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Background and objective: The evidence on the role of hemodynamics in aorta pathophysiology has yet to be
robustly translated into clinical applications, to improve risk stratification of aortic diseases. Motivated by the
need to enrich the current understanding of the pathophysiology of the ascending aorta (AAo), this study
evaluates in vivo how large-scale aortic flow coherence is affected by AAo dilation and aortic valve phenotype.
Methods: A complex networks-based approach is applied to 4D flow MRI data to quantify subject-specific AAo
flow coherence in terms of correlation between axial velocity waveforms and the aortic flow rate waveform along
the cardiac cycle. The anatomical length of persistence of such correlation is quantified using the recently
proposed network metric average weighted curvilinear distance (AWCD). The analysis considers 107 subjects
selected to allow an ample stratification in terms of aortic valve morphology, absence/presence of AAo dilation
and of aortic valve stenosis.

Results: The analysis highlights that the presence of AAo dilation as well as of bicuspid aortic valve phenotype
breaks the physiological AAo flow coherence, quantified in terms of AWCD. Of notice, it emerges that cycle-
average blood flow rate and relative AAo dilation are main determinants of AWCD, playing opposite roles in
promoting and hampering the persistence of large-scale flow coherence in AAo, respectively.

Conclusions: The findings of this study can contribute to broaden the current mechanistic link between large-scale
blood flow coherence and aortic pathophysiology, with the prospect of enriching the existing tools for the in vivo
non-invasive hemodynamic risk assessment for aortic diseases onset and progression.

1. Introduction Usually, the maximum aortic diameter has been considered the main

predictor of complications and, therefore, relevant Clinical Practice

The aneurysm of the ascending thoracic aorta constitutes a common
cardiovascular disease that entails a high risk of life-threatening com-
plications such as aortic dissection or rupture. Thoracic aortic aneurysm
(TAA) often develops silently until adverse events occur, with the
consequence that short- and long-term survival outcomes deteriorate
rapidly [1]. In this regard, TAAs are a common cause of premature
deaths with an estimated mortality of 150,000-200,000 deaths per year
worldwide [2]. With respect to clinical management, no medical ther-
apy has been proven effective in reducing the growth or rupture of TAAs.
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Guidelines adopt this parameter to recommend preventive surgical
substitution of the aneurysm [3]. However, the aortic size criterion for
surgical intervention is widely recognized to be a poor prognostic
biomarker for aneurysms complications [4].

One recognized risk factor linked to ascending aorta (AAo) dilation is
bicuspid aortic valve (BAV) [5-7], a congenital heart defect affecting
approximately 1-2 % of the general population [5]. The 60-70 % of all
ascending aneurysms in BAV patients involve the tubular AAo, namely
the portion between the sinotubular junction (STJ) and the aortic arch
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[8]. The etiology of BAV aortopathy, and in general of TAAs, is still
debated. Some evidence supports the hypothesis that the weakening of
the aortic wall is mainly a result of genetic alterations [9,10], but it is
clear that genetics is unlikely to be the sole causal mechanism for AAo
dilation in BAV [7,11].

In this context, there is a broad consensus regarding the involvement
of hemodynamics in the onset and progression of aortic disease, espe-
cially in BAV patients. Among the most relevant observations, patients
with dilated AAo commonly present with deranged blood flow patterns
[12-14] such as eccentric outflow jet in the proximal AAo, and markedly
unphysiological helical and/or vortical flow [15], which have been
positively associated with AAo diameter [14] and with the presence of
abnormal valve phenotypes [16-18]. In this framework, also aortic
stenosis (AS) plays an important role in altering the hemodynamic
structures downstream of the aortic valve [15,19], which later break up
into smaller turbulent eddies [20-22]. Aortic hemodynamic abnormal-
ities also reflect in near-wall flow disturbances, which are significantly
correlated with wall structural degradation [13,23-25]. Corroborating
this concept, several studies [6,26-30] have reported of abnormal
transvalvular flows with increased peak velocity, increased energy los-
ses and a highly eccentric flow jet impinging on the outer aortic wall in
BAV patients. However, the link between the aortic pathophysiology
and the way the large-scale fluid structures are advected through the
aorta (eventually conditioned by the coexistence of AAo dilation and
valve abnormalities) has not yet been fully elucidated, with most of the
studies providing a characterization of the aortic hemodynamics limited
to instantaneous snapshots or time- and space-averaged flow quantities.
This reductionist approach, dictated by the need to provide clinically
oriented diagnostic and prognostic tools synthesizing the
four-dimensional hemodynamic complexity, inherently overlooks rele-
vant features enclosed in blood flow dynamics, which can be altered in
presence of aortic diseases.

In the attempt to explore the consequence of this information loss, a
characterization of large-scale coherent motion has been recently pro-
posed interpreting arterial flows as “social networks” and applying the
Complex Networks (CNs) Theory [31,32]. In silico and in vivo studies
adopting a CNs-based approach have suggested that AAo dilation breaks
the physiological spatiotemporal similarity of the large-scale fluid
structures in aorta [33], which might be further compromised in the
presence of a concomitant BAV [24]. An approach based on the so-called
“one-to-all” networks, built up to assess local aortic flow similarity to the
proximal AAo flow rate waveform [34,35] (considered as main driving
factor in shaping large-scale dominant AAo blood flow patterns [26,36,
371) was recently applied to 4D flow MRI data of healthy subjects with
normal functioning tricuspid aortic valves (TAVs) to provide reference
values for the physiological anatomical length of persistence of coherent
AAo flow structures [34].

Building upon the findings from healthy aortas, this study aims to
identify the factors involved in the disruption of the physiological
coherence of large-scale blood flow patterns in the AAo in the presence
of AAo dilation and BAV. The overarching hypothesis of this study is that
(i) aortic disorders cause a reduction of the anatomical length of
persistence of hemodynamic coherence in the large-scale fluid motion
that can be effectively quantified using the network approach, and that
(ii) specific features of proximal AAo flow and aortic anatomy markedly
contribute to either preserving or disrupting blood flow coherence.
Moreover, it is also hypothesized that concomitant aortopathy and valve
abnormality can act differently or synergistically to determine the
anatomic length of persistence of the coherence in aortic large-scale
fluid structures as they are advected through the AAo.

2. Materials and methods
2.1. Study population

A total of 107 adult subjects (>18 years of age) with native aortic
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valves and free from connective tissue disorders and from previous
aortic intervention, dissection and coarctation, and with no contrain-
dication for MRI were enrolled in this study. Participants were selected
to allow for an ample stratification for aortic valve morphology (TAV,
BAV), absence/presence of AAo dilation (NoDIL, DIL) and of aortic valve
stenosis (NoAS, AS), respectively (Table 1).

In detail, 66 patients were diagnosed with at least one of the
following conditions: BAV (n = 43), dilated DIL AAo (n = 40), and mild-
to-severe AS (n = 20). Healthy subjects (n = 41) presenting with nor-
mally functioning TAV were also enrolled. Demographic and clinical
data of the population under study are reported in Table 1. The cohorts
accounting for aortic valve morphology, AAo dilation and aortic valve
stenosis did not differ in terms of sex and body surface area (BSA). TAV
and BAV patients did not differ also in terms of blood pressure and age,
and NoAS and AS patients in terms of blood pressure (Table 1).

AAo maximum diameter and aortic root maximum diameter were
measured from cine MRI, and AAo dilation was adjudicated via the
calculation of z-score accounting for sex, age and BSA according to
reference values [38].

Aortic valve morphology was adjudicated using a stack of balanced
steady-state free-precession cine images of the aortic valve. Following
American cardiology and surgical guidelines [39], subjects with
maximum transvalvular flow velocity measured by echocardiography
veho > 2 m s were adjudicated presenting with AS.

The recruitment and research procedures were performed in accor-
dance with the principles of the Declaration of Helsinki. The study was
approved by the local ethical review board of the Vall d’Hebron Uni-
versity Hospital (approval n° PR(AG)363/2016) and all participants
gave written informed consent.

2.2. 4D flow MRI acquisition protocol and data processing

Cardiac MRI data were acquired without intravenous contrast in-
jection on a GE 1.5-T Signa scanner (GE Healthcare, Waukesha, Wis-
consin). The protocol included several balanced steady-state free-
precession cine images and a 4-dimensional (4D) phase-contrast cardiac
MRI (4D flow CMR) acquisition [40] with retrospective ECG gating
during free breathing covering the whole thoracic aorta. Data were ac-
quired using the following parameters: field of view 400 x400x 400 mm,
voxel size 2.5x2.5x2.5 mm, flip angle 8°, repetition time 4.2 to 6.4 ms,
echo time 1.9 to 3.7 ms, and a reconstructed temporal resolution of 22.3
to 51.5 ms. Maximum velocity encoding was set after measuring
maximum blood velocity at the aortic valve from 2D phase-contrast
imaging and ranged between 200 and 520 cm s'. Data were corrected
for background phase from concomitant gradients, eddy currents, and
trajectory errors of the 3-dimensional radial acquired k-space [40].
Brachial systolic and diastolic pressures were taken immediately after
the CMR study.

Each thoracic aorta was semi-automatically segmented from an
angiogram derived from 4D-flow. To ensure that a region of interest was
consistently identified in all the aortas under investigation [33,34], the
AAo was defined as the aortic portion extending from the STJ to the
brachiocephalic artery bifurcation, using anatomic landmarks identified
from co-registered 2D cine images (Fig. 1).

2.3. Large-scale flow coherence in ascending aorta

A network-based approach was adopted to investigate and quantify
the coherence of large-scale AAo fluid structures in terms of similarity to
the subject-specific inlet blood flow rate waveform, here considered as
driving waveform of the aortic flow as extensively reported in previous
studies [31,34,35]. Briefly, the network-based analysis was focused on
the axial (through-plane) blood velocity component V,, waveforms
along the cardiac cycle, calculated by projecting the local velocity vector
measured in each voxel at each acquired phase along the direction
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Table 1

Demographic and clinical data of the population under study stratified in cohorts accounting for: aortic valve morphology (TAV, BAV), absence/presence of AAo
dilation (NoDIL, DIL) and of aortic valve stenosis (NoAS, AS). Data are presented as median value (interquartile range, IQR) or frequency counts (percentage). Dif-
ferences between two groups of patients were assessed using Mann-Whitney U tests. Statistical significance is indicated with: *p < 0.05; {p < 0.01; #p < 0.001; —: non-
significant. BSA: body surface area; Dyq,: AAo maximum diameter; Dy, aortic root maximum diameter; SBP: systolic blood pressure; DBP: diastolic blood pressure.

TAV BAV p NoDIL DIL p NoAS AS p
N° 64 43 67 40 87 20
NoDIL DIL NoDIL DIL TAV BAV TAV BAV TAV BAV TAV BAV
(AS) (AS) (AS) (AS) (AS) (AS) (AS) (AS) (DIL) (DIL) (DIL) (DIL)
N° 44 (3) 20 (5) 23 (4 20 (8) 44 (3) 23 (4 20 (5) 20 (8) 56 (15) 31(12) 8 (5) 12 (8)
Age [years] 46.5 (32.7-70.2) 55.0 (42.7-65.5) - 42.9 (30.5-49.5) 66.9 (56-72.2) i 47 (34.7-62.5) 66.9 (55.5-75) i
Men [N, 43 (67) 29 (67) - 43 (64) 29 (72) - 60 (69) 12 (60) -
(%)]
BSA [m2] 1.84 (1.67-1.96) 1.83 (1.68-1.95) - 1.81 (1.64-1.93) 1.91 (1.73-2.03) - 1.83 (1.69-1.96) 1.82 (1.62-1.95) -
Dmax [mm] 33.2(28.9-45.1) 41.4 (36.0-50.8) 1 32.4 (28.5-36.8) 53.6 (47.6-55.6) i 35.0 (30.6-45.3) 47.9 (40.8-55.4) i
Droot [mm] 32.5 (27.7-37.2) 36.0 (32.0-39.0) * 32.0 (28.0-34.5) 39.0 (36.0-43.0) by 33.0 (29.0-38.5) 34.0 (30.7-38.2) -
SBP 125.0 (115.7-139.2) 132.0 (121.5-144.5) - 123.0 (115-135) 135.5 (126-145.5) 1 126.0 (116-136.5) 139.5 (127.7-156.5) -
[mmHg]
DBP 70.5 (60.7-81.5) 75.0 (70.0-84.5) - 70.0 (63.0-78.0) 79.0 (71.0-88.0) i 74.0 (64.0-81.0) 77.5 (69.25-98.0) -
[mmHg]
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Fig. 1. Schematic diagram of the study design, highlighting how 4D flow MRI data contribute to perform the in vivo “one-to-all” network analysis as well as the
canonical hemodynamic and geometric characterizations in AAo. PC MRA: phase-contrast MR angiography; STJ: sinotubular junction; BCA: brachiocephalic artery;
AAo: ascending aorta; AWCD: average weighted curvilinear distance; FJA: flow jet angle; FD: flow displacement; Qpq,: maximum value of blood flow rate Q(t); Qmin:
minimum value of Q(8); Q: cycle-average aortic blood flow rate; Q,p: flow rate peak-to-peak amplitude; Dmg,: AAo maximum diameter; Dy,o: aortic root maximum
diameter; k: AAo average curvature; 7: AAo average torsion; H: aortic arch height; W: aortic arch width; %LF: percentage of aortic leaflet fusion.

identified by the tangent to the local vessel centerline [31,41]. The axial
velocity Vg, accounts for the net transport of blood from the heart to
organs, being aligned with the main flow direction (with positive
(negative) values of Vg, indicating anterograde (retrograde) flow [33],

Fig. 2). For each subject, V4 waveforms in the AAo fluid domain were
used to build a “one-to-all” network (Fig. 2) consisting of: (1) one
reference node represented by the blood flow rate waveform Q(t),
computed from the phase-contrast velocity data, located at the STJ



K. Calo et al.

"’Ong;to-a//" Network Aﬁa[Vg-fé

Fig. 2. Methodology for the in vivo “one-to-all” network analysis. STJ: sino-
tubular junction; CS,;: cross-section containing node i; ssry_;: curvilinear dis-
tance between node i and the reference node at STJ; ly,: curvilinear length of
the AAo centerline; N: number of voxels (nodes) in the AAo; RiQ: Pearson cor-
relation coefficient between Q(t) and Vi, (t) waveforms.

section’s center of mass; (2) the N nodes represented by the axial ve-
locity waveforms Vg, i(t) at all voxels belonging to the AAo region of
interest distal to the STJ. The link between the reference node and the
generic i-th node was weighted using the Pearson correlation coefficient
RlQ between Q(t) and Vg i(t) waveforms along the cardiac cycle, thus
measuring the dynamic similarity of the voxel-based axial velocity
waveform with the driving aortic flow rate. Finally, the anatomical
length of persistence of the Q(t) - Vg, (t) correlation was quantified using
the network-based metric Average Weighted Curvilinear Distance (AWCD)
defined as [34,35]:

1

lAAo i

AWCD = R? ssp-i, (€9)

2=
,MZ

||
—

where lyg, is the curvilinear length of the AAo centerline, N is the
number of voxels (nodes) in the AAo region of interest, and sgry_; is the
curvilinear distance between the STJ section and the cross-section
containing node i, where waveforms Q(t) and V. (t) are defined,
respectively (Fig. 2). According to the definition in Eq. (1), AWCD
measures (within the AAo fluid domain) the average distance, normal-
ized by laa,, over which the local axial velocity waveforms exhibit
similarity with the driving flow rate waveform Q(t), before coherence is
lost.

To assess the main factors determining the persistence length of the
Q(t) - Vax(t) correlation, statistical associations of AWCD with hemo-
dynamic and geometric aortic descriptors were investigated.

2.4. Canonical characterization of the aortic hemodynamics

The main features of the AAo hemodynamics quantifiable from 4D
flow MRI data were evaluated, namely the aortic blood flow rate Q(t)
average value and dynamics, the eccentricity of the aortic valve systolic
outflow jet, and the blood flow kinetic energy (Fig. 1). Specifically, from
the flow rate waveform Q(t), the cycle-average aortic blood flow rate Q,
the flow rate peak-to-peak amplitude Q,_p, and the pulsatility index Qp;
were computed according to [34]:

T

— 1
Q- 1 / Q) dr. @

0
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Qp—p = ax Qmim (3)
Q= &2 “)

where T is the time duration of the cardiac cycle, and Qg and Qi are
the maximum and the minimum values of Q(t), respectively (as reported
in Fig. 1).

The AAo systolic flow eccentricity was evaluated in terms of flow jet
angle FJA, and of normalized flow displacement [42] FD (Fig. 1). Briefly,
FJA measures the angle between the normal vector identifying the aortic
cross-section located just distal to the STJ and the direction of the
resultant of peak systolic forward flow velocities over the same aortic
cross-section. FD measures, over the same aortic cross-section as FJA, the
Eulerian distance between the point of application of the resultant of the
peak systolic forward flow velocities - calculated as the average position
of lumen voxels, weighted by the velocity magnitude - and the aortic
centerline. Both FJA and FD provide an indication of the severity of flow
eccentricity, e.g. a consequence of an asymmetric opening of the aortic
valve. Moreover, the maximum systolic peak velocity just distal to the
STJ was computed for all subjects from 4D flow MRI data and indicated
as Vimax.

The blood kinetic energy (KE) associated with large-scale AAo flow
was quantified in terms of:

T
_ 1 1 /1
Koo = [ |7 [5oVOF dt|av. (5)
° Vaso 0
— 1 1
Ry = 5~ [ 50 Ve 4V, ©
? Vasao

where Vg, is the AAo volume, p is the blood density (assumed equal to
1060 kg/m®), and |V| peak is the magnitude of the blood velocity vector V
() at peak systole. Technically, KE,y, is the KE value averaged over the
AAo fluid domain and along the cardiac cycle.

2.5. Aortic geometric characterization

The geometric characterization of the AAo anatomy was performed
in terms of AAo size, curvature, torsion, and aortic arch shape (Fig. 1),
given the suggested role of these anatomical features in shaping the
large-scale aortic flow [33,43-47]. In detail, aortic size was character-
ized from cine MRI in terms of AAo maximum diameter Dy,qy, the pri-
mary clinical standard for aortic dilation diagnosis [3,48], aortic root
maximum diameter Dy,o, and their ratio Dyqio = Dmax/Droot, @ measure of
relative AAo dilation [33] (Fig. 1). A centerline-based approach was
adopted to evaluate the aortic curvature and torsion, defined as [49]:

_ €l x Cs)l
= Teer @
o~ €6 x COICE ©

IC(s) x C'(s)

where C’(s), C''(s), C"’'(s) are the 1st, 2nd, and 3rd derivatives of the
AAo centerline C(s) over the curvilinear abscissa, respectively. In this
study, the average values of curvature (x) and torsion (7) along the AAo
were considered (Fig. 1). A centerline-based approach was also adopted
to characterize the shape of the aortic arch in terms of arch width W (the
Euclidean distance between the centerline points of the AAo and
descending aorta at the level of the right pulmonary artery), height H
(the maximal vertical distance between W and the centerline’s highest
point in the aortic arch), and H/W ratio [34] (Fig. 1).

Furthermore, the percentage of aortic leaflet fusion (%LF) in BAV
patients was investigated (Fig. 1), given the association of leaflet fusion
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length with AAo dilation and flow abnormalities in BAVs [50]. Briefly,
%LF is defined as the ratio between the leaflet fusion length (i.e., the
distance, measured in systole, between the commissure and the point
where the leaflets separate) and the leaflet length (i.e., the distance,
measured in diastole, between the commissure and the point of contact
of the leaflets).

2.6. Statistical analysis

Continuous variables were expressed as median value (interquartile
range, IQR). Differences between groups of variables were assessed by
Mann-Whitney U test, and statistical associations between AWCD and
the other hemodynamic and geometric quantities were explored using
Spearman correlation coefficient (r). In all the performed analyses,
statistical significance was assumed for p < 0.05. All analyses were
performed using MATLAB (The MathWorks, Inc., USA).

3. Results

Firstly, the coherence of the large-scale fluid structures in AAo was
analyzed in the entire population. As a second step of the analysis,
subjects were stratified into four cohorts and compared according to (i)
valve phenotype (TAV vs. BAV cohorts), and (ii) presence of aortic
dilation (NoDIL vs. DIL cohorts). In this regard, a direct comparison
NoAS vs. AS subjects was not carried out because of the markedly un-
balanced size of the two cohorts (Table 1). Finally, the TAV vs. BAV and
the NoDIL vs. DIL comparisons were further broken down along sub-
analyses by excluding other concomitant pathologies (namely AS, BAV
and DIL) from the main cohorts, to isolate their effects on AAo flow
coherence. To do that, both TAV and BAV cohorts were further stratified
into three subgroups, referred to as (-)AS,DIL (41 subjects in TAV()as piL.
and 19 in BAV(,yas i), (-)AS (56 subjects in TAV()as and 31 in BAV(,as)
and (-)DIL (44 subjects in TAVypy, and 23 in BAV(py) — where (-)
indicates the exclusion of the pathology/ies from the cohort — and both
NoDIL and DIL groups were stratified into (-)AS,BAV (41 subjects in
NODIL(_)AS,BAV and 15 in DIL(_)AS,BA\/), (-)AS (60 subjects in NODIL(_)AS
and 27 in DIL()ss) and (-)BAV (44 subjects in NoDIL()gay and 20 in DIL,
BAv) subgroups.

Analyzing the coherence of the large-scale fluid structures in AAo
over the entire population under study, the similarity between Q(t) and
Vaux(t) waveforms along the cardiac cycle is characterized by a median

value f{? = 0.53(0.19-0.75), and a median AWCD value equal to 0.24
(0.18-0.32). The volumetric maps of R? values and the AWCD values in
AAo are presented in Fig. 3 for four explanatory cases, namely one

BAV DIL AS BAV DIL AS BAV
X X X (] X X X

b) & c)

0.15
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healthy subject (the one presenting with the maximum AWCD) and three
patients presenting with the minimum AWCD value among only BAV,
only DIL, and only AS patients, respectively. In the healthy aorta, strong
correlations between the inlet flow rate Q(t) and V,(t) waveforms are
uniformly distributed along the entire AAo fluid domain, and the
anatomical length of persistence of the large-scale fluid structures with
Q(t) extends to cover 43 % of the AAo curvilinear length (Fig. 3a). On
the contrary, in the presence of BAV or AS: (i) connected regions with
highest similarity of Q(t) and Vg (t) waveforms (as depicted by the

visualized R? > ﬁiQ values) are mainly confined between the AAo axis
and the outer wall; (ii) the length of persistence of the correlation be-
tween V,(t) waveforms and the inlet flow rate Q(t) measured byAWCD
presents values down to 15-16 % of the AAo curvilinear length (Fig. 3b
and 3d, respectively). As for the dilated AAo, the length of persistence of
the correlation between V,,(t) waveforms and the inlet flow rate Q(t) can
be markedly shortened, and the axial flow coherence can persist no more
than the 11 % of the total AAo curvilinear length, just distal to the STJ
landmark (Fig. 3c).

3.1. Impact of aortic valve phenotype and AAo dilation on large-scale
flow coherence

The impact of aortic valve phenotype and AAo dilation on the
persistence length of the correlation between Vg, (t) waveforms and the
inlet flow rate Q(t) was investigated comparing AWCD distributions in
the TAV vs. BAV and NoDIL vs. DIL groups, and in the respective sub-
groups accounting for the effects of concomitant pathologies, as clarified
before.

Regarding the impact of the valve phenotype on the large-scale
motion coherence in AAo, from the TAV vs. BAV comparison (Fig. 4,
upper panel) it emerged that AWCD is significantly larger in TAV sub-
jects regardless of concomitant pathologies (median value 0.25
(0.20-0.35) vs. 0.20 (0.15-0.28) in BAV, p < 0.01), or when TAV and
BAV subjects are affected by AAo dilation but not AS (AWCD 0.30
(0.22-0.35) in TAV(,as subgroup vs. 0.24 (0.18-0.29) in BAV(as, p <
0.05). No significant differences emerged, in terms of AWCD, in TAV vs.
BAV comparisons in subjects with no dilation and stenosis (TAV(as,piL
vs. BAV(yas,pin), and in subjects presenting only without dilation (TAV(,
pi. ¥s. BAVpm). The results summarized in Fig. 4 suggest that the
combination of BAV and AAo dilation concurs to significantly reduce the
length of persistence of the large-scale flow coherence in AAo.

This interpretation is corroborated by the fact that AWCD in DIL
group is significantly shorter than in NoDIL group (Fig. 4, lower panel),
regardless of concomitant BAV or AS diseases (0.30 (0.22-0.35) in

=
=

DIL AS BAV
() X X X ()

0.11 0.70

0.60
0.53

/> AWCD

Fig. 3. Volumetric maps of R? values and AWCD values (red line) in AAo in four explanatory cases, namely: (a) one healthy subject and three patients presenting

with (b) only BAV, (c) only DIL, and (d) only AS, respectively. Volumetric maps show only R? values above the cumulative median value ﬁ? = 0.53. Reconstructed

geometries are shown with different scales.



K. Calo et al. Computer Methods and Programs in Biomedicine 255 (2024) 108369
T *
0.5 0.5 0.5 0.5
0.4 0.4 0.4 0.4
Qo3f . ; : . :
a 0.3 IQR 8 0.3 8 0.3 8 0.3
S i S S =
< 0.2 ‘median < 0.2 < 0.2 < 0.2
0.1 0.1 0.1 0.1
0 0 0 0
TAV  BAV TAVjason BAVjason TAVas  BAV s TAVow  BAV( o
*
0.5 i 0.5 0.5 i 0.5 T
0.4 0.4 0.4 0.4
q 03 — § 03 ) q03 — § 03 —
< 0.2 ! < 0.2 < 0.2 < 0.2
0.1 0.1 0.1 0.1
0 0 0 0
NoDIL  DIL NODIL sy DILosas s NODILyas  DlLjas NoDILyygay Dllijeay

Fig. 4. Violin plots comparing AWCD distributions in the TAV vs. BAV (upper row) and NoDIL vs. DIL (bottom row) groups, and in the respective subgroups ac-
counting for the effects of concomitant pathologies. AWCD is normalized by the curvilinear length Ly, of the AAo centerline. In the violin plots, the median is
indicated by the black line and the box indicates the interquartile range (IQR). Differences between two groups of patients were assessed using Mann-Whitney U tests.

Statistical significance is indicated with: *p < 0.05; {p < 0.01; #p < 0.001.

NoDIL vs. 0.18 (0.14-0.24) in DIL, p < 0.001; 0.32 (0.23-0.38) in
NoDIL()as,sav subgroup vs. 0.23 (0.18-0.30) in DIL()as gav subgroup, p
< 0.05; 0.31 (0.22-0.36) in NoDIL(jgay subgroup vs. 0.23 (0.15-0.29) in
DIL)gay subgroup, p < 0.01). Notably, the emerged difference in AWCD
is more significant when DIL patients present with concomitant BAV
(AWCD 0.30 (0.22-0.35) in NoDILas subgroup vs. 0.19 (0.16-0.25) in
DIL)as subgroup, p < 0.001).

3.2. Impact of age on large-scale flow coherence

The analysis revealed that AWCD is inversely associated with age
when considering the entire population (ALL) under study (r=— 0.50, p

< 0.001), but also isolating TAV subjects (r=— 0.48, p < 0.01), BAV
patients (r=— 0.52, p < 0.001) and NoDIL subjects (r=— 0.42, p <
0.001), suggesting that the coherence of the large-scale hemodynamics
in terms of similarity with Q(t) at the STJ is lost with age (Fig. 5). From
the analyses of the subgroups accounting for the effect of concomitant
pathologies, it emerged that the negative associations between AWCD
and age disappear if no concomitant disease is present (namely, in TAV,
As,piL, BAV()aspi, and NoDIL()as gay subgroups, Fig. 5). On the con-
trary, in DIL patients AWCD and age are inversely correlated only in the
absence of concomitant diseases (r=— 0.62, p < 0.05).

05 . TAV 0.5 NoDIL
o © 8 BAV @ ol Age vs. AWCD correlations
0.4 ® et o 0.4 S e ALL TAV BAV  NoDIL  DIL
'&' @ -0.50'  -0.48'  -0.52'  -0.42 =
8 0.3 " o 0; 8 0.3 Ko (-)AS,DIL (-)AS,BAV
S, e S e ST
0.2 ® ..0. 0.2 o " o% ... (-)AS (-)AS
F X ... g \o..l -0.42" -0.49" -0.33 -
0.1 o 9, ® 0.1 ° o, ° ® (-)DIL (-)BAV
-0.38" -044" 038 -
00 20 40 60 80 00 20 40 60 80
Age [years] Age [years]

Fig. 5. Scatter plots of AWCD vs. age in the entire population (ALL), and in the TAV, BAV, NoDIL and DIL groups (regardless of concomitant pathologies). The
corresponding Spearman correlation coefficients are reported in the table on the right, together with the correlation coefficients in the respective subgroups ac-
counting for the effects of concomitant pathologies. AWCD is normalized by the curvilinear length Ly, of the AAo centerline. Statistical significance is indicated with:

*p < 0.05; fp < 0.01; #p < 0.001.
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3.3. Impact of canonical aortic hemodynamic features and anatomy on
large-scale flow coherence

To identify the main determinants of the anatomical length of
persistence of AAo flow coherence (expressed in terms of Q(t) vs. Vgy(t)
waveforms similarity), we explored the existence of possible links be-
tween AWCD and canonical quantities adopted to describe aortic he-
modynamics and anatomy. The results of the analysis (age-adjusted
when necessary) are summarized in Table 2.

In detail, the analysis revealed that AWCD in AAo is positively
associated with the average value of the aortic flow rate Q, and with its
peak-to-peak amplitude Q,_p. The association between AWCD and Q
(Table 2 and Fig. 6) is stronger in the DIL and TAV cohorts (r=0.63 and
r=0.57, respectively, p < 0.001), compared to the NoDIL group (r=0.48,
p < 0.001). In BAV patients, on the contrary, AWCD is not associated
with Q, but it is positively correlated with the AAo peak kinetic energy
ﬁpeak (r=0.43, p < 0.01, Table 2 and Fig. 6). Moreover, AWCD is
negatively associated with FJA when the entire population under study
is considered (r=— 0.36, p < 0.001), as well as in all the investigated
groups with the not surprising exception of TAV subjects, where the
aortic flow is not characterized by marked eccentricity. BAV patients
presented an association between AWCD and FJA (r=— 0.54, p < 0.001)
stronger than NoDIL and DIL cohorts (r=— 0.25 and r=— 0.34, respec-
tively, p < 0.05), suggesting that the negative association between the
length of persistence of the large-scale flow coherence in AAo and the
aortic jet outflow angle is markedly amplified by a coexisting BAV
phenotype.

Regarding the aortic anatomic attributes, D44, and (less markedly)
Dmax present negative associations with AWCD (Table 2 and Fig. 6). In
particular, Dyg;, is inversely correlated with AWCD in the entire popu-
lation and in all the investigated groups, with stronger correlations
exhibited by BAV and DIL cohorts (r=— 0.79 and r=— 0.75, respectively,
p < 0.001), compared to TAV and NoDIL (r=-— 0.36 and r=— 0.38,
respectively, p < 0.01). Lastly, an inverse association emerged in BAV
patients between the percentage of leaflet fusion %LF and AWCD (un-
adjusted r=— 0.43, p < 0.01), which lost significance when age-adjusted
(Table 2).

3.4. Impact of concomitant pathologies on large-scale flow coherence

To broaden the mechanistic understanding of the coherence of large-
scale blood flow in aortic pathophysiology, the impact of concomitant

Table 2
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pathologies was investigated. To do that, the nature of the relationship
between AWCDand the aortic hemodynamics- and anatomy-related
features listed in Table 2 for the TAV, BAV, NoDIL and DIL cohorts,
was investigated in the subgroups of subjects accounting for the effects
of concomitant pathologies (Fig. 7).

It emerged that in general the positive effect of the aortic flow rate Q
(t) features on the persistence of large-scale flow coherence in TAV,
NoDIL and DIL cohorts (Table 2) is independent of the concomitance of
other diseases, and it is confirmed to be stronger in terms of Q than in
terms of Qp_p, (Fig. 7). Similarly, the strong negative correlation between
AWCD and FJA in BAV patients (r=— 0.54, p < 0.001, Table 2) is in-
dependent of concomitant DIL or AS pathologies (r=— 0.73, p < 0.001 in
BAV(as,pi. subgroup, r=— 0.66, p < 0.001 in BAV(,as subgroup, and
r=— 0.71, p < 0.001 in BAV(py. subgroup, Fig. 7a). To be noted, the
inverse association between AWCD and FJA in the NoDIL cohort (r=—
0.25, p < 0.05, Table 2) holds true only in the subgroup of subjects
where AS, but not BAYV, is excluded (r=— 0.26, p < 0.05 in NoDIL(.as
subgroup, Fig. 7b). These results enforce the hypothesis that BAV
phenotype, implying unphysiological flow jet angles, plays a major role
in disrupting flow coherence in AAo (as also suggested by the results in
Table 2 and Fig. 6).

The positive association between AWCD and I@peak in the BAV cohort
(r=0.43, p < 0.01, Table 2, Fig. 6) holds true only in subjects without
aortic stenosis, regardless of AAo dilation (r=0.53, p < 0.05 and r=0.66,
p < 0.001 in BAV(yas pi. and BAV(,as subgroups, respectively, Fig. 7a).
The concomitance of noAS with BAV phenotype is characterized by an
AWCD vs. KEpeq positive correlation in both NoDIL (r=0.28, p < 0.05 in
NoDIL(as subgroup) and DIL (r=0.40, p < 0.05 in DIL()as subgroup)
subjects (Fig. 7b).

Regarding the link between the length of persistence of AAo flow
coherence and aortic anatomic attributes, the emerged strong negative
correlation between AWCD and D, is independent of the presence of
concomitant pathologies only in BAV patients (r=— 0.79, p < 0.001 in
BAV(as,pi. subgroup, r=— 0.86, p < 0.001 in BAV(,as subgroup, and
r=— 0.68, p < 0.001 in BAV(py, subgroup, Fig. 7a), whereas in the DIL
cohort such negative correlation emerges when AAo dilation is com-
bined with either BAV or AS (r=- 0.68, p < 0.001 and r=— 0.70, p <
0.001 in DIL(,)as and DIL()pay subgroups, respectively, Fig. 7b). In TAV
subjects, no significant association emerges between AWCD and D4
after removing concomitant pathologies, and in the NoDIL cohort AWCD
and Dy, are negatively correlated only in subjects with no AS, inde-
pendent of valve phenotype (r=— 0.38, p < 0.01 in NoDIL.)as subgroup,
Fig. 7b). Lastly, a near significant negative trend emerges between %LF

Associations of AWCD with canonical hemodynamic and anatomic quantities for the entire population under study (ALL), and for the TAV, BAV, NoDIL and DIL cohorts
(regardless of concomitant pathologies). Correlations in ALL, TAV, BAV and NoDIL groups are age-adjusted. Statistical significance is indicated with: *p < 0.05; {p <

0.01; #p < 0.001; —: non-significant; NA: not applicable.
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Fig. 6. Scatter plots of AWCD vs. Q (first column), FJA (second column), KEpeg (third column) and D4 (fourth column) in the entire population (ALL), and in the
TAV, BAV, NoDIL and DIL groups (regardless of concomitant pathologies). The corresponding Spearman correlation coefficients r are also reported. AWCD was
normalized with respect to the curvilinear length I44, of the AAo centerline. Statistical significance is indicated with: *p < 0.05; {p < 0.01; #p < 0.001.

and AWCD in BAV patients with no other concomitant diseases (r=—
0.46, p = 0.060 in BAV(,as pir, subgroup, Fig. 7a) and in BAV patients
presenting without AS or DIL (r=— 0.38, p = 0.052 and r=— 0.41,p =
0.069 in BAV()as and BAV(py;, subgroups, respectively, Fig. 7a).

4. Discussion

The onset and progression of aortic disorders reflect a complex
interplay between multiple factors. Among them, hemodynamics has
been proven to be markedly involved [24,18,52,6,54,55]. However, to
provide risk stratification tools that meet clinical requirements, many
studies look at aortic flows at single time points or use spatiotemporally
averaged quantities, driven by the need of implementing a reductionist
approach to face the complex nature of aortic hemodynamics [56-58].
By studying the spatiotemporal similarity of arterial flow waveforms, an
approach based on network science [24,31-35] has recently offered a
different picture of the relationship between blood flow and arterial
pathophysiology, that cannot emerge from the canonical hemodynamic
analysis. Technically, the so called “one-to-all” network approach [31]
was proposed to investigate the role of blood flow rate Q(t) waveform at
the AAo inflow in the forward flow coherence and to quantify the
anatomical length of persistence of such coherent motion. The “one--
to-all” analysis was recently applied to 4D flow MRI data of healthy
subjects, allowing to quantitatively determine distinguishable hemo-
dynamic features of coherent large-scale aortic fluid motion [34]. By
using the latter as physiological reference framework, the present study
extends the “one-to-all” network approach to a large and stratified
dataset of thoracic aortas with the aim of: (1) evaluating how blood flow
physiological coherence is disrupted by AAo dilation and BAV pheno-
type; (2) identifying those hemodynamic and anatomic features playing
a role in either preserving or disrupting AAo flow coherence; and (3)
assessing the effects of concomitant AAo dilation and valve dysfunction
on the anatomic length of persistence AWCD of blood flow coherence
when advected to the distal AAo.

The main findings of this study (Fig. 8) are: (1) AWCD is maximum in

the healthy aorta (43 % of the AAo curvilinear length, Fig. 3a), and is
significantly shortened in the presence of BAV and AS (15 % and 16 %,
respectively, Fig. 3b and 3d), and even more in a dilated AAo (down to
11 % of laa0, Fig. 3¢); (2) the AAo canonical hemodynamic features and
anatomic attributes with the strongest association with AWCD are the
cycle-average STJ blood flow rate Q (except in BAV patients) and the
AAo dilation as measured by D,q;o, which act in opposite directions to
promote and hamper, respectively, the persistence of AAo forward flow
coherence; (3) the influence of Q and of D,q, on AWCD is independent of
concomitant BAV, DIL or AS pathologies, respectively in every cohort
and only in the BAV group.

4.1. Large-scale flow coherence and aortic disease

In healthy subjects, a remarkable dynamical similarity (high R?
values) between the forward flow and the flow rate waveform at STJ
characterizes in general the entire AAo volume (Fig. 3a), despite the
recognized physiological intersubject variability [34]. The disruption of
AAo flow coherence, and the consequent reduction of its anatomical
length of persistence in the non-healthy aorta can be explained in terms
of establishment of flow separation and recirculation patterns as a
consequence of the combined effect of AAo curvature and (eccentric)
aortic outflow jet in BAV and AS patients [59,60], and of the aortic
expansion in DIL patients [14,61]. Such flow disturbances are in fact
characterized by the presence of retrograde flow, identified by negative
Vax(t) [33], which are inversely correlated with the aortic blood flow
rate Q(t) driving the forward flow [34]. Interestingly, it emerged that
AWCD in BAV is shorter than TAV only if the BAV is associated with a
dilated AAo (Fig. 4, upper panel), suggesting that the sole BAV per se
may not be able to significantly disrupt AAo flow coherence, which only
occurs when the valve-mediated impaired hemodynamics is exacerbated
by wall dilation. This finding is in agreement with previous in silico and
in vivo studies demonstrating that a surgical repair of tubular AAo with
preservation of the native BAV allowed to restore a positive
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Fig. 7. Colormaps of the Spearman correlation coefficients between AWCD and the aortic hemodynamics- and anatomy-related features listed in Table 2, in the TAV
and BAV groups (panel a)), and in the NoDIL and DIL groups (panel b)), as well as in the respective subgroups accounting for the effects of concomitant pathologies.

Statistical significance is indicated with: *p < 0.05; {p < 0.01; #p < 0.001.

hemodynamic environment, by partially suppressing flow recirculation,
aortic valve flow jet impingement on the AAo wall and viscous energy
losses [23], as well as by inducing a more physiological helical flow [62,
63]. Only investigating longitudinal data would allow us to clarify
whether the disruption of hemodynamic coherence in BAV patients is
involved in the progression of AAo dilation. Based on our findings we
can only state that, in BAV patients, dilation contributes to the disrup-
tion of AAo flow coherence, which is expected to be the hallmark of the
presence of flow disturbances advected through the aorta, more mark-
edly than in TAV patients.

4.2. Hemodynamic and anatomic factors determining AAo flow
coherence

The age-adjusted correlation analyses revealed that the STJ blood
flow rate, in particular the average blood flow rate Q (and, to a lesser
extent, the peak-to-peak amplitude Q,_p) is the hemodynamic feature
with the strongest influence on the persistence length of coherence in
large-scale flow in AAo (AWCD vs. Q: r =0.49 in the entire population, p
< 0.001, Table 2 and Fig. 6). This finding suggests that inertial forces
significantly contribute to preserve the hemodynamic coherence along
the healthy thoracic aorta [34]. The importance of the proximal AAo

blood flow rate waveform in shaping the distal aortic hemodynamics
was also highlighted by previous 4D flow MRI studies reporting that
aortic flow rate (measured in terms of stroke volume or cardiac output)
remarkably impacts on flow velocity and vorticity in healthy subjects
[64], and on wall shear stress (WSS) and systolic helicity also in younger
subjects [65].

By extending the investigation to diseased aortas, this study further
demonstrates that, except for the BAV cohort (AWCD vs. Q: 1=0.27,p =
0.09), higher cycle-average flow rates promote AAo large-scale flow
coherence also in the TAV, NoDIL and DIL cohorts (AWCD vs. Q: r=0.63,
r=0.48 and r=0.57, respectively, p < 0.001, Table 2 and Fig. 6).

Along with the average blood flow rate Q, the AAo diameter
enlargement as measured by Dy, has emerged as a main factor deter-
mining the length of persistence of AAo hemodynamic coherence. A
previous study on a smaller and less stratified 4D flow MRI dataset of
dilated and non-dilated aortas (mainly patients with moderate-to-severe
TAV dysfunction) suggested that high Dy, values might disrupt the
large-scale blood flow coherence, reducing the persistence length of the
correlation among Vg, (t) waveforms [33]. The “one-to-all” analysis in
the present study extends this role for Dy, also to the spatiotemporal
similarity between V,,(t) waveforms and the proximal blood flow rate Q
(t) (AWCD vs. Dygip: =— 0.59 in the entire population, p < 0.001,
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Table 2 and Fig. 6). The detrimental effect of an increasing D,q;, on the
preservation of large-scale flow coherence can be ascribed to the fact
that a sudden vessel enlargement predisposes to the production of more
heterogeneous fluid structures being associated to the establishment of
regions of flow separation and recirculation, and supraphysiological
vortical and helical flow patterns, as previously reported [23,28,30,61,
66,67].

4.3. Combined effect of aortic dilation and valve dysfunction on the
persistence of flow coherence

When accounting for the combined effect of AAo dilation (DIL) and
aortic valve morphology and dysfunction (AS), the findings from this
study show that blood flow rate Q exerts its dominant positive effect on
the persistence of large-scale forward flow coherence irrespective of
concomitant pathologies (Fig. 7a and 7b). On the contrary, the detri-
mental action of Dy, on AWCD is independent of concomitant DIL or AS
only in patients with a BAV (r=— 0.79, p < 0.001 in BAV(as pi. sub-
group, r=— 0.86, p < 0.001 in BAV(,sg subgroup, and r=— 0.68, p <
0.001 in BAV(,ypy, subgroup, Fig. 7a), whereas it depends on the pres-
ence of AS or BAV both in patients with non-dilated AAo (r=— 0.38,p <
0.01 in NoDIL(,as subgroup, Fig. 7b) and with dilated AAo (r=— 0.68, p
< 0.001 and r=— 0.70, p < 0.001 in DIL()ss and DIL)gay subgroups,
respectively, Fig. 7b). The stronger detrimental impact of D;qs, on the
extent of the length of persistence of forward flow coherence in BAV
compared to DIL patients (characterized by higher D;y4, values, p <
0.02), can be explained by the concomitant action of the BAV eccentric
systolic outflow jet (high FJA) in producing abnormal helical flow [56,
68,69]. In this study, in fact, the negative associations emerged between
FJA and AWCD were independent of concomitant diseases only in BAV
(r=— 0.73, p < 0.001 in BAV(yas pi.. subgroup, r=— 0.66, p < 0.001 in
BAV(,yas subgroup, and r=— 0.71, p < 0.001 in BAV(ypy, subgroup,
Fig. 7a). On the contrary, no association emerged between FJA and
AWCD in TAV subjects (r=— 0.11, p = 0.40), while they were negatively
associated in NoDIL and DIL subjects only when BAV patients were
considered (r=— 0.25 and r=— 0.34, in NoDIL and DIL groups respec-
tively, p < 0.05; r=— 0.26, p < 0.05 in NoDIL)as subgroup, Fig. 7b).
These findings suggest that the flow eccentricity characterizing the BAV
hemodynamics may be the factor responsible (albeit to a small extent, as
suggested by the emerged weak-to-moderate correlations) for the
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disruption of AAo flow coherence, irrespectively of dilation and AS. This
is corroborated by previous studies reporting of a supraphysiological
AAo systolic helical flow correlated with the eccentric systolic outflow
jet in BAV patients (with or without DIL or AS), which does not develop
in healthy TAV subjects or in TAV patients with DIL and/or AS [56,68,
69]. Moreover, adding clinical relevance to the present findings, it was
demonstrated that the combined action of AAo dilation and flow ec-
centricity in promoting an adverse hemodynamics in BAV patients is
associated with markedly asymmetric WSS patterns in the AAo [30,66,
70,711, an hallmark of risk of vascular injury and aneurysm for-
mation/growth [6,72,73].

5. Limitations

This study suffers from limitations that might weaken its findings.
Among the main limitations we mention the noise affecting the 4D flow
MRI data, which could potentially lead to underestimate the correlation
between Q(t) and Vg (t) waveforms. However, as such correlation is
predominantly driven by the waveform shapes along the systolic phase,
which is characterized by a higher signal-to-noise ratio than the diastolic
phase, the impact of noise in the obtained results can be considered
marginal. Another limitation is the cross-sectional nature of this inves-
tigation. Longitudinal studies on follow-up data are in fact needed to
confirm the present findings on the impact of aortic disease on large-
scale flow coherence and to draw any clinically relevant conclusion on
the effectiveness of the AWCD network metric as an in vivo risk predic-
tion tool. Finally, in this study the investigation of the aortic flow
coherence is focused on the large scales of the aortic flow. In the future,
the network-based analysis could be expanded to include the evaluation
of coherence of the small-scale aortic hemodynamics.

6. Conclusions

This study enriches the evidence on the potential of the network-
based approach in identifying large-scale flow coherence also in the
presence of aortic disease, demonstrating that the presence of AAo
dilation as well as of BAV phenotype breaks the physiological aortic flow
coherence. Moreover, it emerged that high average aortic blood flow
rates generally concur to preserve flow coherence, both in healthy and
diseased aortas, whereas an increasing AAo dilation exacerbates the
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flow coherence disruption, especially in patients with a concomitant
BAV. The encouraging findings regarding the ability of the network
approach in discriminating between healthy and diseased AAo blood
flow coherence may pave the way for future longitudinal studies, which
are necessary to provide effective clinical relevance. Follow-up in-
vestigations could be performed to verify the role of the anatomical
persistence length of flow coherence in the progression of aortic disease
(e.g., AAo dilation or BAV condition) and to identify risk-associated
objective AWCD thresholds which, alone or in combination with aortic
anatomic attributes, may support (i) a more effective patients’ risk
stratification, (ii) the prediction of specific disease trajectories, (iii) the
evaluation of pharmacological and/or surgical treatments (e.g. BAV
repair or replacement) in the restoration of the physiological hemody-
namics (in terms of aortic flow coherence), and (iv) the design and
optimization of surgical procedures and implantable cardiovascular
devices. The network-based approach adopted in this study can be easily
integrated into a 4D flow MRI clinical framework to enrich the arsenal of
tools for the in vivo non-invasive assessment of risk associated with the
onset and progression of aortic diseases.
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