standard for aortic stiffness assessment such as
invasive data or carotid-femoral PWV was available in our patients. In addition, due to the small number
of patients, groups were heterogeneous in terms of aortic dilation or BAV fusion phenotypes, which
were shown to have an impact on arterial stiffness [4,6,12]. Indeed, while we found no significant
differences in thoracic aortic stiffness indices between matched controls and patients when considering
the whole group, such indices might still be of clinical usefulness to identify specific patients who might
be at higher risk of developing aortic complications eventually. Another potential drawback is related
to the two different MRI scanner field strengths. This is due to the retrospective design of our study,
and our goal to increase the patient population to overcome the small sample size, while limiting
exclusion criteria to clinical factors only. This consideration was based on our previous experience
showing similar aortic PWV measurements between 1.5 and 3T [27]. Importantly, the same acquisition

sequences were used across scanners.
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Conclusions

We found no significant differences in terms of MRI-derived ascending and descending aortic strain,
distensibility and PWV, in patients with TAV-ATAA or BAV aortopathy and no stenosis or significant
regurgitation compared to matched controls. The variability in aortic stiffness and overlap with normal
values reported by us and other groups highlight another heterogeneous feature within TAV or BAV
aortopathy spectrums, and suggest the urgent need for more local indices which might help better
discriminate such diseases. However, better resolved imaging techniques to enable estimation of aortic
wall thickness in order to determine more realistic elasticity applied to larger and longitudinal cohorts

are warranted to identify such biomarkers.
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Figure captions

Figure 1. Assessment of proximal ascending (AA) and descending (DA) aortic pulse wave velocity
(PWV) using 4D flow MRI. A: Landmarks used to initialize 4 manual cross-sectional regions of interest
(ROls, in red): aortic valve (ROI-AV), mid-ascending (ROI-Asc) and descending aorta both at the level
of the pulmonary artery bifurcation (ROI-Desc), and diaphragm (ROI-Desc100%). The following 6
ROls are then automatically positioned (in blue): ROI-Asc50%, which was half-way between ROI-AV
and ROI-Asc; ROI-135°, ROI-90° and ROI-45°, which were located within the aortic arch at 135°, 90°
and 45°, respectively, with respect to the plane comprising ROI-Asc and Desc; ROI-Desc50%, which
was half-way between ROI-Desc and ROI-Desc100%; ROI-Desc150%, which was located at the same
distance as ROI-Desc50% further distally from ROI-Desc100%. B: Representative 3D peak systolic
aortic volume segmentation based on ROIs automatically interpolated every 5 mm along the centerline
of a patient with ascending aorta dilatation (in red). The plane separating the AA and DA is shown in
green. C: Example of three time-resolved net flow rate waveforms computed within ROI-Asc (pink),
ROI-Desc (orange) and ROI-Desc100% (green). D: Ascending and descending aorta PWV (AA-PWV
and DA-PWV) were calculated as the inverse of the slope of the transit-time vs distance regression

throughout the corresponding segments.

Supplementary Figure S2. Comparison of aortic stiffness MRI indices between patients with a
tricuspid aortic valve and thoracic ascending aortic aneurysm (TAV-ATAA, n=18 including 14 men)
and their matched controls (n=18 including 11 men). A, from top to bottom: local distensibility and
Bramwell-Hill-derived pulse wave velocity (BH-PWV) in the ascending (AA) and descending (DA)
aorta, as well as regional aortic arch PWV measured using 2D PC MRI . B: regional PWV in the AA
and DA measured using 4D flow MRI . Differences between patients and matched controls were tested

using a Wilcoxon rank-sum test.

Supplementary Figure S3. Comparison of aortic stiffness MRI indices between patients with a
bicuspid aortic valve (BAV, n=19 including 17 men) and their matched controls (n=19 including 17
men). A, from top to bottom: local distensibility and Bramwell-Hill-derived pulse wave velocity (BH-

PWV) in the ascending (AA) and descending (DA) aorta, as well as regional aortic arch PWV measured
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using 2D PC MRI . B: regional PWV in the AA and DA measured using 4D flow MRI . Differences

between patients and matched controls were tested using a Wilcoxon rank-sum test.
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Table 1. Basic characteristics, aortic diameters provided by 3D anatomical MRI, as well as 2D phase-contrast (PC) and 4D flow MRI measurements of local

and regional aortic stiffness indices in patients with a tricuspid aortic valve and dilated ascending aorta (TAV-ATAA, left side) or a bicuspid aortic valve (BAV,

right side), and their respective matched healthy volunteers.

Controls TAV-ATAA p value Controls BAV p value
(n=18) (n=18) (n=19) (n=19)

Age, years 68 (60-75) 65 (61-76) 0.84 56 (44-67) 56 (44-66) 0.91
Male gender, n (%) 11 (61) 14 (78) 0.24 17 (89) 17 (89) 0.70
Height, cm 169 (159-179) 174 (167-179) 0.21 173 (166-179) 178 (172-183) 0.14
BMI, kg/m2 24.1 (21.4-25.7) 25.6 (22.8-31.2) 0.07 24.8 (22.5-25.9) 24.2 (21.6-29.0) 0.86
Central SBP, mmHg 116 (105-125) 118 (104-136) 0.53 114 (106-119) 118 (108-128) 0.34
Central DBP, mmHg 78 (75-84) 82 (75-90) 0.47 82 (77-86) 86 (76-93) 0.47
Central PP, mmHg 35 (30-42) 36 (31-42) 0.99 32 (29-35) 33 (26-41) 0.91
Central mean pressure, mmHg 93 (87-98) 95 (85-107) 0.48 94 (89-97) 98 (89-107) 0.25
3D anatomical MRI measurements
mid-AA diameter, mm 29.1 (26.8-31.8) 414 (375-45.6)  <0.0001  28.1(26.0-32.0) 39.1(32.5-455)  <0.0001
DA diameter, mm 23.5 (21.2-25.6) 26.3 (24.4-28.3) 0.02 23.3 (21.8-25.3) 23.5 (21.6-26.3) 0.54

2D PC MRI measurements



AA strain, % 3.7 (1.9-6.8) 4.1 (2.8-6.6) 0.68 5.1 (2.0-7.4) 7.9 (4.3-13) 0.05
DA strain, % 2.9 (1.8-6.3) 4.8 (3.5-9.8) 0.09 5.4 (1.8-8.5) 7.0 (2.9-19) 0.15
AA distensibility, 10° mmHg™ 1.0 (0.5-1.9) 1.1 (0.7-1.8) 0.64 1.7 (0.6-2.7) 2.6 (1.2-3.8) 0.08
DA distensibility, 10° mmHg* 0.7 (0.6-1.9) 1.6 (0.8-3.2) 0.09 1.8 (0.6-2.4) 2.1 (0.9-5.0) 0.21
AA BH-PWV, m/s 11.7 (8.2-15.6) 10.7 (8.3-13.3) 0.64 8.7 (6.8-14.7) 7.0 (5.8-10.3) 0.08
DA BH-PWV, m/s 13.4 (8.3-14.9) 9.0 (6.3-12.4) 0.09 8.5 (7.3-14.2) 7.7 (5.0-11.5) 0.21
Aortic arch PWV, m/s 7.7 (6.1-9.4) 9.5 (6.0-12.7) 0.20 5.7 (4.8-7.8) 6.7 (5.7-8.8) 0.21
4D flow MRI measurements

AA PWV, m/s 7.8 (5.5-11) 7.8 (6.8-10.5) 0.68 6.1 (5.0-10.1) 5.8 (4.1-6.9) 0.13
DA PWV, m/s 10.7 (8.7-12.1) 10.6 (9.4-12.4) 0.47 8.8 (7.6-11.1) 8.7 (6.7-10.2) 0.65

28

TAV-ATAA: tricuspid aortic valve with ascending thoracic aortic aneurysm; BAV: bicuspid aortic valve; BMI: body mass index; SBP: systolic blood pressure;

DBP: diastolic blood pressure; PP: pulse pressure; MRI: magnetic resonance imaging; AA: ascending aorta; DA: descending aorta; PC: phase-contrast; BH:

Bramwell-Hill; PWV: pulse wave velocity. Significant differences (p<0.05) are highlighted in bold.
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Table 2. Associations of 2D PC and 4D flow MRI aortic PWV measurements with age (left column)

and mean blood pressure (right column) over the n=64 subjects. For each, Spearman p correlation

coefficient and p value are provided.

Age Mean blood pressure

2D PC MRI measurements

AA BH-PWV p=0.51 p<0.0001 p=0.13 p=0.29
DA BH-PWV p=0.33 p=0.007 p=0.30 p=0.02
Aortic arch PWV p=0.53 p<0.0001 p=0.25 p=0.05
4D flow MRI measurements

AA PWV p=0.34 p=0.007 p=0.18 p=0.14
DA PWV p=0.65 p<0.0001 p=0.16 p=0.20

PC: phase-contrast; MRI: magnetic resonance imaging; AA: ascending aorta; BH: Bramwell-Hill;

PWV: pulse wave velocity; DA: descending aorta. Significant differences (p<0.05) are highlighted in

bold.
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Supplementary Table S1. Advanced scan parameters used for aortic MRI acquisitions.

2D PC 4D flow 3D SPGR/SSFP

cardiac 32-channel phased-array coil

Acquisition matrix 256x128 180-256x96-180x96-140 160x160x70-128
Repetition time TR (ms) 5.6 4.2-4.4 3.1
Echo time TE (ms) 35 1.7-2.2 1.3
Flip angle (°) 20-25 8-15 20

Views per segment 2 2-3




