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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 aneurysm (ATAA) patients. 5 TAV ATAA, 5 BAV ATAA (ascending aorta diameter > 35 mm) and 2 healthy subjects 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 timeaveraged 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 (R 2 = 0.697, p = 0.025) and absolute LNH (R 2 = 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.

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 maladaptive extracellular matrix remodeling together predisposes the arterial wall to dissection and rupture leading to premature death [START_REF] Lavall | Aneurysms of the ascending aorta[END_REF][START_REF] Azadani | Biomechanical Properties of Human Ascending Thoracic Aortic Aneurysms[END_REF][START_REF] Real | Identification of vessel wall degradation in ascending thoracic aortic aneurysms with OCT[END_REF][START_REF] Lasheras | The Biomechanics of Arterial Aneurysms[END_REF][START_REF] Pasta | Effect of aneurysm on the mechanical dissection properties of the human ascending thoracic aorta[END_REF]. 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 [START_REF] Muraru | Tricuspid regurgitation in a patient with ascending aorta aneurysm[END_REF]. ATAAs progression is the result of multifactorial effects including genetics or epigenetics expressions, biomechanical [START_REF] Chen | Vascular Remodelling Relates to an Elevated Oscillatory Shear Index and Relative Residence Time[END_REF] and altered hemodynamics patterns [START_REF] Girdauskas | Is aortopathy in bicuspid aortic valve disease a congenital defect or a result of abnormal hemodynamics? A critical reappraisal of a one-sided argument[END_REF].

4D PCMRI (phase-contrast magnetic resonance imaging) also called 4D flow MRI has been commonly used to understand aortic hemodynamics [START_REF] Simao | Aorta Ascending Aneurysm Analysis Using CFD Models towards Possible Anomalies[END_REF][START_REF] Bakhshinejad | Merging computational fluid dynamics and 4d flow mri using proper orthogonal decomposition and ridge regression[END_REF][START_REF] Biglino | Using 4D Cardiovascular Magnetic Resonance Imaging to Validate Computational Fluid Dynamics: A Case Study[END_REF]. Retrograde flows and recirculations were frequently found in BAV subjects using 4D flow MRI and it was shown that they occur at earlier age compared to TAVs [START_REF] Barker | Quantification of hemodynamic wall shear stress in patients with bicuspid aortic valve using phase-contrast MRI[END_REF][START_REF] Barker | Bicuspid Aortic Valve Is Associated With Altered Wall Shear Stress in the Ascending Aorta[END_REF]. Moreover, hemodynamics alterations in BAV usually differ with valve fusion alterations [START_REF] Bissell | Aortic Dilation in Bicuspid Aortic Valve Disease[END_REF]. 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 significant compared with TAV subjects [START_REF] Meierhofer | Wall shear stress and flow patterns in the ascending aorta in patients with bicuspid aortic valves differ significantly from tricuspid aortic valves: a prospective study[END_REF]. WSS responsive pathways are known to regulate endothelial function and vessel integrity [START_REF] Baeyens | Endothelial fluid shear stress sensing in vascular health and disease[END_REF]. 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, dis-playing a pro-inflammatory phenotype [START_REF] Kwak | Biomechanical factors in atherosclerosis: mechanisms and clinical implications[END_REF]. Although studies related to ATAAs are scarcer, there is enough evidence to highlight essential roles of WSS in ATAA progression [START_REF] Liu | Physiological Significance of Helical Flow in the Arterial System and its Potential Clinical Applications[END_REF]Condemi et al., 2019;[START_REF] Guzzardi | Valve-Related Hemodynamics Mediate Human Bicuspid Aortopathy[END_REF]. Helicity of the flow also contributes to aneurysm progression [START_REF] Youssefi | Impact of patient-specific inflow velocity profile on hemodynamics of the thoracic aorta[END_REF][START_REF] Pirola | Computational study of aortic hemodynamics for patients with an abnormal aortic valve: The importance of secondary flow at the ascending aorta inlet[END_REF]. Blood flow in the aorta possesses a significant helical component due to the complex aortic morphology [START_REF] Morbiducci | Inflow boundary conditions for image-based computational hemodynamics: Impact of idealized versus measured velocity profiles in the human aorta[END_REF] and the helicity of the flow patterns can be altered in BAV patients [START_REF] Garcia | Volumetric quantification of absolute local normalized helicity in patients with bicuspid aortic valve and aortic dilatation[END_REF] and in ATAA patients [START_REF] Frydrychowicz | Interdependencies of aortic arch secondary flow patterns, geometry, and age analysed by 4dimensional phase contrast magnetic resonance imaging at 3 tesla[END_REF].

CFD is an appropriate computational method to simulate blood flows in the aorta [START_REF] Yu | The Potential of Computational Fluid Dynamics Simulation on Serial Monitoring of Hemodynamic Change in Type B Aortic Dissection[END_REF][START_REF] Chen | Vascular Remodelling Relates to an Elevated Oscillatory Shear Index and Relative Residence Time[END_REF][START_REF] Bakhshinejad | Merging computational fluid dynamics and 4d flow mri using proper orthogonal decomposition and ridge regression[END_REF]. Most of the simulation studies that have been published in the literature on this topic used idealized inlet boundary conditions rather than patient specific velocity maps [START_REF] Pasta | Difference in hemodynamic and wall stress of ascending thoracic aortic aneurysms with bicuspid and tricuspid aortic valve[END_REF][START_REF] Stevens | Biomechanical changes during abdominal aortic aneurysm growth[END_REF]. 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 [START_REF] Callaghan | Thoracic aortic aneurysm: 4D flow MRI and computational fluid dynamics model[END_REF][START_REF] Romarowski | Patientspecific CFD modelling in the thoracic aorta with pc-mri-based boundary conditions: A least-square three-element windkessel approach[END_REF].

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 accurate, 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.

Methods

Data acquisition

4D flow MRI data-sets obtained from 3T MR scanner (Magnetom Prisma, Siemens, Erlangen) were used to assess blood flows in the ascending thoracic aorta (ATA) from 12 subjects (Tab. 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 sectional images at predefined anatomic levels were used for measuring 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 [START_REF] Boehm | Normal values for cardiovascular magnetic resonance in adults and children[END_REF]. 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.

Numerical simulation

The reconstructed patient-specific geometry from 4D flow MRI data, including the ATA starting from sinotubular junction (STJ), aortic arch with branches (brachiocephalic artery (BCA), left common 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 further analysis. Details regarding the methodology are given in Section A in the supplementary materials.

Estimation of flow parameters

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

F low eccentricity = j (C j -C vel j ) 2 D j = x, y, z; (1) 
Where C j , 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 C vel j was calculated as the average position of lumen pixels (r i ), weighted by the velocity information (v i ) as given in Eq. 2 [START_REF] Sigovan | Comparison of Four-Dimensional Flow Parameters for Quantification of Flow Eccentricity in the Ascending Aorta[END_REF])

C vel j = Σ i r i,j |v i | Σ i |v i | i = lumen pixels (x, y, z), j = x, y, z; (2) 
Flow eccentricity equal to 0 indicates that the flow is centrally distributed 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 vorticity ω [START_REF] Garcia | Volumetric quantification of absolute local normalized helicity in patients with bicuspid aortic valve and aortic dilatation[END_REF])

LN H = V • ω |V | |ω| (3) 
LNH varies between -1 (left-handed rotation) and 1 (right-handed rotation) with 0 indicating a symmetrical flow [START_REF] Manuel | Computational Vision and Medical Image Processing[END_REF]Condemi et al., 2017). An optimal LNH threshold detecting differences between patients and the healthy group is set as 0.6 based on the study conducted by [START_REF] Garcia | Volumetric quantification of absolute local normalized helicity in patients with bicuspid aortic valve and aortic dilatation[END_REF]. At each threshold the percentage of the total volume occupied by the isosurface volume was assessed.. For example, the % volume of absolute LNH ≥ 0.6 was calculated from the iso-surface volume (% volume of absolute LNH ≥ 0.6 = volume of absolute LNH ≥ 0.6 /Total volume × 100).

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

T AW SS = 1 T T 0 W SS dt (4)
where T is the period of the cardiac cycle and WSS is the instantaneous wall shear stress. The % surface area with TAWSS ≤ 1 Pa was derived, being defined as the surface area with TAWSS ≤ 1 Pa /Total surface area × 100.

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 samples 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

Comparison between CFD-calculated vs. 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 2-2' i.e 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.

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 laminar and evenly distributed through the cross-section of the aorta near the ATA region.

TAWSS

TAWSS was obtained for TAV ATAA, BAV ATAA and healthy subjects ( 

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 subjects.

In ATAA patients the % volume with absolute LNH ≥ 0.6 is > 2 and absolute LNH ≤ 0.4 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 ≥ 0.6 (Tab. 2).

Correlation between flow eccentricity and hemodynamics descriptors

A significant correlation is obtained between flow eccentricity at section 2-2' = ascending aortic region with maximum diameter and flow eccentricity at section 1-1' = sinotubular junction -also referred as aortic inlet in this paper. Hence, we also studied correlation between flow eccentricity at section 2-2' and WSS, TAWSS and LNH biomarkers. Figure 7 summarizes the independent associations between parameters such as flow eccentricity at section 1-1', % surface area with TAWSS ≤ 1 Pa, % volume with absolute LNH ≥ 0.6, maximal ATAA diameter and inlet angle with flow eccentricity at section 2-2'. Strong and significant correlations exist between flow eccentricity at section 1-1' (R 2 = 0.655, p = 0.040), % surface area with TAWSS ≤ 1 Pa (R 2 = 0.697, p = 0.025), % volume with absolute LNH ≥ 0.6 (R 2 = 0.964, P < 0.001), maximal ATAA diameter (R 2 = 0.664, p = 0.036)

with flow eccentricity at section 2-2'. But there is no significant relationship between the inlet angle (R 2 = 0.261, p = 0.467) and the flow eccentricity at section 2-2'.

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 TAWSS ≤ 1 Pa significance is valued at R 2 = 0.688, p = 0.028 and for the % of volume with absolute LNH ≥ 0.6

significance is valued at R 2 = 0.650, p = 0.045. The increase in maximal ATAA diameter affects the hemodynamics descriptors for both TAV ATAA and BAV ATAA patients. We found that blood flow disturbance near the dilated region generates vortices in TAV and BAV ATAAs and not in the healthy subjects [START_REF] Weigang | Flow-sensitive four-dimensional magnetic resonance imaging: flow patterns in ascending aortic aneurysms[END_REF][START_REF] Sigovan | Comparison of Four-Dimensional Flow Parameters for Quantification of Flow Eccentricity in the Ascending Aorta[END_REF][START_REF] Pasta | Difference in hemodynamic and wall stress of ascending thoracic aortic aneurysms with bicuspid and tricuspid aortic valve[END_REF][START_REF] Numata | Blood flow analysis of the aortic arch using computational fluid dynamics[END_REF]. 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 accumulation of atherogenic particles at the endothelial surface (Deng et al., 2008;Ethier, 2002;[START_REF] Tarbell | Mass transport in arteries and the localization of atherosclerosis[END_REF]Chiu and Chien, 2011).

As we assumed rigid and impermeable walls [START_REF] Torii | The effect of dynamic vessel motion on haemodynamic parameters in the right coronary artery: a combined MR and CFD study[END_REF][START_REF] Steinman | Assumptions in modelling of large artery hemodynamics[END_REF], 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 ≤ 1 Pa and ≥ 3 Pa was significantly lower. The increase in flow eccentricity near the dilated region induces a decrease of the TAWSS magnitude. More surface is occupied by low TAWSS in TAV and BAV ATAAs. Commonly TAWSS in healthy arteries is between 1 and 7

Pa [START_REF] Nordgaard | Impact of competitive flow on wall shear stress in coronary surgery: computational fluid dynamics of a LIMA-LAD model[END_REF]. Low TAWSS (i.e ≤ 1 Pa) in a large area fraction of the aortic vessel indicates possible endothelial dysfunction and progress in vascular disease [START_REF] Nordgaard | Impact of competitive flow on wall shear stress in coronary surgery: computational fluid dynamics of a LIMA-LAD model[END_REF][START_REF] Papadopoulos | Derivation of flow related risk indices for stenosed left anterior descending coronary arteries with the use of computer simulations[END_REF][START_REF] Numata | Blood flow analysis of the aortic arch using computational fluid dynamics[END_REF]. If the TAWSS is larger than 7 Pa, endothelial damage can also be induced but the mechanisms of this damage have not yet been fully elucidated [START_REF] Fukumoto | Localized Elevation of Shear Stress Is Related to Coronary Plaque Rupture: A 3-Dimensional Intravascular Ultrasound Study With In-Vivo Color Mapping of Shear Stress Distribution[END_REF]. TAWSS also shows good correlation with maximal ATAA diameter. With increased ATAA diameter, the percentage 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 ≥ 0.6) compared to healthy subjects. These results are in agreement with previous studies where elevated helicity was found in ATAA patients [START_REF] Lorenz | 4d flow magnetic resonance imaging in bicuspid aortic valve disease demonstrates altered distribution of aortic blood flow helicity[END_REF][START_REF] Garcia | Volumetric quantification of absolute local normalized helicity in patients with bicuspid aortic valve and aortic dilatation[END_REF]. It was observed that the % volume of absolute LNH ≥ 0.6 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 [START_REF] Kilner | Helical and retrograde secondary flow patterns in the aortic arch studied by three -directional magnetic resonance velocity mapping[END_REF][START_REF] Caro | Non-planar curvature and branching of arteries and non-planar-type flow[END_REF][START_REF] Stonebridge | Spiral laminar flow in vivo[END_REF][START_REF] Morbiducci | Helical flow as fluid dynamic signature for atherogenesis in aorto coronary bypass.a numeric study[END_REF][START_REF] Liu | A numerical study on the flow of blood and the transport of LDL in the human aorta : the physiological significance of the helical flow in the aortic arch[END_REF][START_REF] Liu | Physiological Significance of Helical Flow in the Arterial System and its Potential Clinical Applications[END_REF], it is yet unclear how these hemodynamics alterations affect wall remodeling in ATAAs [START_REF] Gataulin | Weakly swirling flow in a model of blood vessel with stenosis: Numerical and experimental study[END_REF][START_REF] Ha | The influence of the aortic valve angle on the hemodynamic features of the thoracic aorta[END_REF].

The correlation analysis between the aortic valve phenotype and the hemodynamics descriptors shows This may explain why it is very difficult to establish correlations between the valve phenotype and the aneurysm rupture risk [START_REF] Agnese | Patterns of ascending aortic dilatation and predictors of surgical replacement of the aorta: A comparison of bicuspid and tricuspid aortic valve patients over eight years of follow-up[END_REF][START_REF] Forsell | Biomechanical Properties of the Thoracic Aneurysmal Wall: Differences Between Bicuspid Aortic Valve and Tricuspid Aortic Valve Patients[END_REF][START_REF] Kjellqvist | A combined proteomic and transcriptomic approach shows diverging molecular mechanisms in thoracic aortic aneurysm development in patients with tricuspidand bicuspid aortic valve[END_REF][START_REF] Ikonomidis | Expression of matrix metalloproteinases and endogenousinhibitors within ascending aortic aneurysms of patientswith bicuspid or tricuspid aortic valves[END_REF]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 [START_REF] Pedersen | Clinical and pathophysiological aspects of bicuspid aortic valve disease[END_REF]. 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 functional 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. [START_REF] Ooij | Aortic valve stenosis alters expression of regional aortic wall shear stress: New insights from a 4-dimensional flow magnetic resonance imaging study of 571 subjects[END_REF] 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 is not accurate enough to detect 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 due to outlet boundary conditions and the rigid wall assumption. These assumptions are usually reasonable for flow and WSS predictions in finite segments of large arteries [START_REF] Steinman | Assumptions in modelling of large artery hemodynamics[END_REF] 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 computational predictions. However these datasets permit to assign patient-specific boundary conditions to the model, which is essential for modelling hemodynamics computationally.

Conclusions

This study demonstrated that the flow eccentricity at the aortic 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 critical 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 muscle cell differentiation.

in Spontaneously Hypertensive rats. Scientific Reports 7, 1-10. patient-specific geometry, including the ascending thoracic aorta, aortic arch with branches and the descending aorta, was imported in Ansys-Fluent (ANSYS, Academic research, Release 17.2) and meshed with 1.5-6.2 millions of tetrahedral elements (Fig. S3). A convergence analysis was carried out to obtain mesh independent analyses.

FIGURE CAPTIONS

A.5 CFD analysis and simulation setup

The finite volume method (FVM) was used to solve the governing equations of the fluid motion under unsteady flow conditions in Ansys Fluent. The blood flow was assumed to be laminar, non-Newtonian and incompressible with a density of 1050 kg/m 3 . The details regarding the model and the parameters used in this simulation can be obtained from [START_REF] Jayendiran | Computational prediction of hemodynamical and biomechanical alterations induced by aneurysm dilatation in patient-specific ascending thoracic aortas[END_REF].

Patient-specific 4D flow MRI data were used to define the inflow velocity profile. Pixel-based timevarying velocities were obtained from these phase-contrast flow maps. The 3D velocity profiles (V x , V y & V z ) were extracted from these phase-contrast flow maps by using an in-house Matlab code (MathWorks Inc. R2015b) and mapped onto the inlet face of the aorta (Fig. S4). Therefore, every voxel of the aorta inlet section was assigned a velocity vector whose direction and magnitude was determined from the PC-MRI data. The patient-specific flow rate obtained from 4D flow MRI was assigned at the outlet sections of the apico-aortic branches (BCA, LCC, LSUB) [START_REF] Morbiducci | Inflow boundary conditions for image-based computational hemodynamics: Impact of idealized versus measured velocity profiles in the human aorta[END_REF][START_REF] Youssefi | Patient-specific computational fluid dynamics-assessment of aortic hemodynamics in a spectrum of aortic valve pathologies[END_REF] as outflow boundary conditions (Fig. S4). A multiscale approach was implemented to describe the hemodynamics at the descending aorta outlet by coupling the 3D domain with a reduced order model (i.e three element Windkessel model). The three-element Windkessel model was assigned to represent the targeted physiological blood pressure measured from the patients during the 4D flow MRI data acquisition (Fig. S4). Given a target diastolic and systolic pressure

  Figs. 4, 5, & 6). Both TAV ATAA and BAV ATAA patients exhibited low TAWSS (i.e ≤ 1 Pa) in the ATA region. The surface area of the ATA with TAWSS ≥ 3 Pa and ≤ 1 Pa were evaluated (Tab. 2). Irrespectively 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 ≤ 1 Pa). High TAWSS (i.e ≥ 3 Pa) were found only in small regions (≤ 1% 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 ≥ 3 Pa. Healthy subjects have surface area ≥ 25% with high TAWSS (≥ 3 Pa) and ≈ 20% surface area with low TAWSS (≤ 1%).

3. 7

 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 Tab. 1. The data are presented as mean ± standard deviation (max,min). The parameters such as flow eccentricity at section 1-1' (p = 0.268), flow eccentricity at section 2-2' (p = 0.575), % surface area with TAWSS ≥ 3 Pa (p = 0.282), % surface area with TAWSS ≤ 1 Pa (p = 0.483), % volume with absolute LNH ≥ 0.6 (p = 0.367) and % volume with absolute LNH ≤ 0.4 (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 significantly different.4 DiscussionThis 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 validated against MRI data justifying the significance of time-averaged metrics derived from CFD analyses.Among studies related to BAV and TAV patients,[START_REF] Hope | 4D flow CMR in assessment of valve-related ascending aortic disease[END_REF] and[START_REF] Pasta | Difference in hemodynamic and wall stress of ascending thoracic aortic aneurysms with bicuspid and tricuspid aortic valve[END_REF] 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 asymmetric WSS for both BAV and TAV patients[START_REF] Hope | 4D flow CMR in assessment of valve-related ascending aortic disease[END_REF]. The other study was based on CFD simulations, showing a slight difference in the helical flow patterns between TAV and BAV ATAA patients[START_REF] Pasta | Difference in hemodynamic and wall stress of ascending thoracic aortic aneurysms with bicuspid and tricuspid aortic valve[END_REF] but they did not consider patient specific velocity patterns. Our study proposed a framework combining 4D flow MRI and CFD to compute ATAA hemodynamics.

  that TAV and BAV ATAA patients have no significant difference in terms of blood flow patterns and hemodynamics descriptors (refer Tab. 1). Patients with both aortic valve phenotypes have shown more region with low TAWSS, elevated absolute LNH and pronounced flow eccentricity near the dilated ATA region. Irrespective of the aortic valve phenotype 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 In the present work we have shown that both BAV and TAV can have similar functional conditions.
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TABLE CAPTIONS

 CAPTIONS 

	Tab.1 Test of significance for TAV ATAA versus BAV ATAA patient characteristics and hemodynamics
	descriptors.
	Tab.2 Percentage of TAWSS area and absolute LNH volume for TAV ATAA, BAV ATAA patients and
	healthy subjects.

Table 1

 1 Test of significance for TAV ATAA versus BAV ATAA patient characteristics and hemodynamics descriptors.

		Parameters	TAV ATAA	BAV ATAA	Sig (2-tailed) TAV ATAA vs BAV ATAA
		Age, Years	59.60 ± 11.63	58.20 ± 5.59	0.817
		Weight, Kg	75.40 ± 18.63	73.20 ± 11.38	0.829
	Patient characteristics	Height, m	1.67 ± 0.13	1.66 ± 0.03	0.779
		BSA	1.85 ± 0.26	1.83 ± 0.14	0.855
		Maximum ATAA diameter, mm	43.94 ± 3.66	45.55 ± 1.14	0.393
		Inlet angle , θ	33.65 ± 3.84	32.59 ± 5.21	0.725
		Flow eccentricity at section 1-1'	0.39± 0.05	0.43 ±0.01	0.268
		Flow eccentricity at section 2-2'	0.82 ± 0.11	0.85 ± 0.03	0.575
	Hemodynamics parameters	% Surface area with TAWSS ≥ 3 Pa	0.33 ± 0.49	3.08 ± 4.05	0.282
		% Surface area with TAWSS ≤ 1 Pa	78.96 ± 14.19	85.28 ± 12.95	0.483
		% Volume with absolute LNH ≥ 0.6	2.02 ± 1.96	1.11 ± 0.53	0.367
		% Volume with absolute LNH ≤ 0.4	88.50 ± 6.72	93.38 ± 5.21	0.235

Table 2

 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
			≥ 3 Pa	≤ 1 Pa	≥ 0.6	≤ 0.4
		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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A.2 Pre-procssing of 4D flow MRI data

The data obtained from 4D flow MRI may have some artifacts that can degrade the image quality and flow measurements hence appropriate correction strategies are to be employed in order to be used in the simulation [START_REF] Stankovic | 4D flow imaging with MRI[END_REF]. 4D flow MRI datasets were analyzed using the Velocity Mapping Tool (Tool for preprocessing & converting of 4D Flow MRI data-Freiburg University, Germany & Northwestern University, USA) in combination with MATLAB (MathWorks Inc. R2015b). This tool helps us to apply the eddy-current correction, noise filter to improve the quality of the image and the pre-processed data were imported into 3D visualization software (Ensight, CEI, Inc.), to obtain dynamic visualization and extraction of velocity profiles (Fig. S3).

A.3 3D Velocity profile extraction

Ensight is a commercial tool used to extract the 3D velocity profiles from the 4D flow MRI measured data. 2D analysis cross-sectional plane were introduced (i.e ascending aorta and apico-aortic branches such as brachiocephalic artery (BCA), left common carotid artery (LCC) & left subclavian artery (LSUB)) on the pre-processed image obtained from velocity mapping tool (Fig. S3). On these planes, the 3D blood flow velocity vector field were projected for each individual cardiac time-frame.

The magnitude and velocity vectors obtained from these planes were post processed using Matlab.

The obtained patient-specific velocity maps and flow rate waveforms were given as input boundary conditions to the CFD simulation.

A.4 Aorta reconstruction and meshing

The 3D aorta model was reconstructed from the 4D flow MRI data using a semi-automatic segmentation in the CRIMSON (CardiovasculaR Integrated Modelling and SimulatiON) tool where a centerline was positioned along the entire length of the aorta starting from the aortic root to the descending aorta. The analysis planes were automatically distributed along the center-line after manually selecting the points along the center-line and they were oriented normal to the aorta. These analysis planes were useful for tracking the cross section of the aorta at the respective points. The reconstructed (measured from the patients during the 4D flow MRI data acquisition), the value of the impedance (Z), the distal resistance (R) and the capacitor (C) were adjusted in an iterative manner so that the predicted flow distributions in each vascular region were within 3% of 4D flow MRI measurements.

The outlet boundary meshes were extended 20 times the length of their diameter for sufficient pressure recovery. The aortic walls were assumed to be rigid, impermeable and with no-slip.

The solution of Navier-Stokes equations was obtained with Ansys Fluent v17.2 using the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE), a second-order interpolation scheme and a second-order upwind interpolation. A second order implicit time advanced scheme was used as transient-time solver and a time step size ∆t of 1 ms was chosen. This time step size is fine enough to capture the time-dependent flow parameters accurately and to ensure that the convergence is reached with the assigned maximum number of iterations per time step. The appropriate time step size was evaluated as follows (Ansys Fluent):

The convergence of the solution was assessed for relative residual errors below 10 -3 . A residual plot for the transient flow simulation is shown in Fig. S5. The initial guess and the time step size were chosen in such a way that the residuals reduce by around three orders of magnitude within one time step and stabilizes after the few iterations providing accurate resolution of transient behavior. To ensure fully developed flow and to avoid unsteady state solution due to initial transient conditions, the simulation was performed for three cardiac cycles and the last cycle was used for post-processing.

B Patient characteristics

The patient-specific aortic geometry was reconstructed using 4D flow MRI and the maximum ATA diameter was measured for each subject. In order to optimize measurement accuracy, the ATA diameter was measured several times from 4D MRI data sets and uncertainty in the measurements was estimated. We performed 10 multiple measurements for each subject. Details regarding the uncertainty analysis and the estimation of maximum ATA diameter can be found in [START_REF] Jayendiran | Computational prediction of hemodynamical and biomechanical alterations induced by aneurysm dilatation in patient-specific ascending thoracic aortas[END_REF].

The inlet angle θ was measured using a horizontal plane placed at the aortic root and the inclination made by the aortic inlet with respect to the horizontal plane gave us the θ (Fig. S4). The measurement of this angle was introduced in Condemi et al. ( 2019).

The comparison of patient characteristics in TAV and BAV groups are reported in Tab. 1. The parameters such as age (p = 0.817), weight (p = 0.829), height (p = 0.779), Body Surface Area (BSA) (p = 0.855), maximum ATAA diameter (p = 0.393) and inlet angle (p = 0.725) all have a p-value > 0.05. In this study the significance (p > 0.05) value shows that the TAV and BAV patient characteristics were not significantly different. In the TAV group, two patients presented mild degree of aortic regurgitation (AR) and only one a mild degree of aortic stenosis (AS) (mean gradient = 10 mmHg). In the BAV group only two patients presented a mild degree of AR (Tab. S1 in the supplementary materials).