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In this paper, we evaluate computationally the influence of blood flow eccentricity and valve phenotype
(bicuspid (BAV) and tricuspid (TAV) aortic valve) on hemodynamics in ascending thoracic aortic aneur-
ysm (ATAA) patients. 5 TAV ATAA, 5 BAV ATAA (ascending aorta diameter >35 mm) and 2 healthy sub-
jects underwent 4D flow MRI. The 3D velocity profiles obtained from 4D flow MRI were given as input
boundary conditions to a computational fluid dynamics analysis (CFD) model. After performing the
CFD analyses, we verified that the obtained time-averaged velocity profiles and flow eccentricity were
in good agreement with 4D flow MRI. Then we used the CFD analyses to evaluate the time-averaged wall
shear stress (TAWSS) and the local normalized helicity (LNH). We found that the flow eccentricities at the
aortic root were not significantly different (p > 0.05) between TAV and BAV phenotypes. TAWSS (R2 =
0.697, p = 0.025) and absolute LNH (R2 = 0.964, p < 0.001) are in good correlation with flow eccentricity.
We conclude that eccentricity at the aortic root is a major determinant of hemodynamics patterns in
ATAA patients regardless of the aortic valve phenotype.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Ascending thoracic aortic aneurysms (ATAAs) are life-
threatening pathologies characterized by progressive vessel
dilation. It is associated with smooth muscle cell dysfunction,
occasional localized inflammatory infiltrates, and severe maladap-
tive extracellular matrix remodeling which together predisposes
the arterial wall to dissection and rupture leading to premature
death (Lavall et al., 2012; Azadani et al., 2013; Real et al., 2014;
Lasheras, 2007; Pasta et al., 2012). Among the etiology of ATAAs,
individuals with a BAV are more vulnerable to ATAA than normal
TAV. Recent studies have shown that deficient TAVs also contribute
to ATAA progression (Muraru et al., 2016). ATAAs progression is the
result of multifactorial effects including genetics or epigenetics
expressions, biomechanical (Farzaneh et al., 2018) and altered
hemodynamics patterns (Girdauskas et al., 2011).

4D PCMRI (phase-contrast magnetic resonance imaging) also
called 4D flow MRI has been commonly used to understand aortic
hemodynamics (Simao et al., 2017; Bakhshinejad et al., 2017;
Biglino et al., 2015). Retrograde flows and recirculations were fre-
quently found in BAV subjects using 4D flowMRI and it was shown
that they occur at earlier age compared to TAVs (Barker et al.,
2010; Barker et al., 2012). Moreover, hemodynamics alterations
in BAV usually differ with valve fusion alterations (Bissell et al.,
2013). Among hemodynamics alterations, the impact on the wall
shear stress (WSS) distribution in the ascending aorta (AA) of
BAV patients without concomitant valve or vessel disease is signif-
icant compared with TAV subjects (Meierhofer et al., 2012). WSS
responsive pathways are known to regulate endothelial function
and vessel integrity (Baeyens et al., 2016). In coronary or carotid
arteries, the endothelial cells exposed to high, unidirectional wall
shear stress maintain a quiescent phenotype, while those exposed
to low and/or directional varying WSS are activated, displaying a
pro-inflammatory phenotype (Kwak et al., 2014). Although studies
related to ATAAs are scarcer, there is enough evidence to highlight
essential roles of WSS in ATAA progression (Liu et al., 2014;
Condemi et al., 2019; Guzzardi et al., 2015). Helicity of the flow
also contributes to aneurysm progression (Youssefi et al., 2018;
Pirola et al., 2018). Blood flow in the aorta possesses a significant
helical component due to the complex aortic morphology
(Morbiducci et al., 2013) and the helicity of the flow patterns can
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be altered in BAV patients (Garcia et al., 2017) and in ATAA patients
(Frydrychowicz et al., 2012).

CFD is an appropriate computational method to simulate blood
flows in the aorta (Yu et al., 2016; Chen et al., 2017; Bakhshinejad
et al., 2017; Jayendiran et al., 2020). Most of the simulation studies
that have been published in the literature on this topic used ideal-
ized inlet boundary conditions rather than patient specific velocity
maps (Pasta et al., 2013; Stevens et al., 2017). Hence there is a need
to explore more accurately hemodynamics alterations related to
TAVs and BAVs using CFD. The combination of 4D flow MRI and
CFD presents a promising method to address this need
(Callaghan et al., 2015; Romarowski et al., 2018).

Therefore, the main goal of this study is to characterize the
effect of valve phenotype on the hemodynamics descriptors,
namely time-averaged WSS and helicity, in the dilated ascending
aortic region using CFD with inflow boundary conditions derived
from 4D flow MRI. As hemodynamics calculations need to be accu-
rate, a secondary goal was to verify the accuracy of the calculations
by assessing the agreement between the CFD simulations and the
4D flow MRI measurements.

2. Methods

2.1. Data acquisition

4D flow MRI data-sets obtained from 3T MR scanner (Magne-
tom Prisma, Siemens, Erlangen) were used to assess blood flows
in the ascending thoracic aorta (ATA) from 12 subjects (Table 1).
The protocol was approved by the Institutional Review Board of
the University Hospital Center of Saint-Etienne and an informed
consent was obtained from the participants. The axial cross sec-
tional images at predefined anatomic levels were used for measur-
ing the ATA maximum diameter. We measured outer to outer
diameter knowing that there is no convention about measuring
the luminal or outer to outer diameter of the aorta (Boehm et al.,
2015). The discussion regarding the patient characteristics are
given in Section B in the supplementary materials.

All the patients were assessed for the presence of functional
valvular defects by standard transthoracic echocardiography. The
echocardiographic exam relies on three parameters, namely the
peak velocity, the mean pressure gradient and the aortic valve area.
The first two parameters are directly calculated from Doppler,
whereas the aortic valve area is derived from measurement of
the left ventricular outflow tract (LVOT) diameter, LVOT time-
velocity integral (TVI) and aortic TVI using the continuity equation.

2.2. Numerical simulation

The reconstructed patient-specific geometry from 4D flow MRI
data, including the ATA starting from sinotubular junction (STJ),
Table 1
Test of significance for TAV ATAA versus BAV ATAA patient characteristics and hemodyna

Parameters TAV

Age, Years 59.6
Weight, kg 75.4

Patient characteristics Height, m 1.67
BSA 1.85
Maximum ATAA diameter, mm 43.9
Inlet angle, h 33.6

Flow eccentricity at Section 1’ 0.39
Flow eccentricity at Section 2’ 0.82

Hemodynamics parameters % Surface area with TAWSS P3 Pa 0.33
% Surface area with TAWSS 61 Pa 78.9
% Volume with absolute LNHP0.6 2.02
% Volume with absolute LNH60.4 88.5
aortic arch with branches (brachiocephalic artery (BCA), left com-
mon carotid artery (LCC) & left subclavian artery (LSUB)) and the
descending aorta, was imported in Ansys Fluent (ANSYS, Academic
research, Release 17.2) and meshed with tetrahedral cells for fur-
ther analysis. Details regarding the methodology are given in Sec-
tion A in the supplementary materials.

2.3. Estimation of flow parameters

The flow eccentricity was calculated as follows (Condemi et al.,
2019),

Floweccentricity ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
j

ðCj � Cvelj Þ2
s

D
j ¼ x; y; z; ð1Þ

Where Cj;C
vel
j and D are the coordinates of the lumen center (Fig. S1

in the supplementary materials), center of velocity and diameter,
respectively.

The center of velocity Cvelj was calculated as the average posi-
tion of lumen pixels (rij), weighted by the velocity information
(v i) as given in Eq. 2 (Sigovan et al., 2011)

Cvelj ¼ Ririj v ij j
Ri v ij j i ¼ lumen pixels ðx; y; zÞ; j ¼ x; y; z; ð2Þ

Flow eccentricity equal to 0 indicates that the flow is centrally dis-
tributed along the length of the vessel and 1 indicates that the flow
is fully eccentric.

The local normalized helicity (LNH) corresponds to the local
value of the cosine of the angle between the velocity V and vortic-
ity x (Garcia et al., 2017)

LNH ¼ V �x
Vj j xj j ð3Þ

LNH varies between �1 (left-handed rotation) and 1 (right-handed
rotation) with 0 indicating a symmetrical flow (Manuel et al., 2009;
Condemi et al., 2017). An optimal LNH threshold detecting differ-
ences between patients and the healthy group is set as 0.6 based
on the study conducted by Garcia et al. (2017). At each threshold
the percentage of the total volume occupied by the isosurface vol-
ume was assessed. For example, the % volume of absolute LNH
P0.6 was calculated from the iso-surface volume (% volume of
absolute LNH P0.6 = volume of absolute LNH P0.6/Total volume
� 100).

The TAWSS value was calculated such as (Condemi et al., 2019),

TAWSS ¼ 1
T

Z T

0
WSSðtÞdt ð4Þ
mics descriptors.

ATAA BAV ATAA Sig (2-tailed) TAV ATAA vs BAV ATAA

0 � 11.63 58.20 � 5.59 0.817
0 � 18.63 73.20 � 11.38 0.829
� 0.13 1.66 � 0.03 0.779
� 0.26 1.83 � 0.14 0.855
4 � 3.66 45.55 � 1.14 0.393
5 � 3.84 32.59 � 5.21 0.725

� 0.05 0.43 �0.01 0.268
� 0.11 0.85 � 0.03 0.575
� 0.49 3.08 � 4.05 0.282
6 � 14.19 85.28 � 12.95 0.483
� 1.96 1.11 � 0.53 0.367
0 � 6.72 93.38 � 5.21 0.235
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where T is the period of the cardiac cycle and WSS is the instanta-
neous wall shear stress. The % surface area with TAWSS 61 Pa was
derived, being defined as the surface area with TAWSS 61 Pa/Total
surface area � 100.

2.4. Statistical analyses

The statistical analysis was performed with SPSS 17 (IBM SPSS
software, Chicago). A Bland Altman analysis was performed to
evaluate the agreement between the CFD simulation and the 4D
flow MRI measured flow eccentricity. A 2-tailed independent sam-
ples t-test was conducted to evaluate the significant differences
between TAV and BAV ATAAs. The deduced parameters namely
flow eccentricity, TAWSS and absolute LNH in the ATA between
TAV and BAV were compared using an independent-sample t-
test. A pre-determined level of significance equal to 95% and p-
values < 0.05 were considered as significant.
3. Results

3.1. Comparison between CFD-calculated and 4D flow MRI- measured
velocities and flows

In order to ensure that the velocity profiles obtained from 4D
flow MRI at different time frames throughout the cardiac cycle
are correctly estimated by CFD, we have compared the time-
averaged velocity profiles from CFD simulations with the 4D flow
MRI. Agreement between the 4D flow MRI and CFD profiles should
be satisfied as the former was used to assign boundary conditions
of the latter. However, interpolation was required to assign the
boundary conditions at the correct times as time steps of the
CFD analysis did not coincide with the times at which the MRI data
were acquired. The time-averaged velocity profiles obtained from
4D flow MRI and CFD are shown in Fig. 1.

Flow eccentricity calculated near the dilated region (Section 2’
with largest diameter in the dilated region shown in Fig. S2) from
4D flow MRI during the systolic phase was compared with the CFD
simulations using Bland–Altman plot. The estimated bias was
�0.01085, standard deviation of bias was 0.0353, the 95% limits
of agreement varied from �0.080 (blue dotted line) to 0.058 (red
dashed line) and the continuous brown line represents the mean
(Fig. 2). All data points remained in the 95% limit band (average
difference � 1.96 standard deviation of the difference), indicating
the good agreement between the 4D flow MRI measurements
and the CFD simulation quantitatively.

3.2. Streamlines

The streamlines obtained from the simulations at peak systole
for different cases are shown in Fig. 3. The streamline contours
for both BAV and TAV ATAA patients showed that the flow starts
detaching from the aortic wall and a vortex is formed near the
dilated ATA region. In healthy subjects the flow is found to be lam-
inar and evenly distributed through the cross-section of the aorta
near the ATA region.

3.3. TAWSS

TAWSS was obtained for TAV ATAA, BAV ATAA and healthy sub-
jects (Figs. 4–6). Both TAV ATAA and BAV ATAA patients exhibited
low TAWSS (i.e 61 Pa) in the ATA region. The surface area of the
ATA with TAWSS P3 Pa and 61 Pa were evaluated (Table 2). Irre-
spectively of the valve phenotype, all patients, except patient 4,
have large surface area (i.e varying between 70% and 99%) with
low TAWSS (i.e 61 Pa). High TAWSS (i.e P3 Pa) were found only
in small regions (61% surface area) of the ATA in 8 out of 10
patients, whereas patient 6 and 8 have 8% and 7% of the surface
area with TAWSS P3 Pa. Healthy subjects have surface area
P25% with high TAWSS (P3 Pa) and � 20% surface area with
low TAWSS (61%).
3.4. Helicity

The LNH magnitude was extracted for all patients and healthy
subjects (Figs. 4, 5, & 6). It was observed that large absolute LNH
values were more prominent in ATAA patients than healthy sub-
jects. In ATAA patients the % volume with absolute LNH P0.6 is
> 2 and absolute LNH 60.4 varies between 80 and 95. In healthy
subjects, more than 98% volume has an absolute LNH below 0.4
and less than 1% volume has absolute LNH P0.6 (Table 2).
3.5. Correlation between flow eccentricity and hemodynamics
descriptors

A significant correlation is obtained between flow eccentricity
at Section 2’= ascending aortic region with maximum diameter
and flow eccentricity at Section 1’ = sinotubular junction - also
referred as aortic inlet in this paper. Hence, we also studied corre-
lation between flow eccentricity at Section 2’ and WSS, TAWSS and
LNH biomarkers. Fig. 7 summarizes the independent associations
between parameters such as flow eccentricity at Section 1’, % sur-
face area with TAWSS 61 Pa, % volume with absolute LNH P0.6,
maximal ATAA diameter and inlet angle with flow eccentricity at
Section 2’. Strong and significant correlations exist between flow
eccentricity at Section 1’ (R2 = 0.655, p = 0.040), % surface area with
TAWSS 61 Pa (R2 = 0.697, p = 0.025), % volume with absolute LNH
P0.6 (R2 = 0.964, P < 0.001), maximal ATAA diameter (R2 = 0.664,
p = 0.036) with flow eccentricity at Section 2’. But there is no sig-
nificant correlation between the inlet angle (R2 = 0.261, p = 0.467)
and the flow eccentricity at Section 2’.
3.6. Correlation between maximum ATAA diameter and
hemodynamics descriptors

A significant correlation was found between the diameter and
hemodynamics descriptors namely TAWSS and helicity (Fig. 8).
For instance, regarding the % of surface area with TAWSS61 Pa sig-
nificance is valued at R2 = 0.688, p = 0.028 and for the % of volume
with absolute LNH P0.6 significance is valued at R2 = 0.650,
p = 0.045. The increase in maximal ATAA diameter affects the
hemodynamics descriptors for both TAV ATAA and BAV ATAA
patients.
3.7. Significance of differences in hemodynamics descriptors between
TAV and BAV ATAA patients

Hemodynamics descriptors, namely flow eccentricity, TAWSS
and helicity in TAV and BAV groups were compared using 2-
tailed independent samples t-test. Results are reported in Table 1.
The data are presented as mean � standard deviation (max, min).
The parameters such as flow eccentricity at Section 1’
(p = 0.268), flow eccentricity at Section 2’ (p = 0.575), % surface area
with TAWSS P3 Pa (p = 0.282), % surface area with TAWSS 61 Pa
(p = 0.483), % volume with absolute LNH P0.6 (p = 0.367) and %
volume with absolute LNH 60.4 (p = 0.235) have a p-value >

0.05. The significance > 0.05 shows that the hemodynamics
descriptors obtained from TAV and BAV patient were not signifi-
cantly different.



Fig. 1. Time-averaged velocity profiles obtained from 4D flowMRI and CFD at the inlet. The dorsal (D), ventral (V), anterior (A) and posterior (P) regions are defined according
to Fig. S1 in the supplementary materials.
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Fig. 2. Bland–Altman plot showing 4D flow MRI vs CFD Floweccentricity obtained from
time-averaged velocity profiles near the ATA region.
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4. Discussion

This study showed that flow eccentricity at the aortic root is a
major determinant of hemodynamics alterations in ATAAs, such
as low TAWSS and elevated absolute LNH values are independent
of the aortic valve phenotype. The flow eccentricity at the aortic
root indicates a dysfunction of the aortic valve and is frequent with
BAV phenotype. But the relation between eccentricity downstream
and WSS, TAWSS & LNH biomarkers remains to be elucidated,
especially how the enlargement of aortic diameter in aneurysms
participates to increase the flow disturbance caused by eccentricity
at the aortic root.

Our CFD simulations are time resolved and provide estimations
of the velocity maps at different timeframes. Only after running the
simulations, at the post-processing stage, we eventually compute
time-averaged metrics to compare the groups of subjects. The
time-averaged velocities obtained from CFD analyses were vali-



Fig. 3. Streamlines of blood velocity at peak systole for TAV ATAA, BAV ATAA and healthy subjects.
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dated against MRI data justifying the significance of time-averaged
metrics derived from CFD analyses.

Among studies related to BAV and TAV patients, Hope et al.
(2011) and Pasta et al. (2013) compared the blood flow patterns
between TAV and BAV in patients harbouring ATAA. One of the
two was based on 4D flow MRI to measure in vivo 3D blood flow
velocities in the aorta, finding abnormal eccentric flow and asym-
metric WSS for both BAV and TAV patients (Hope et al., 2011). The
other study was based on CFD simulations, showing a slight differ-
ence in the helical flow patterns between TAV and BAV ATAA
patients (Pasta et al., 2013) but they did not consider patient speci-
fic velocity patterns. Our study proposed a framework combining
4D flow MRI and CFD to compute ATAA hemodynamics.

We found that blood flow disturbance near the dilated region
generates vortices in TAV and BAV ATAAs and not in the healthy
subjects (Weigang et al., 2008; Sigovan et al., 2011; Pasta et al.,
2013; Numata et al., 2016). The flow disturbance refers here to
the existence of retrograde flows and recirculation areas (Chiu
and Chien, 2011). The vortices manifest with flow eccentricity
and non-uniform distribution of WSS, potentially causing accumu-
lation of atherogenic particles at the endothelial surface (Deng
et al., 2008; Ethier, 2002; Tarbell, 2003; Chiu and Chien, 2011).
As we assumed rigid and impermeable walls (Torii et al., 2009;
Steinman, 2012), we focused our analysis on TAWSS values only,
not on temporal variations of WSS. TAWSS contours of both TAV
and BAV ATAAs show large areas with TAWSS lower than 1 Pa. In
healthy subjects the area fraction occupied by TAWSS 61 Pa and
P3 Pa was significantly lower. The increase in flow eccentricity
near the dilated region induces a decrease of the TAWSS magni-
tude. More surface is occupied by low TAWSS in TAV and BAV
ATAAs. Commonly TAWSS in healthy arteries is between 1 and
7 Pa (Nordgaard et al., 2010). Low TAWSS (i.e 61 Pa) in a large area
fraction of the aortic vessel indicates possible endothelial dysfunc-
tion and progress in vascular disease (Nordgaard et al., 2010;
Papadopoulos et al., 2016; Numata et al., 2016). If the TAWSS is lar-
ger than 7 Pa, endothelial damage can also be induced but the
mechanisms of this damage have not yet been fully elucidated
(Fukumoto et al., 2008). TAWSS also shows good correlation with
maximal ATAA diameter. With increased ATAA diameter, the per-
centage of area with low TAWSS increases.

LNH contours show that both TAV ATAA and BAV ATAA have
large volumes with elevated absolute LNH (i.e P0.6) compared
to healthy subjects. These results are in agreement with previous
studies where elevated helicity was found in ATAA patients



Fig. 4. TAWSS and LNH distribution in the ATA region for TAV ATAA patients.
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(Lorenz et al., 2014; Garcia et al., 2017). It was observed that the %
volume of absolute LNH P0.6 had a significant correlation with
flow eccentricity and maximal ATAA diameter. Eventhough there
are many studies indicating the role of helicity in the development
of cardiovascular diseases (Kilner et al., 1993; Caro et al., 1996;
Stonebridge et al., 1996; Morbiducci et al., 2007; Liu et al., 2009;
Liu et al., 2014), it is yet unclear how these hemodynamics alter-
ations affect wall remodeling in ATAAs (Gataulin et al., 2015; Ha
et al., 2016).

The correlation analysis between the aortic valve phenotype
and the hemodynamics descriptors shows that TAV and BAV ATAA
patients have no significant difference in terms of blood flow pat-
terns and hemodynamics descriptors (refer Table 1). Patients with
both aortic valve phenotypes have shown more region with low



Fig. 5. TAWSS and LNH distribution in the ATA region for BAV ATAA patients.
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TAWSS, elevated absolute LNH and pronounced flow eccentricity
near the dilated ATA region. Irrespective of the aortic valve pheno-
type the alteration in hemodynamics parameters was due to flow
eccentricity patterns.

Basically the aortic valve condition should be classified based
on:
(1) the morphological condition (phenotype) which relates to
the natural feature of the valve (BAV or TAV)

(2) the functional condition which relates to the behaviour of
the valve during the cardiac cycle. It can be quantified in
terms of hemodynamics descriptor, namely the flow
eccentricity



Fig. 6. TAWSS and LNH distribution in the ATA region for healthy subjects.

Table 2
Percentage of TAWSS area and absolute LNH volume for TAV ATAA, BAV ATAA patients and healthy subjects.

% surface area with TAWSS % volume with absolute LNH

P3 Pa 61 Pa P0.6 60.4

Patient 1 0.10 98.7 2.10 90.4
Patient 2 0.12 76.8 2.60 89.4

TAV ATAA Patient 3 0.10 83.4 2.10 91.5
Patient 4 1.20 59.3 3.10 80.9
Patient 5 0.15 76.6 5.50 82.3

Patient 6 8.00 71.0 3.10 85.0
Patient 7 0.15 99.7 2.40 91.9

BAV ATAA Patient 8 7.00 80.0 2.10 93.8
Patient 9 0.15 77.4 2.80 94.2
Patient 10 0.10 98.3 2.10 93.2

Healthy Healthy 1 28.5 20.5 0.50 98.6
Healthy 2 27.3 20.1 0.40 98.7
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In the present work we have shown that both BAV and TAV can
have similar functional conditions. This may explain why it is very
difficult to establish correlations between the valve phenotype and
the aneurysm rupture risk (Agnese et al., 2019; Forsell et al., 2014;
Kjellqvist et al., 2013; Ikonomidis et al., 2007; Corte et al., 2008).

In our 5 BAV patients, only two of them presented a mild degree
of AR, the rest had BAV phenotypes without any gradient or AR
degree. Accordingly, the functional status of the aortic valve seems
to influence the ATA flow patterns. This was also previously
demonstrated for AS, with good correlations between the AS
degree and ATAA flow patterns (Farag et al., 2018). Moreover,
almost 50% of BAV patients never develop ATAA and keep normal
functions during the entire lifetime without treatment (Pedersen
et al., 2019). Reciprocally, diseased tri-leaflet aortic valves can
acquire abnormal opening just like bi-leaflet valves inducing
eccentric flows at the aortic root. Therefore, the aortic valve func-
tional condition (characterized by flow eccentricity at the aortic
root) rather than the phenotype is a major factor in determining
hemodynamics alterations in the ATA (Fig. 3).

There are some limitations in this study. The sample size was
limited to 10 patients and 2 healthy subjects. Ooij et al. (2017)
found significant differences in peak systolic WSS between a large
group of BAV (n = 136) and TAV (n = 213) with no AS. In the present
study we could not find any differences between TAWSS in BAV
and TAV. It may be due to the small sample size and/or the fact that
averaging out WSS patterns over time does not reveal differences.

CFD simulations were based on the assumption of rigid and
impermeable walls. The comparison between the CFD and 4D flow
MRI time-averaged velocity maps shows some differences in some
patients. This may be induced by the interpolation effects, but also
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Fig. 7. Correlation between the flow eccentricity near the dilated region and other significant parameters (hemodynamics and morphology).
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due to outlet boundary conditions and the rigid wall assumption.
These assumptions are usually reasonable for flow and WSS pre-
dictions in finite segments of large arteries (Steinman, 2012)
although they may induce errors in evaluating temporal variations
of WSS. The velocity distribution obtained from 4D flow MRI was
used as inlet boundary condition for the simulation. As 4D flow
MRI datasets are noisy, this can be transmitted to the computa-
tional predictions. However these datasets permit to assign
patient-specific boundary conditions to the model, which is essen-
tial for modelling hemodynamics computationally.
5. Conclusions

This study demonstrated that the flow eccentricity at the aor-
tic root influences the blood flow patterns in ATAA patients
independently of the aortic valve phenotype. Flow eccentricity
values across the dilated region have significant correlation with
TAWSS, absolute LNH and maximal ATAA diameter, however
they have no correlation with the inlet angle. Knowing the crit-
ical role of flow eccentricity in hemodynamics alterations, it will
be important to determine how it interacts with other critical
factors of ATAA such as aortic wall remodeling and smooth mus-
cle cell differentiation.
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