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ARTICLE INFO ABSTRACT

Keywords: Background: Patients with syndromic heritable thoracic aortic diseases (SHTAD) who underwent prophylactic
Syndromic heritable thoracic aortic disease aortic root replacement are at high risk of distal aortic events, but the underlying mechanisms remain unclear.
Marfan syndrome This prospective, longitudinal study evaluates the impact of valve-sparing aortic root replacement (VSARR) on
Loeys-Dietz syndrome aortic fluid dynamics and biomechanics in these patients.

Valve-sparing aortic root replacement
4D flow CMR
Fluid dynamics

Methods: Sixteen patients with Marfan or Loeys-Dietz syndrome underwent two time-resolved three-dimensional
phase-contrast cardiovascular magnetic resonance (4D flow CMR) studies before (sHTAD-preSx) and after
VSARR (sHTAD-postSx). Two matched cohorts of 40 healthy volunteers (HV) and 16 sHTAD patients
without indication for aortic root replacement (SHTAD-NSx) with available 4D flow CMR were included for
comparison. In-plane rotational flow (IRF), systolic flow reversal ratio (SFRR), wall shear stress (WSS), pulse
wave velocity (PWV), and aortic strain were analyzed in the ascending (AscAo) and descending aorta (DescAo).
Results: All patients with sSHTAD presented altered hemodynamics and increased stiffness (p < 0.05) compared
to HV, both in the AscAo (median PWV 7.4 in sHTAD-NSx; 6.8 in sHTAD-preSx; 4.9 m/s in HV) and DescAo
(median PWV 9.1 in sHTAD-NSx; 8.1 in sHTAD-preSx; 6.3 m/s in HV). Patients awaiting VSARR had markedly
reduced in-plane (median IRF — 2.2 vs 10.4 cm?/s in HV, p = 0.001), but increased through-plane flow rotation
(median SFRR 7.8 vs 3.8% in HV, p = 0.002), and decreased WSS (0.36 vs 0.47 N/m? in HV, p = 0.004) in the
proximal DescAo. After VSARR, proximal DescAo IRF (p = 0.010) and circumferential WSS increased
(p = 0.011), no longer differing from HV, but SFRR, axial WSS and stiffness remained altered. Patients in which
aortic tortuosity was reduced after surgery showed greater post-surgical increase in IRF compared to those in

Abbreviations: 4D flow CMR, time-resolved three-dimensional phase-contrast cardiovascular magnetic resonance; AD, aortic distensibility; ARB, angiotensin
receptor blocker; AscAo, ascending aorta; BSA, body surface area; CMR, cardiovascular magnetic resonance; DescAo, descending aorta; DBP, brachial diastolic blood
pressure; HV, healthy volunteers; IRF, in-plane rotational flow; LDS, Loeys-Dietz syndrome; MFS, Marfan syndrome; NSx, no indication for aortic root replacement;
preSx, prior to valve-sparing aortic root replacement; postSx, after undergoing valve-sparing aortic root replacement; PWV, pulse wave velocity; SBP, brachial
systolic blood pressure; SFRR, systolic flow reversal ratio; sHTAD, syndromic heritable thoracic aortic disease; Sx, indication for valve-sparing aortic root re-
placement; VSARR, valve-sparing aortic root replacement; WSS, wall shear stress; PC-VIPR, phase contrast vastly undersampled isotropic projection
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which tortuosity increased (median IRF increase 18.1 vs 3.3 cm?/s, p = 0.047). Most AscAo flow alterations
were restored to physiological values after VSARR.

Conclusion: In patients with sHTAD, VSARR partially restores downstream fluid dynamics to physiological le-
vels. However, some flow disturbances and increased stiffness persist in the proximal DescAo. Further long-
itudinal studies are needed to evaluate whether persistent alterations contribute to post-surgical risk.

1. Introduction

Patients with syndromic heritable thoracic aortic diseases (SHTAD),
such as Marfan (MFS) and Loeys-Dietz syndromes (LDS), frequently
develop aortic root and ascending aorta (AscAo) aneurysms [1-3]. In
cross-sectional and longitudinal studies of adults with MFS, more than
80% of the patients present aortic dilation during their lifetime [4,5].
Aortic dissection risk rises with aortic root diameters > 50 mm in MFS
patients [6,7] and > 45 mm in LDS [2,8]. Imaging surveillance of the
aorta and timely aortic root replacement prevent aortic events and
death [9] and have dramatically improved life expectancy [10-12] in
these patients. In recent years, valve-sparing aortic root replacement
(VSARR) has become the standard of practice [9] with proven positive
results [13-15].

While imaging and prophylactic aortic root replacement protect
sHTAD patients from type A dissection, the risk of type B persists after
intervention. Patients with MFS who have undergone aortic root re-
placement experience faster descending aorta (DescAo) dilation [16]
and higher risk of later-onset type B dissection [17-19] than those
without root replacement, even with slight DescAo dilation [17]. The
underlying mechanisms for this increased risk remain unclear [16].
Two main hypotheses exist: one links risk to surgical trauma or graft-
induced changes in aortic anatomy, fluid dynamics, and biomechanics
[20], while the other holds that patients requiring surgery might pre-
sent more aggressive vascular disease leading to the increased risk.
Given this scenario, DescAo diameters are periodically monitored in
sHTAD patients after aortic root replacement. However, as adverse
events may also occur at lower diameters [2,8,9], there is a need for
new imaging biomarkers for better risk assessment. For this reason, this
study aimed (i) to assess the impact of VSARR in the aortic fluid dy-
namics and biomechanics of sHTAD patients and their relationship with
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changes in aortic geometry after surgery, and (ii) to evaluate aortic flow
and biomechanics at different stages of the aortic disease by comparing
patients awaiting aortic root surgery with patients with no indication
for aortic root surgery and healthy volunteers (HV).

2. Methods
2.1. Study design and population

Adult patients (> 18 years) with genetically confirmed sHTAD (MFS
or LDS), followed at the Genetic Aortic Unit of Vall d’Hebron Hospital,
and meeting criteria for elective VSARR were prospectively invited to
participate in this study. Patients with previous aortic dissection or
surgery, or contraindication for cardiovascular magnetic resonance
(CMR) were excluded. Patients accepting to participate formed the
surgical cohort named sHTAD-Sx and were scheduled for two CMR
studies: one before (< 12 months, sHTAD-preSx) and another after
(> 3 months, sHTAD-postSx) the intervention.

Two further cohorts of subjects with previously available time-re-
solved three-dimensional phase-contrast cardiovascular magnetic re-
sonance (4D flow CMR) [21] were retrospectively identified and in-
cluded for comparison (Fig. 1): (i) a cohort of HVs matched for age, sex,
and body surface area (BSA); and (ii) a cohort of genetically-confirmed
sHTAD patients without indication for aortic root replacement (sHTAD-
NSx), no previous dissection or surgery, and matched for age, sex, BSA,
DescAo diameter, and type of genetic syndrome (MFS or LDS). Of note,
patients identified for the sHTAD-NSx cohort did not meet surgical
criteria during the 4.2 [3.7-6.5] years (median [interquartile range])
passed after the CMR study, confirming their benign profile. The degree
of aortic valve regurgitation and aortic valve peak velocity were

Fig. 1. Flowchart of patient inclusion. sHTAD
patients with indication for VSARR underwent
preSx and postSx CMR and were compared
with matched cohorts of SHTAD not meeting
surgical criteria and HV to assess the impact of
VSARR. CMR cardiovascular magnetic re-
sonance, SHTAD syndromic heritable thoracic
aortic disease, Sx indication for valve-sparing
aortic root replacement, VSARR valve-sparing
aortic root replacement, preSx prior to valve-
sparing aortic root replacement, postSx after
undergoing valve-sparing aortic root replace-
ment, BSA body surface area, DescAo des-
cending aorta, NSx no indication for aortic root
replacement, HV healthy volunteers

NSx
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WITHOUT

indication E> CMR
forsurgery

matched for age,
sex, BSA

-l

HV

53 healthy
volunteers




L. Dux-Santoy, A. Ruiz-Murioz, A. Guala et al.

retrieved from clinical echocardiography studies acquired near to each
CMR study. Additionally, previous growth rates during follow-up were
computed from echocardiographic measurements in sHTAD-NSx and
sHTAD-preSx. The study was approved by the institutional ethics
committee (PR(AG)23/2018 on February 16, 2018) and written in-
formed consent was obtained from all participants.

2.2. Cardiovascular magnetic resonance protocol

CMR studies were performed on a clinical 1.5T MRI scanner (Signa,
GE HealthCare, Waukesha, Wisconsin). The protocol included double-
oblique balanced steady-state free-precession cine images to evaluate
AscAo and DescAo diameters and distensibility, and AscAo longitudinal
strain; and a 4D flow CMR study to analyze aortic flow dynamics, pulse
wave velocity (PWV) and geometry.

A phase-contrast vastly undersampled isotropic projection (PC-
VIPR) acquisition with 5-point balanced velocity encoding [22] and
retrospective electrocardiogram gating during free-breathing was used
for 4D flow CMR of the entire thoracic aorta. 4D flow CMR studies were
acquired using the following parameters: velocity encoding determined
according to maximum velocity at the aortic valve (from 150 to
200 cm/s), field of view 400 x 400 x 400 mm, acquisition matrix
160 x 160 x 160, voxel size 2.5 x 2.5 x 2.5mm, and flip angle 8°.
The dataset was reconstructed according to the nominal temporal re-
solution (5 X TR) of each patient (21-42 ms). Data were corrected for
background phase from concomitant gradients, eddy currents, and
trajectory errors [22].

Cine images had a homogeneous in-plane spatial resolution between
1.56 and 1.88 mm, and 30 phases during the cardiac cycle were ob-
tained, which permits reliable computation of distensibility [23].

Brachial systolic and diastolic blood pressures were taken im-
mediately after the CMR study.

2.3. Aortic flow dynamics evaluation with 4D flow CMR

Using the phase-contrast enhanced angiogram derived from the 4D flow
CMR, several anatomical landmarks were manually located and the thoracic
aorta was semi-automatically segmented [24]. Twenty-four equidistant
planes perpendicular to the aortic centreline were located: eight in the
AscAo (from the sinotubular junction to the innominate artery), four in the
arch (from the innominate artery to the left subclavian artery), eight in the
proximal (from the left subclavian artery to the level of the pulmonary ar-
tery bifurcation), and four in the distal DescAo (from the level of the pul-
monary artery bifurcation to the diaphragmatic level).

The three-dimensional (3D) aortic segmentations were used to ex-
tract the velocity data inside the aorta. Different flow parameters were
computed in each analysis plane using custom-designed MATLAB code
(MathWorks, Natick, Massachusetts, USA), as described [25,26]:

— Maximum velocity.

— Peak-systolic in-plane rotational flow (IRF), which evaluates flow
rotation within a plane, was computed as the through-plane com-
ponent of circulation, defined as the integral of vorticity with re-
spect to the cross-sectional area.

— Systolic flow reversal ratio (SFRR), which quantifies through-plane
vortexes as relative amount of backward flow in systole, was ob-
tained as the ratio of backward (Vsgr) to forward (Vsgg) through-
plane systolic volumes, SFRR (%) = %-IOO.

— Peak-systolic wall shear stress (WSS) was obtained by fitting the 3D
velocity data with B-spline surfaces and computing velocity deri-
vatives on the segmented aortic contour at each plane [27]. It was
decomposed into axial and circumferential components.

All peak-systolic parameters were averaged using one time-frame
before and two time-frames after peak systole to mitigate noise [25].
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Visualization of systolic streamlines was performed in Paraview
5.10 (Kitware Inc., Clifton Park, New York, USA), after processing 4D
flow acquisitions [28].

2.4. Aortic mechanical properties

Aortic biomechanics were characterized by means of regional aortic
PWYV, aortic distensibility (AD), and longitudinal strain.

AscAo and DescAo PWV were computed from 4D flow CMR as de-
scribed [29,30]. The transit time between velocity waveforms was
computed with a wavelet-based method, the most robust technique
[31].

AD was calculated from double-oblique cine imaging in the AscAo
and DescAo at the pulmonary artery level [30]. Using ARTFUN software
(Inserm U678, Paris, France), maximum (Ap.x) and minimum (Api,)
aortic area were obtained from semi-automatically traced aortic con-
tours and used to compute AD as shown in Fig. 2.

Proximal AscAo longitudinal strain was computed by tracking the
aortic valve throughout the cardiac cycle from a set of coronal, sagittal,
and aortic valve cine images using in-house code [32]. The 3D valve
movement was projected in the direction of the aortic centreline to
measure the maximum longitudinal displacement of the valve. Long-
itudinal strain was obtained as the ratio between maximum displace-
ment and AscAo length (Fig. 2).

All these biomarkers were previously validated against destructive
mechanical testing on ex-vivo aortic specimens [29].

2.5. Aortic geometry

Using cine CMR acquisition, end-diastolic diameters were measured.
In the aortic root, the three cusp-to-cusp diameters were quantified and
its maximum was retained for the analysis. AscAo and DescAo dia-
meters were assessed at the level of the pulmonary artery. Moreover, at
each analysis plane, local aortic diameter was automatically extracted
from the segmentation.

The length of the AscAo was measured from the sinotubular junction
to the first supra-aortic vessel using the aortic centreline. AscAo-arch
tortuosity was defined as the length of the centreline from the sino-
tubular junction to the DescAo at the level of the pulmonary bifurcation
divided by the linear distance between these points, as is commonly
done [33].

2.6. Statistical analysis

Continuous variables are expressed as median [first-third] quartiles.
Categorical variables are presented as frequency (percentage).
Distribution normality was assessed by the Shapiro-Wilk test.
Differences among groups for continuous parameters were assessed by
Student’s t-test if normally distributed and Mann-Whitney U test
otherwise, while chi-square test was used for categorical variables.
Differences between paired samples were assessed by the Wilcoxon
signed-rank statistic test for continuous variables and McNemar’s test
for categorical variables. The association of post- and pre-surgical dif-
ferences of flow and biomechanical parameters with those of geome-
trical parameters were assessed using Spearman correlation (p) or
Mann-Whitney U test when comparing groups. A two-tailed p-value
< 0.05 was considered statistically significant. SPSS 21.0 (IBM, SPSS
Statistics, Chicago, Illinois, USA) was used.

3. Results
3.1. Demographic and clinical data
The study cohort included 16 patients with sHTAD (13 with MFS, 3

with LDS) referred for VSARR in the sHTAD-Sx group, 16 patients with
sHTAD (12 MFS, 4 LDS) and no indication for VSARR in the sHTAD-NSx
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Fig. 2. Ascending aorta distensibility (top) and longitudinal strain (bottom) quantification. Ascending aorta distensibility was computed at the level of the pulmonary artery
bifurcation, from temporal evolution of the cross-sectional area in cine CMR. Longitudinal strain was obtained by tracking the aortic valve movement on sagittal, coronal, and
aortic valve cine images. The three-dimensional displacement of the valve is obtained and averaged in the patient’s axis (LR left-right, AP anterior-posterior, FH feet-head) and
then projected in the direction of the proximal aorta centreline. AD aortic distensibility, A, maximum aortic area, A,,;; minimum aortic area, SBP brachial systolic blood

pressure, DBP diastolic blood pressure, 3D three-dimensional, AscAo ascending aorta

group, and 40 HV. In sHTAD-Sx, the preSx CMR was acquired 3.5
[1.2-8.4] months before VSARR, while the postSx CMR was acquired
8.1 [6.1-15.1] months after surgery. The demographic and clinical
characteristics of these cohorts are shown in Table 1.

Compared to HV, patients with sHTAD were taller and had larger
stroke volume and aortic diameters, irrespectively of the indication for
surgery. Compared to sHTAD-NSx patients, SHTAD-preSx had larger left
ventricular end-systolic, end-diastolic, and stroke volumes and larger
aortic root and AscAo diameters, along with a tendency to faster aortic
root dilation in the last 3.1 [2.8-3.3] years. The degree of aortic re-
gurgitation was <II in all patients with sHTAD and no patient had
aortic stenosis. Compared to data before the intervention, sHTAD-Sx
presented increased aortic valve peak velocity after surgery and higher
heart rate during the postsurgical CMR.

3.2. Fluid dynamics and biomechanics at different stages of aortic root
disease

Flow dynamics and aortic stiffness parameters in the different
groups are presented in Fig. 3 and Table 2, respectively. Flow dynamics
for each analysis plane are detailed in Supplementary Tables S1-S5.
Patients with sHTAD, irrespectively of meeting surgical criteria or not,
presented altered aortic flow dynamics compared to HV, but these al-
terations were more pronounced in sHTAD-preSx patients (Fig. 3).
Compared to HV, sHTAD-NSx patients presented slightly increased IRF
(Fig. 3B) and decreased axial WSS (Fig. 3D) at the most proximal
AscAo. Conversely, sHTAD-preSx patients showed a marked increase in
all flow rotation descriptors (Fig. 3B, C, and E) and reduced axial WSS
in the most proximal AscAo (Fig. 3D), as well as lower maximum ve-
locity along the AscAo (Fig. 3A).

Altered flow dynamics were also noted in the aortic arch and
proximal DescAo in all sHTAD patients. Compared to HV, DescAo IRF,
and circumferential WSS were slightly reduced in sHTAD-NSx and
markedly reduced in sHTAD-preSx (Fig. 3B and E). Moreover, sHTAD-
preSx patients further presented markedly increased SFRR and

decreased axial WSS at the proximal DescAo (Fig. 3C and D), both not
seen in SHTAD-NSx.

Regarding aortic biomechanics (Table 2), both sHTAD-NSx and
sHTAD-Sx patients had stiffer aortas than HV, measured as higher
AscAo and DescAo PWV and lower AscAo AD, while AscAo longitudinal
strain was similar. However, no difference in stiffness was found be-
tween sHTAD-Sx and sHTAD-NSx.

3.3. Impact of valve-sparing aortic root replacement

Regional flow dynamic and biomechanical parameters in patients
before and after undergoing VSARR, and HVs are shown in Fig. 4 and
Table 2. In Fig. 5, peak systolic streamlines are shown for several pa-
tients before and after VSARR. Certain pre-surgical flow abnormalities
were restored after surgery, while others persisted altered. Specifically,
regarding AscAo fluid dynamics, sHTAD-Sx patients showed increased
maximum velocity (Fig. 5B, left and middle) and axial WSS and de-
creased proximal AscAo SFRR in the sHTAD-postSx compared to the
sHTAD-preSx study (Fig. 4A, C, and D). With the exception of axial
WSS, these AscAo flow parameters were indeed restored by VSARR,
resulting in values no longer different from those seen in HV. Of note,
differences between post- and pre-surgical proximal AscAo SFRR and
axial WSS were related to changes in the average proximal aorta dia-
meter (p = 0.835, p < 0.0001; p = —0.700, p = 0.003, respectively).

Regarding the arch and DescAo, VSARR markedly increased IRF and
circumferential WSS (Fig. 5, middle and right), thereby partially re-
storing them to values observed in HV (Fig. 4B and F). Differences in
IRF and circumferential WSS between sHTAD-postSx and sHTAD-preSx
were mainly observed at the distal arch and the very proximal DescAo.
Patients in which AscAo-arch tortuosity was reduced after surgery
(69%, 11 out of 16 patients), presented larger post-surgical increase in
IRF compared to patients in which tortuosity increased (median IRF
increase 18.1 [4.2-37.1] vs 3.3 [—20.2 to 15.0] cmz/s, p = 0.047). In
contrast, the high values of SFRR at the proximal DescAo (Fig. 4C), and
the low values of axial WSS along the entire thoracic aorta (Fig. 4D)
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Table 1
Demographics and clinical data of the included cohorts.
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HV N = 40 sHTAD-NSx sHTAD-Sx N = 16 NSx vs HV preSx vs HV preSx vs NSx preSx vs postSx
N=16
preSx postSx p-value p-value p-value p-value
Genetic syndrome

Marfan 12 (75%) 13 (81%)

Loeys-Dietz NA 4 (25%) 3 (19%) NA NA 0.669 NA
Age (years) 35 [30-45] 32 [24-45] 31 [25-42] 32 [28-45] 0.314 0.301 0.985 0.002
Male (N (%)) 25 (62%) 10 (62%) 10 (62%) 1.000 1.000 1.000 NA
Weight (kg) 70 [62-80] 70 [64-82] 69 [58-82] 69 [59-85] 0.548 0.839 0.763 0.055
Height (cm) 173 [163-176] 180 [175-184] 185 [174-190] 184 [174-189] 0.004 0.002 0.428 0.394
BSA (m?) 1.8 [1.7-1.9] 1.9 [1.8-2.1] 1.9 [1.7-2.1] 1.9 [1.8-2.1] 0.161 0.150 0.910 0.116
SBP (mm Hg) 120 [110-130] 115 [107-141] 119 [110-136] 123 [113-140] 0.642 0.933 0.737 0.263
DBP (mm Hg) 70 [60-77] 79 [62-82] 70 [62-79] 74 [69-81] 0.188 0.609 0.501 0.401
Stroke volume (mL) 84 [68-93] 95 [87-129] 126 [107-141] 106 [95-120] 0.014 < 0.001 0.015 0.155
LV ejection fraction (%) 62 [58-66] 67 [62-67] 64 [59-67] 62 [55-69] 0.029 0.717 0.134 0.272
EDV (mL) 138 [117-148] 141 [133-189] 212 [162-226] 173 [156-215] 0.105 < 0.001 0.005 0.272
ESV (mL) 52 [43-60] 56 [42-66] 72 [58-93] 70 [54-89] 0.528 < 0.001 0.007 0.480
HR (bpm) 62 [56-66] 51 [44-56] 57 [49-65] 65 [58-71] 0.322 0.142 0.098 0.011
Aortic root diameter (mm) 27 [26-32] 37 [35-41] 49 [48-52] 25 [23-26] <0.001 < 0.001 < 0.001 0.003
AscAo diameter (mm) 26 [23-28] 28 [25-31] 33 [30-36] 28 [28-30] 0.052 < 0.001 0.016 0.016
DescAo diameter (mm) 19 [18-22] 22 [20-25] 23 [20-25] 23 [21-25] 0.002 0.002 0.985 0.889
AscAo-arch tortuosity 2.2 [2.1-2.4] 2.3 [2.1-2.6] 2.3 [2.1-2.6] 2.3 [2.1-2.4] 0.238 0.231 0.851 0.535
AscAo length (mm) 74 [61-85] 89 [80-105] 97 [81-105] 92 [80-100] 0.002 < 0.001 0.572 0.679
Aortic root growth rate (mm/y) NA 0.33 [0.00-1.26] 1.16 [0.38-2.10] NA NA NA 0.063 NA
Treatment

No treatment 40 (100%) 4 (31%) 2 (12%) 3 (19%)

ARB 0 5 (38%) 11 (69%) 9 (56%)

Beta blocker 0 3 (23%) 3 (19%) 3 (19%) NA NA 0.302 0.564

ARB + beta blocker 0 1 (8%) 0 (0%) 1 (6%)

Aortic valve peak velocity (m/s) NA 1.1 [1.0-1.2] 1.0 [0.9-1.2] 1.33 [1.02-1.60] NA NA 0.219 0.022
Aortic regurgitation

0 13 (81%) 8 (50%) 7 (44%)

I NA 2 (12%) 4 (25%) 7 (44%) NA NA 0635 0.566
I 1 (1%) 4 (25%) 2 (12%)

Values are median [first; third interquartile] or n (%). p-values refer to bivariate analyses. Bold numbers indicate significant differences between the groups

ARB angiotensin receptor blocker, HR heart rate, LV left ventricular, EDV end-diastolic volume, ESV end-systolic volume, NA not applicable, HV healthy volunteers,
SHTAD syndromic heritable thoracic aortic disease, NSx no indication for aortic root replacement, Sx indication for valve-sparing aortic root replacement, preSx prior
to valve-sparing aortic root replacement, postSx after undergoing valve-sparing aortic root replacement, BSA body surface area, SBPO DBP brachial diastolic blood

pressure, AscAo ascending aorta, DescAo descending aorta

observed prior to VSARR persisted after surgery. Indeed, DescAo SFRR
was slightly higher after surgery compared to pre-surgical values, but
this change did not reach statistical significance.

AscAo longitudinal strain was reduced after surgery. DescAo stiff-
ness was comparable before and after VSARR, thus maintaining all pre-
existing differences in DescAo PWV and AD compared to HV (Table 2).

4. Discussion

This study describes the impact of elective prophylactic VSARR on the
aortic fluid dynamics and biomechanics in patients with sHTAD, including
MFS and LDS. Moreover, it deepens the knowledge of the relationship be-
tween different stages of the aortic root dilation in these patients and their
aortic fluid dynamics and biomechanics by comparing sHTAD patients
awaiting VSARR with properly matched cohorts of sSHTAD patients without
criteria for aortic surgery (neither in the present nor during a median follow-
up of 4.2 years) and HV. The results of this work show that VSARR partially
restores aortic flow to physiological values obtained in healthy subjects and
has no short-term impact on aortic biomechanics in patients with sHTAD,
thus suggesting that VSARR has no deleterious effects in the aortic arch and
proximal DescAo fluid dynamics and biomechanics.

To the best of authors’ knowledge, this is the first study analyzing
the impact of VSARR on downstream aortic fluid dynamics and bio-
mechanics in Marfan and Loeys-Dietz. Previous studies have included
small heterogeneous cohorts with different aneurysm etiologies [20,34]
or have focused on the effect of different types of intervention (VSARR,
Bentall procedure, and aortic valve replacement) [35-38]. Moreover,
most studies compared flow patterns of operated patients with HVs

[35,37,38] or matched cohorts of pre-surgical patients [34], but not
pre- and post-surgical flow in the same patients. Furthermore, in con-
trast to the present study, previous research [34,35,38] did not quan-
titatively evaluate rotational flow parameters with potential clinical
significance [26]. Of note, a previous post-VSARR follow-up study in
patients with MFS found altered flow dynamics to be potentially linked
to type B dissection [39].

All patients with sHTAD included in this study presented with altered
flow and WSS in the whole thoracic aorta compared to HV, but these dis-
turbances were more pronounced in patients meeting criteria for elective
prophylactic VSARR, who also experienced faster growth in the last 3 years.
This highlights a rather logical dose-response, where larger aneurysms result
in lower local blood velocity, which propagates via inertial effect through
the distal AscAo and impacts DescAo flow characteristics [40,41]. In the
DescAo, this was mainly visible in parameters describing both in-plane (IRF
and circumferential WSS) and through-plane (SFRR) flow rotation, even in
absence of local dilation. Indeed, in sHTAD-NSx patients, these flow de-
scriptors presented intermediate-stage alterations with parameter values
between HV and sHTAD-preSx patients. Of note, rotational flow variables
have been previously suggested as early markers of DescAo dilation in pa-
tients with MFS [26].

After VSARR, some of the flow disturbances were partially restored,
while others were unchanged, especially at the DescAo. In the AscAo,
local change in diameter was related to changes in maximum velocity
and proximal AscAo SFRR. Moreover, in the DescAo, IRF and cir-
cumferential WSS were increased and partially restored to physiological
values observed in HV, while the increased SFRR and reduced axial
WSS were maintained. Of note, surgery-related reduction of tortuosity
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was related to a more marked restauration of IRF at the DescAo. In line
with these results, a previous study including patients with heritable
aortic diseases of different aetiologies found that WSS in the DescAo
was increased after AscAo graft replacement (81%, 13 out of 16 pa-
tients, with VSARR) [20]. Nonetheless, in that study, the authors sug-
gested that the increase in WSS was a negative consequence of the
surgery, although no comparison with physiological values in HV was
provided. In contrast, the present results suggest that the post-surgical
increase of circumferential WSS might be positive, since its values after
surgery are more similar to those in HV. Different results have been
reported in patients with bicuspid and tricuspid aortic valves, in which
DescAo helical flow was found to be similar before and after VSARR
[34,42]. Another small study reported that non-genetic patients pre-
sented increased pre-surgical DescAo WSS compared to matched con-
trols with aortopathy not meeting surgical criteria, which was nor-
malized after intervention (only 4 patients with VSARR and 2 with
VSARR and hemiarch replacement out of 33) [36].

Data from the present work revealed that the severely increased
proximal AscAo SFRR in sHTAD patients awaiting VSARR was com-
pletely restored after surgery, while axial WSS persisted and slightly
reduced. These changes were related to the surgical reduction of aortic
root and AscAo diameters. The present data concur with previous cross-
sectional studies reporting that AscAo helical flow was reduced in pa-
tients with tricuspid and bicuspid aortic valves after VSARR compared
to a well-matched pre-surgical cohort [34] and was similar to HV [42].
It is worth noting that in patients with those aortic conditions AscAo
rotational flow was also recovered after Bentall with mechanical valve
and VSARR procedures [42,43]. On the other hand, similar to the
present results, AscAo WSS was observed to increase in patients with
heritable aortic diseases of different aetiologies undergoing AscAo graft
replacement [20].

Regarding aortic biomechanics, this work consistently shows that all
sHTAD patients have stiffer AscAo and DescAo compared to HV, in-
dependently of meeting surgical criteria or not, and that VSARR does
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Table 2
Aortic biomechanics of the included cohorts.

HV N = 40 sHTAD-NSx sHTAD-Sx N = 16 NSx vs HV preSx vs HV preSx vs NSx  preSx vs postSx
N=16
preSx postSx p-value p-value p-value p-value
AscAo PWV (m/s) 4.9 [4.1-6.2] 7.4 [6.0-8.5] 6.8 [4.2-8.0] NA 0.001 0.046 0.280 NA
DescAo PWV (m/s) 6.3 [5.0-8.5] 9.1 [7.3-13.8] 8.1 [6.1-11.5] 9.1 [7.5-11.5] 0.001 0.019 0.533 0.875
AscAo AD (mmHg ! 1079) 5.6 [3.8-6.6] 2.5 [1.8-4.8] 2.4 [1.5-4.9] NA 0.007 0.009 0.872 NA
DescAo AD (mmHg ™' 1073) 4.5 [3.6-5.3] 3.5 [2.2-5.3] 3.3 [2.5-4.2] 2.4 [1.9-3.3] 0.178 0.049 0.794 0.260
AscAo longitudinal strain (%) 14.4[10.3-16.6] 12.3 [9.0-17.1] 11.6 [8.2-13.8] 7.3 [65.7-11.1] 0.598 0.106 0.600 0.013

Values are median [first; third interquartile]. p-values refer to bivariate analyses. Bold numbers indicate significant differences between the groups

HYV healthy volunteers, sHTAD syndromic heritable thoracic aortic disease, NSx no indication for aortic root replacement, Sx indication for valve-sparing aortic root
replacement, preSx prior to valve-sparing aortic root replacement, postSx after undergoing valve-sparing aortic root replacement, AscAo ascending aorta, DescAo
descending aorta, PWV pulse wave velocity, AD aortic distensibility
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not have any short-term impact on DescAo stiffness. This result concurs
with a previous study reporting similar carotid-femoral PWV before and
after prosthetic replacement of the AscAo and the aortic root [44].
However, other studies reported that native DescAo stiffness (cir-
cumferential strain, fractional area changes, or AD), assessed by CMR
[20] or echocardiography [45], was decreased after prosthetic AscAo
replacement in patients with congenital or genetic conditions (in-
cluding but not limited to sHTAD). The heterogeneous surgical proce-
dures and cohorts included in those studies may explain these dis-
crepancies.

Prior studies have associated previous prophylactic aortic root repair
with faster DescAo dilation and an increased risk of type B aortic dissection
in MFS patients [17-19], but the underlying mechanisms are not well un-
derstood. It has been suggested that this higher risk might be related to
anatomical, fluid dynamic, and biomechanical changes induced by the
surgery [20]. In light of the present work, VSARR itself does not have de-
leterious effects on downstream aortic flow dynamics and biomechanics in
SHTAD patients, as flow dynamics are partially restored to physiological
values found in healthy subjects, while biomechanics were unaltered.
However, the extent of backward systolic flow and thus through-plane
vortexes, here measured by SFRR, were related to the severity of aortic root
disease and were not recovered by the intervention. As that, this flow ab-
normality might evidence the local impact of the severity of the aortopathy
and might be responsible for the relative increase in risk of DescAo events
and fast growth in patients with severe aortic root dilation, irrespectively of
previous VSARR. The persistence of vortical flow in the proximal DescAo
after VSARR is a plausible risk factor for later aortic events [39]. Further
investigation is warranted to determine whether these abnormalities may
hold a causative association with the risk for later-onset type B dissection.

5. Limitations

When considering the present findings, certain study limitations should
be considered. The size of the cohort is modest, which is partially due to the
low prevalence of MFS and LDS. However, it is worth noting that this is the
first work assessing pre- and post-surgical fluid dynamics and biomechanics
in selected patients with confirmed sHTAD undergoing VSARR. As post-
surgical changes were assessed 8.1 [3.9-23.0] months after surgery, this
study does not assess possible long-term post-surgical changes. Considering
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Fig. 5. Systolic velocity streamlines in three
patients with Marfan syndrome before (A) and
after (B) undergoing valve-sparing aortic root
replacement (VSARR). Increased velocity in
the ascending aorta after VSARR is shown in all
patients. Increased rotational flow from the
distal ascending aorta is observed in patients 2
and 3. Vortical flow after VSARR is visible in
the proximal-inner descending aorta in patient
3. preSx prior to valve-sparing aortic root re-
placement, postSx after undergoing valve-
sparing aortic root replacement

the relatively low number of subjects included, it was not possible to ana-
lyze aortic fluid dynamics and biomechanics separately for each gene var-
iant or type of medical treatment. Finally, geometrical analysis was limited
to basic descriptors. A more in-depth geometrical assessment with multi-
modality imaging could provide further details on the local relationships
between altered flow dynamics and subsequent risk [46].

6. Conclusions

Patients with sSHTAD awaiting prophylactic surgery of the proximal
aorta present more pronounced flow disturbances along the whole
thoracic aorta compared to patients at earlier stage of aortic disease.
VSARR restores certain AscAo and DescAo fluid variables to physiolo-
gical values obtained in healthy subjects. However, reduced axial WSS
and increased vortical flow and stiffness persist altered at the DescAo.
Further longitudinal studies are needed to elucidate whether the non-
restored flow alterations at the DescAo may contribute to the risk of
post-surgical aortic events.
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