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Abstract

The aim of the present work is to propose a robust computational framework combin-
ing computational fluid dynamics (CFD) and 4D flowMRI to predict the progressive
changes in hemodynamics and wall rupture index (RPI) induced by aortic mor-
phological evolutions in patients harboring ascending thoracic aortic aneurysms
(ATAA). An analytical equation has been proposed to predict the aneurysm progres-
sion based on age, sex and body surface area (BSA). Parameters such as helicity, wall
shear stress (WSS), time averagedWSS (TAWSS), oscillatory shear index (OSI), rel-
ative residence time (RRT) and viscosity were evaluated for two patients at different
stages of aneurysm growth, and compared with age-sex-matched healthy subjects.
The study shows that evolution of hemodynamics and RPI, despite being very slow
in ATAAs, is strongly affected bymorphological alterations and, in turn could impact
biomechanical factors and aortic mechanobiology. An aspect of the current work is
that the patient-specific 4DMRI data sets were obtained with a follow-up of one year
and the measured time-averaged velocity maps and flow eccentricity were compared
with the CFD simulation for validation. The computational framework presented here
is capable of capturing the blood flow patterns and the hemodynamic descriptors dur-
ing the various stages of aneurysm growth. Further investigations will be conducted
in order to verify these results on a larger cohort of patients and with long follow-up
times to finally elucidate the link between deranged hemodynamics, AA geometry
and wall mechanical properties in ATAAs.
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1 INTRODUCTION

Ascending thoracic aortic aneurysms (ATAAs) are characterized by localized dilation that occur gradually over a span of years
and may lead to dissection or rupture. It is a chronic degenerative pathology that occurs mostly in the aged individuals, with
high mortality rates1,2. Studies show that about 10.4 per 100,000 patient years harbor a thoracic aortic aneurysm (TAA)3. Aortic
aneurysm can be detected with physical examination but needs to be confirmed with a series of medical imaging tests such
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as ultrasound or computerized tomography (CT) scans4,5. When diagnosed, the best way to reduce the risk of rupture is with
prompt surgical intervention, although in some cases complications associated with surgical treatment may be deemed greater
than the risk of rupture itself6,7,8,9. To decide on the appropriate treatment strategy for each individual patient, it is necessary to
obtain a reliable predictor to estimate the state of aneurysm and monitor growth.
In clinical practice surgical intervention of ATAA is recommended for patients without Marfan syndrome if the diameter is ≥

5.5 cm. However, rupture/dissection occurs for aneurysms with a diameter smaller than 5.5 cm, with an incidence of 5-10%10,11.
Hence the large diameter criterion is found to be insufficient in predicting the risk of rupture and the necessity for surgical
intervention12. Biomechanical factors such as peak wall stress are found to be more reliable in predicting the risk of rupture
than the size of aorta diameter13,14. 4D phase-encoding magnetic resonance imaging (MRI) which is used to evaluate blood
flow characteristics15,16,17 showed that patient possessing ATAA exhibit disturbed flow pattern. The hemodynamic load due to
the blood flow exerts force on the endothelial cells of the aortic wall and thereby may weaken the vessel wall18,19. Eventhough
4DMRI is widely accepted by clinicians as a valuable tool for diagnosing cardiovascular disease, it has limitations on its spatial
resolution which may affect the accuracy of the data measured especially the wall shear stress (WSS)20,21.
Computational fluid dynamics (CFD) is found to be an appropriate computational method to reconstruct blood flow patterns

in the aorta and is widely used to understand the progress of cardiovascular disease22,23. In order to use it in clinical practice
these methods need to be validated. Combining 4D MRI and CFD represents an efficient method to predict the hemodynamical
factors of ATAAs24,25. Parameters such as WSS, oscillatory shear index (OSI), relative residence time (RRT) and viscosity may
be useful to predict the state of cardiovascular diseases in individual patients. For instance, studies on biomechanical factors
showed that lowWSS is found in patient with atherosclerosis26 and high OSI, RRT levels are found near the post-stenotic region
of the aortic wall associated with endothelial dysfunction27. The blood flow in the aorta was found to possess significant helical
component due to the complex aortic morphology28. Information on the helical flow pattern is useful to understand aneurysm
progression29,30. The helical flow patterns may be influenced by the direction and angle of aortic inflow in the thoracic aorta.
Studies show that the helical flow induces shear force alterations which may lead to the progression of aneurysm31. Despite
the fact that effects of blood flow on ATAA growth have been reported, the interaction between these factors is still not much
explored. Knowledge about the time course of such parameters may lead to a better estimate of ATAA rupture risk and improve
monitoring protocols of ATAA patients.
Hence, the aim of the present work is to propose a robust computational framework combining 4D MRI and CFD to study

the influence of change in aortic geometry from the date of first examination on biomechanical and hemodynamical descriptors.
An analytical equation has been proposed to predict ATAA growth for a period of 10 years from the date of first examination
taking into account of all the parameters (i.e age, sex , BSA) that affect the aneurysm growth. Based on the CFD simulation,
factors such as WSS, TAWSS, OSI, RRT and viscosity of the ascending aorta are compared between age-sex-matched healthy
and diseased subjects. Rupture indices (RPI) for healthy and diseased subjects are also evaluated for various stages of aneurysm
growth and inlet angle. Another important aspect of the current work is that the patient-specific geometry of two patients are
obtained from 4D MRI with a follow-up of one year and the measured time-averaged velocity maps and flow eccentricity are
compared with the CFD simulation for validation.
The manuscript is organized as follows. The next section provides some background information about materials and methods

used in this study. The results and discussions of the CFD and FEM simulations are presented in Section 3 & 4 and include
assessment of the validity of our model by comparing the numerical results with 4DMRI data. We conclude with some remarks
in Section 5.

2 MATERIALS AND METHODS

2.1 4D MRI Data acquisition
4D MRI data sets obtained from 3T MR scanner (Magnetom Prisma, Siemens, Erlangen) were used to assess blood flow in
the ascending aorta of 2 individuals presenting an ATAA. Two MRI scans were acquired between a span of 1 year. MRI scans
of 2 voluntary healthy individuals were also available. The protocol was approved by the Institutional Review Board of the
University Hospital Center of Saint-Etienne and informed consent was obtained from the participants. ECG gating and the
imaging parameters for 4D MRI data acquisition was as follows: spatial resolution = 2.4 × 2.4 × 2.4 mm3, field of view (FOV)
= 380 × 285 mm2, velocity encoding (VENC) = 200 cm/s, Bandwidth (BW) = 496 Hz/Pixel, Flip angle = 7o, echo time (TE) /
repetition time (TR) = 2.19 / 37.9 and phase duration = 37.9 ms.
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FIGURE 1 Flow chart of the methodology used in the present work

In 4D MRI, velocity is encoded along all three spatial dimensions throughout the cardiac cycle, thus providing a dynamic
imaging of 3D velocity field. The 4D flow acquisition consists of 3D data sets with Magnitude (representing the patients aortic
anatomy) and Phase (representing the velocities along Vx, Vy & Vz) (Fig. 1). 4D MRI data acquisition includes large amount
of data collected (three spatial dimensions, three velocity directions, time over the cardiac cycle) and it requires efficient scan
times which synchronizes between cardiac and respiratory movements32. The patient and healthy subject characteristics which
are used in this study are shown in Table . 1.

TABLE 1 Patient and healthy subject characteristics

ID Blood Pressure,
mmHg No of 4D MRI Follow-up

time, Years
Age at

baseline, Years Gender Weight,
kg

Height,
m

Patient A 124/85 2 0/1 70 Female 64 1.58

Patient B 130/100 2 0/1 54 Female 50 1.53

Healthy A 110/80 1 0/0 69 Female 82 1.66

Healthy B 110/80 1 0/0 51 Female 62 1.67
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2.2 Blood flow quantification and visualization
The velocity data from 4D MRI may have phase offset errors due to eddy currents that can degrade image quality and flow
measurements by introducing inaccuracies in flow quantification32. The 4D MRI can be reliably used for 3D visualization
and flow quantification if appropriate correction strategies are employed32. Datasets of 4D MRI measurements 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). After corrections from eddy-
currents, applying noise filter and PC-MRA the data were imported into 3D visualization software (Ensight, CEI, Inc.), to obtain
dynamic visualization and extraction of velocity profiles. 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 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 (Fig. 1).

2.3 Image reconstruction and meshing
The images obtained from 4DMRI were used to reconstruct the 3D geometries of the aortic vessel. A center-line was positioned
along the entire length of the aorta starting from the aortic root to the descending aorta. The analysis planes were automati-
cally 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 recon-
structed 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 tetrahedral cells for further analysis
(Fig. 1). A mesh sensitivity analysis was conducted, the percentage variation of the pressure and velocity parameters between
the coarser and finer mesh was used to optimize the number of tetrahedra. The number of tetrahedra used in the present study
(Table. 2), were obtained with less than 2% variation of the pressure & velocity parameters between the coarser and finer mesh.

TABLE 2Mesh resolution and Windkessel parameters for the different cases

Mesh resolution Windkessel parameters
Elements Nodes R, kg.m−4.S−1 C, kg−1.m4.S2 Z, kg.m−4.S−1

Patient A 952 K 268 K 2.77e+8 1.58e-8 1.65e+7

Patient B 1532 K 365 K 2.50e+8 1.05e-8 1.50e+7

Healthy A 860 K 208 K 2.28e+8 1.5e-8 1.36e+7

Healthy B 661 K 193 K 1.77e+8 1.5e-8 1.06e+7

2.4 Boundary conditions and solver setup parameters
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/m3.
The 3D incompressible Navier-Stokes equation used for blood flow simulation is given as,

� )v
)t
+ �(v ⋅ ∇)v − ∇� = 0

∇ ⋅ v = 0
(1)

where � is the density of the fluid, the unknown variables are the blood velocity v and the pressure p. The pressure is a function
of the Cauchy stress, �(v, p).
The constitutive equation to describe the rheology of the Newtonian fluid is given by,

�(v, p) = −pI + 2�S(v) (2)
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FIGURE 2 Schematic representation of the aorta showing the inlet, outlet, branches, diameter, inlet angle and the boundary
conditions used in this study

where I is the identity matrix, � is the dynamic viscosity of blood and S is the strain rate tensor

S(v) = ∇v+∇vT

2
(3)

The blood flow in this model is assumed to be non-Newtonian therefore the viscosity of the fluid depends upon the shear rate
of the blood. The shear thinning property of the blood was obtained using Carreau-Yasuda viscosity model

� = �∞ + (�0 − �∞)[1 + (�̇)�]
n−1
� (4)

where ̇ represents the scalar shear rate, �0=0.042 Pa.s is the blood viscosity at low shear rate, �∞=0.00345 Pa.s is the blood
viscosity at high shear rate, � = 3.31 s is the time constant, the power law index n=0.375 and Yasuda exponent a=221.
Patient-specific 4D flow MRI data were used to define the inflow velocity profile. Pixel-based time-varying velocities were

obtained from these phase-contrast flow maps. The 3D velocity profiles (Vx, Vy & Vz) were extracted from these phase-contrast
flow maps by using a in-house Matlab code (MathWorks Inc. R2015b) and mapped onto the inlet face of the aorta (Fig. 2).
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 pulsatile flow rate obtained from 4D flow MRI was set as the outlet sections of the
apico-aortic branches ( BCA, LCC, LSUB) (Fig. 2)28,33 as outflow boundary conditions. Themeasured flow rate waveforms from
4D flow MRI which are used as boundary conditions are shown in Fig. 3. 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 physiological blood pressure (Fig. 2).
The three parameters, namely the peripheral resistance (resistor, R), the aortic compliance (capacitor, C) and the characteristic
impedance (Z) were varied in such a way to match the physiological flow rate obtained from 4D flowMRI (Table. 2). The aortic
walls were assumed to be rigid, impermeable and a no-slip condition was considered (i.e Velocity on the wall is zero (vwall=0)).
The solutionwas obtainedwithAnsys Fluent v17.2 using the Semi-ImplicitMethod 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 of 1 ms was chosen. The convergence of the solution was assessed for residual
errors below 10−3. 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 postprocessing.
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FIGURE 3 The inlet flow rate waveform obtained from the velocity profile interpolation and the flow rate obtained from 4D
MRI was set as the outlet boundary condition at the apico-aortic-branches (BCA, LCC and LSUB).

2.5 Estimation of ascending aorta diameter
The patient-specific aorta was reconstructed using 4D MRI and the ascending aorta diameter was measured at multiple times
for each subject and it is presented in Table. 3. In order to reduce measurement errors, multiple measurements are made and we
have conducted an error analysis to estimate the uncertainty in the measurement. The estimate of the ascending aorta diameter
(Dmeasured) is given as

Dmeasured = x ± �x (5)
where x represents mean and �x represents uncertainty.
The uncertainty is calculated as follows,

�x =
s

√

N
(6)

where s represents the standard deviation andN represents the total number of measurements.
The standard deviation is obtained as follows

s =
√

∑

�x2i
N−1

(7)
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TABLE 3Measured ascending thoracic aorta diameter from 4D MRI data for different case studies

Diameter,
mm

No of
measurements Patient A Patient B Healthy A Healthy B

1 42.13 45.18 28.00 30.00

2 42.03 45.45 27.80 30.01

3 42.18 45.23 28.05 29.85

4 42.50 45.20 28.12 29.80

5 42.30 45.50 27.80 29.83

6 42.08 45.28 27.83 30.15

7 41.75 45.15 28.10 30.21

8 42.00 45.21 28.20 29.80

9 42.14 45.35 28.01 30.20

10 42.20 45.12 28.15 30.12

where �xi = xi − x and i takes the value from 1, 2, .... N. We also evaluated the Fractional uncertainty which indicates the
precision of the quantity measured and it is given as,

�fracx =
�x
x

(8)

2.6 ATAA Growth prediction
In this study we have obtained the data from patients with one subsequent follow up (i.e span of one year between the follow
up) and for the healthy subjects we were able to obtain only the baseline data. To have a clear understanding of the influence of
hemodynamics on the ATAA patients with change in aortic geometry before rupture, the CFD analysis was conducted on patient-
specific geometries by varying the inlet angle and ascending aorta diameter in order to evaluate the biomechanical descriptors
such as WSS, TAWSS, OSI, RRT and viscosity. The inlet angle was varied arbitrarily, whereas the change in ascending aorta
diameter was predicted for a period of 10 years from the time of first examination. The simulated results were compared between
the diseased and healthy subjects of same sex and age (i.e Patient A vs Healthy A and Patient B vs Healthy B) for various stages
of aneurysm growth.
ATAA growth was predicted based on sex (S), age (A) and body surface area (BSA). These indices were found to play a

major role in the growth of aortic diameter34,18,35,36,37 especially in patients with aneurysm. It was also found that for women
the BSA index helps to predict the rupture of aneurysm rather than the size of the aneurysm itself35. It was shown that the aortic
aneurysm diameter increases exponentially with time34 according to the following equation,

AGD = A × exp(BSA × S × t) + x, (9)

where AGD, A, BSA, S, t, x represent the mean aneurysm diameter, age (A takes the value 0.008 for age ≤ 55 and 0.01 for age
≥ 55), body surface area index, sex (S takes the value 0.15 for male and 0.24 for female), time after first MRI examination in
years and diameter of the ascending aorta at first examination respectively. These parameters are fixed based on the assumption
that the aneurysm growth rate for women is 1.19 ± 1.15 mm per year and 0.59 ± 0.66 mm per year for men37 . The BSA was
calculated based on Du Bois & Du Bois38 formula such as,

BSA = W 0.425 ×H0.725 × 0.20247, (10)

where W and H represents the weight in ’kg’ and height in ’m’ of the patient considered (refer Table. 1).
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2.7 Biomechanical descriptors
The biomechanical descriptors such as flow eccentricity, helicity indices, time averagedWSS (TAWSS), Oscillatory Shear Index
(OSI) and relative residence time (RRT) were computed according to the following formulas.
The normalized flow eccentricity was calculated based on the euclidean distance between the center of the lumen and the

center of velocity (vc) of the forward flow at the cross section of maximum diameter and normalized by the lumen radius. vc is
calculated as follows39

vc =
∑

i rij ||vi||
∑

i
|

|

vi||
(11)

where ri and vi represents the average position of luminal mesh vertices and velocity respectively. i ⇒ mesh section vertices
and j ⇒ x, y, z.
Helical flow is normally computed from Lagrangian particle injection (pathlines). The Lagrangian particle tracking is often

used to describe integration of traces. Particle traces were calculated from velocity data and the Lagrangian-based method
was used for helical flow quantification. Lagrangian descriptors have been used to characterize the 3 dimensional bulk flow
patterns40,41. But Eulerian descriptors are computationally convenient to characterize the bulk flow interms of helical content
and helical flow topology42. Hence we have used Eulerian descriptors to evaluate the helicity index in our present work.
The helicity H(t)42,43 of a fluid flow confined to domain D is given as,

H(t) = ∫
D

v(x, t) ⋅ !(x, t)dV ;

ℎ2 =
1

TWiVi ∫
TWi

∫
Vi

|v(x, t) ⋅ !(x, t)| dV dt;

ℎ3 =
1

TWiVi
∫TWi

∫Vi v(x, t) ⋅ !(x, t)dV dt
1

TWiVi
∫TWi

∫Vi |v(x, t) ⋅ !(x, t)| dV dt
(12)

where v(x,t),!(x,t), TWi and Vi represent the velocity vector, vorticity vector, time interval of a cardiac cycle and the volumetric
fluid domain respectively.
The index ℎ2 represents the total amount of helicity in the aortic volume, whereas the helicity index, ℎ3 indicates the orien-

tation of helical structures in the blood and it varies between -1 and 1 (where -1 indicates only left-handed rotation, 1 indicates
only right-handed rotation and 0 indicates reflectional symmetry).
The TAWSS magnitude along the three cardiac cycle is obtained as27,

TAW SS = 1
T

T

∫
0

|

|

|

⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃗W SS(s, t)||
|

dt (13)

where T is the period of the cardiac cycle and WSS is the instantaneous wall shear stress.
The high oscillatory WSS direction (OSI) during the cardiac cycle was calculated using the Eq. 1427

OSI = 0.5
⎛

⎜

⎜

⎝

1 −
|

|

|

∫ T
0
⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃗W SS(s, t)dt||

|

∫ T
0
|

|

|

⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃖⃗W SS(s, t)||
|

dt

⎞

⎟

⎟

⎠

(14)

The RRT was obtained as follows27
RRT = 1

(1 − 2 × OSI) × TAW SS
(15)

2.8 Finite element stress analysis
This study is further extended to evaluate the stress distribution in the ascending thoracic aorta wall using finite element analysis
(FEA). The simulation was conducted using the commercially available software Abaqus. The FEmodel used linear quadrilateral
elements of type S4R.
Following44 it was assumed that the equilibrium in the ascending thoracic aorta is isostatic. Accordingly, FEAwere performed

on the aortic geometries with simple elastic and homogenous material properties, whereas the displacement at the inlet, outlet
and the branches was fixed (Fig. 2). The pulsatile physiological pressure was applied onto the walls of the aorta.
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FIGURE 4 Age and sex related variations of the elastic modulus, rupture stress, diameter and thickness obtained from in vitro
uniaxial and bulge inflation test of various patients with ATAAs.

Rupture stresses and other material properties (�rup) were obtained from literature7, where they have evaluated for 103 samples
using bulge inflation test. In the present work the elastic modulus, rupture stress, ascending aorta diameter and thickness obtained
from7 were presented as function of age and sex and shown in Fig. 4. Depending upon the age, sex and diameter of the diseased
subject the elastic modulus (E), aorta thickness (t) and rupture stress (�rup) were chosen from Fig. 4 for simulation. In case of
healthy subjects model parameters were chosen as follows: elastic moduli (E)=1MPa, Poissons’s ratio (�)=0.45, aortic thickness
(t)=1.5 mm and rupture stress (�rup)=1.5 MPa.
The RPI was evaluated as follows:

RPI =
�max
�rup

, (16)

where �max represents the maximum principal stress.

3 RESULTS

The biomechanical descriptors for various aortic morphologies of healthy and diseased subjects obtained using combined 4D
MRI data sets and CFD simulations are presented in this section.

3.1 Estimation of uncertainty in the measurement of ascending thoracic aorta diameter
In order to obtain accurate measurements the ascending thoracic aorta diameter was measured several times from 4D MRI data
sets and uncertainty in the measurements was estimated. We have performed 10 multiple measurements (i.e the sample sizeN
= 10) for each subject. The diameter of the ascending thoracic aorta and the fractional uncertainty are calculated using Eq. 5
to 8. The estimated values are presented in Table. 4. The mean values for Patient A, Patient B , Healthy A and Healthy B are
42.13 mm, 45.27 mm, 28 mm and 30 mm respectively. The mean values are considered as the baseline aortic diameter and the
simulations are performed from this baseline. Based on the uncertainty analysis we have tabulated the ascending aorta diameter
and inlet angle for different case studies (Table. 5).
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TABLE 4 Uncertainty analysis of the measured ascending thoracic aorta diameter from 4D MRI data for different case studies

Parameters estimated Symbol Patient A Patient B Healthy A Healthy B
Mean x 42.13 45.27 28.00 30.00

Standard Deviation s 0.20 0.13 0.15 0.17

Uncertainty �x 0.06 0.04 0.05 0.05

Fractional Uncertainty �fracx (%) 0.2 0.1 0.2 0.2

Measured ascending aorta
diameter Dmeasured (mm) 42.13 ± 0.06 45.27 ± 0.04 28.00 ±0.05 30.00 ± 0.05

TABLE 5 Ascending aorta morphology for different case studies obtained from 4D MRI using uncertainty analysis

Diameter, mm Inlet angle, deg
Baseline 1st year Baseline 1st year

Patient A 42.13 42.25 28.78 28.78

Patient B 45.27 45.37 38.02 38.02

Healthy A 28.0 - 43.93 -

Healthy B 30.0 - 39.73 -

3.2 Model Validation
The time-averaged velocity profiles obtained from 4D MRI and CFD are shown in Fig. 5. The derived time-averaged velocity
profiles from CFD simulation are in good agreement with 4D MRI data qualitatively. Flow eccentricity calculated from the 4D
MRI during the systolic phase was compared with the CFD simulation for quantitative comparison using Bland-Altman plot.
Bland-Altman plots are extensively used to find any systematic difference between the measurements45. This method helps to
quantify agreement between two quantitative measurements by constructing limits of agreement. These statistical limits are
calculated by using the mean and the standard deviation (s) of the differences between two measurements. The mean difference
is the estimated bias, and the standard deviation of the differences measures the random fluctuations around this mean. The
estimated bias is -0.009867, standard deviation of bias is 0.009137, the 95% limits of agreement varies from -0.02777 (green
dotted line) to 0.008041 (red dash-dotted line) and the continuous blue line represents the mean (Fig. S1). All the data points
calculated at peak systole remain in the 95% limit band (average difference± 1.96 standard deviation of the difference), indicating
the good agreement between the 4D MRI measurements and the CFD simulation predictions.
The flow eccentricity values obtained from CFD simulations at section 1-1’ are given in Table. 6. The contours of flow

eccentricity at two different sections along the aorta are shown in Fig.S2. The ATAA patients showedmore pronounced eccentric
flow patterns near the dilated region (i.e near the ascending thoracic aorta) compared to the other region (i.e near the arch).
The flow eccentricity was found to be more prominent in patient B reaching a value of 0.9338 whereas for patient A, the flow
eccentricity was 0.6623 near the ascending thoracic aortic region (refer section 1-1’, flow eccentricity, 0 indicates that the flow
is centrally distributed along the vessel and 1 indicates that the flow is eccentric and impinges against the vessel wall). Near
section 2-2’ for both the patient, the blood flow was found to be less disturbed compared to section 1-1’. For healthy subjects A
& B the flow was evenly distributed in both sections (i.e section 1-1’ and section 2-2’) and the flow eccentricity magnitude was
nearly equal to zero indicating there was no significant change in the blood flow pattern along the aorta.

3.3 Computational prediction of biomechanical alterations due to ATAA morphology
The growth curve was simulated for both patients (i.e Patient A and Patient B) and compared with the healthy subject having
same sex and age. Previous work showed that the ascending thoracic aortic diameter for the healthy subjects were found to
increase linearly with age. For healthy women the increase is +3.4% whereas for healthy men is +2.6% per decade46, based on
these data, the growth of the ascending thoracic aorta for healthy subjects was predicted.
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FIGURE 5 Time-averaged velocity profiles obtained from 4D MRI and CFD.

TABLE 6 F loweccentricity obtained from CFD simulation for different case studies

F loweccentricity
Baseline 0.6623

Patient A
1 year 0.6368
Baseline 0.7777

Patient B
1 year 0.9338

Healthy A Baseline 0.021
Healthy B Baseline 0.003

The simulated results for ascending thoracic aortic growth of patients for a period of 10 years after the first examination
were compared with healthy subjects having similar age and sex (Fig. 6). The simulated ascending thoracic aortic diameter
growth for Patient A and Patient B were in agreement with the measured value from 4D MRI. During the first examination, the
ascending thoracic aortic diameter of Patient A was 42.13 mm and it became 49.84 mm after 10 years reaching a growth rate of
7.7 mm/decade with an increase in diameter of 1.18 times the initial value. But for Healthy A subject of same age and sex, the
diameter reached 28.95 mm, approximately 1.03 times larger than the initial diameter after 10 years with a growth rate of 0.952
mm/decade.
Similarly for Patient B the ascending thoracic aortic diameter increased 1.12 times with respect to the initial diameter, reaching

a value of 50.52 mm in 10 years with a growth rate of 5.25 mm/decade.
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FIGURE 6 Ascending aorta growth prediction for healthy and diseased subjects compared with same age and sex

The ascending thoracic aortic diameter of Healthy subject B of same age and sex reached 31.24 mm, approximately 1.03
times larger than the initial diameter after 10 years with a growth rate of 1.03 mm/decade. These simulated results provided a
clear indication of the rate at which the aorta diameter grows for a subject with and without aneurysm. The age, sex and BSA
parameters has an influence on the rate at which the aorta grows (for instance the growth rate of Patient A is 7.7 mm/decade
whereas for patient B is 5.25 mm/decade growth rate). The predicted ascending thoracic aortic diameter was used to reconstruct
the geometry of the diseased and healthy aorta in order to understand the influence of aortic geometrical changes on the blood
flow patterns for a period of 10 years from the date of first examination.
The number of CFD simulations carried out are presented in Table. 7. 24 CFD simulations were performed and each simu-

lation ran for three cardiac cycles, and the time points for one cardiac cycle for each subject were obtained from 4D flow MRI
measurement.

TABLE 7 CFD simulations presented in this work

CFD simulations
No of Years Inlet angle

Baseline 1st Year 5tℎ Year 10tℎ Year �1 �2 �3 �4
Patient A
Patient B
Healthy A X X X X
Healthy B X X X X

3.4 Influence of aortic morphology on the Reynolds number
The Reynolds number during aneurysm progression is an indication of the validity of the assumption of flow laminarity and
of the mesh cardinality. The influence of aortic morphology on the Reynolds number have been evaluated and are presented in
Fig. 7. The Reynolds number varies exponentially for the 2 patients but in healthy cases it varies linearly. The Reynolds number
decreases from 884 to 775 in Patient A and from 1140 to 909 in Patient B. This may be due to the increase in viscosity during
the change in aortic morphology (i.e increase in diameter due to progression of aneurysm implies a decrease of the Reynolds
number). In case of healthy subjects the Reynolds number increases, because with increase in diameter the viscosity remains
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FIGURE 7 Reynolds number evaluated near the dilated region of the ascending thoracic aorta
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FIGURE 8 Streamlines and velocity distribution obtained at systole using CFD simulations for different subjects

constant. The change in Reynolds number near the dilated region during aneurysm progression is minimal, also within the
proximity of laminar flow47,48 and is found to have no or minimal effect on mesh cardinality (refer Table.2).

3.4.1 Streamlines in ascending aortic aneurysm
The streamlines obtained from the CFD simulations for different cases during various stages of ATAA growth are shown in Fig
8. The input conditions for the simulations were based on the velocity profile obtained from 4DMRI. The flow started detaching
from the wall and a vortex formed near the ascending thoracic aorta, which was well captured by the simulation. These vortices
can move, stretch, twist and interact in complex ways with the surrounding blood particles. These abnormal flow patterns were
considered to be an important descriptor to identify diseased aorta, since in these regions we were able to observe lowWSS, high
OSI, high RRT and high viscosity. The same trend was observed in all the patients irrespective of the stages of the aneurysm
growth. In case of Healthy subjects A & B it was observed that the flow was smooth and no vortex formation occurred near the
ascending portion of the aorta.
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FIGURE 9 Helicity values obtained for various aortic diameter and inlet angles in healthy and diseased subjects

3.4.2 Helicity
The helicity indices ℎ2 & ℎ3 are evaluated and is shown in Fig. 9. The ℎ2 value varied from 0.45 to 0.397 in Patient A whereas
in Healthy A subject it remained constant at 0.32 for 10 years. In case of Patient B, ℎ2 increased in the initial period from 2.254
and after 3 years it remained constant at 4.58 but for Healthy B there was no change (ℎ2=0.184). Regarding the increase of the
inlet angle, Patient B experienced a decrease in ℎ2 value but for Patient A no significant difference was observed.
The ℎ3 values for Patient A and Healthy A during the various stages of aneurysm growth showed that the orientation of

helicity structures was along the left-hand rotation indicating that there was no difference between the diseased and the healthy
aorta in case of rotation but there was a significant difference in magnitude. The helicity magnitude of Patient A was closer to
the reflectional symmetry compared to Healthy A subject. In Patient B ℎ3 value varied from -0.0979 to 0.3717 in the span of 10
years changing the rotation from left-hand to right-hand but for Healthy B the change in rotation occurred from right-hand to
left-hand (i.e ℎ3 value varies from 0.055 to -0.0342) and it remained closer to the reflectional symmetry compared to Patient B.
The simulated ℎ3 value for various inlet angles showed that for Patient A with increase in inlet angle the direction of flow rotation
remained the same, but in case of Patient B, the increasing inlet angle induced a change of the flow rotation from left-hand to
right-hand.

3.5 Wall Shear Stress (WSS)
The WSS contours for the two patients and two healthy subjects for various aortic growth stages and inlet angles are shown
in Fig. S3, S4 & S5. These values were obtained at peak systolic pressure maps from CFD simulation. Patient A experienceed
low WSS (1.61 Pa) near the ascending portion of the aorta at the first examination and the magnitude decreases with aneurysm
progression. After 10 years from the first MRI the value reduces to 0.84 Pa. Whereas the Healthy A subject had WSS of 1.9 Pa
near the ascending aorta region and it did not show any change in the magnitude with time. The low WSS slowly propagated
along the aortic arch with increase in year for Patient A. Similar trend was also found in Patient B, the magnitude of WSS
decreased from 1.53 Pa to 0.255 Pa in 10 years compared to Healthy B where the magnitude of WSS (2.1 Pa) remains the same
throughout the considered period near the ascending thoracic aorta (Fig. 10 a). The inlet angle of the aorta was varied for the
diseased aorta keeping the diameter constant and evaluating the impact on WSS. Figure S5 shows that low WSS propagated
along the arch from the ascending thoracic aorta region with increase of inlet angle. The WSS of Patient A at constant diameter
(i.e D=49 mm) varied from 1.01 Pa to 0.74 Pa and for Patient B with diameter of 50.5 mm the WSS varied from 0.4 Pa to 0.23
Pa with increase in inlet angle (Fig. 10 a).
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3.6 Relative Residence Time (RRT)
RRT contours obtained for the different cases are shown in Fig. S6, S7 & S8. The contours show high RRT values reaching
more than 20s in Patient A & B. In patient A high RRT values are found near the ascending thoracic aorta (i.e near the diseased
region). In Patient B near the ascending thoracic aorta, the RRT value was found to vary between 15s and 24s for the different
stages of aneurysm growth. The healthy subjects (Healthy A & B) show low RRT magnitude near the ascending aorta. With
increase in years and inlet angle, the RRT magnitude increased for diseased aortas whereas there was no significant change in
healthy subjects even 10 years after the baseline acquisition (Fig. 10 b).

3.7 Rupture Index (RPI)
FEA simulations were conducted on diseased and healthy subjects for various ascending thoracic aortic morphologies (Fig. S9,
S10 & S11). To evaluate the RPI for various cases, the aortic diameter of the patient and healthy subjects at the 10tℎ year from
the date of examination (Fig. 6) was used by keeping the same inlet angle which was measured during the baseline acquisition.
The diameter of Patient A, Healthy A, Patient B and Healthy B after 10 years from the baseline acquisition were 49.84 mm,
28.95 mm, 50.52 mm& 31.24 mm respectively. The increase in diameter of the patient was much larger than the healthy subjects
of same age (refer Fig. 6).
The RPI contours of Patient A & Healthy A show that the RPI is 0.530 and 0.173 in the ascending thoracic aorta respectively

and for Patient B & Healthy B the RPI magnitude is 0.353 and 0.167 in the ascending thoracic aorta region respectively. This
gives us clear indication that the diseased subjects with dilated diameter had a larger RPI compared to healthy subjects at the
same age. The contours describing the influence of inlet angle on the RPI for Patient A and Patient B were shown in Fig. S11.
The increase in inlet angles increased the RPI in both diseased subjects, but for Patient B the RPI was lower compared to that
of Patient A. Therefore not only the diameter but also the age of patient (Patient A was 80 years and Patient B 64 years) played
a major role in evaluating the RPI. The RPI magnitude near the ascending thoracic aorta increased for Patient A from 0.2375 to
0.4125 in 10 years and it remained the same for Healthy A (0.09). Similarly for Patient B it increases from 0.204 to 0.341 in 10
years and it was constant for Healthy B (0.125). With the increasing inlet angle, the RPI magnitude increased slightly for both
patients (Fig. 10 c). The FEA results showed that the age, diameter and the inlet angle had an influence on the RPI of diseased
aortas and it had less or no influence on the healthy subjects.

3.8 Additional biomechanical descriptors
The present work showed that there was a good correlation between the WSS, RRT and RPI near the dilated ascending thoracic
aortic region. We also found an interesting observation regarding the TAWSS, OSI and viscosity and the figures are shown in
supplemental materials.
TAWSS was obtained for the different cases at various stages of the aorta growth and inlet angle (Fig. S12, S13 & S14).

TAWSS was low especially near the ascending aorta in both patients. In Patient A, the lowest TAWSS (1.04 Pa) was found near
the ascending thoracic aorta and the highest value, 2.21 Pa was observed near the branches. The TAWSS contours of Healthy
A showed high TAWSS near the branches and also near the ascending thoracic aorta. But Patient A showed low TAWSS in the
ascending thoracic aorta compared to Healthy A. In patient B, the TAWSS magnitude varied between 0.20 Pa and 6 Pa with low
values being more prominent near the ascending region and this value found to decrease further with increase in years from the
baseline of data acquisition. Healthy B subject showed a high TAWSS compared to Patient B at the same region. The contours
of TAWSS evolution in Patient A & B with varying inclination angles at the inlet are presented in Fig. S14. With increasing
inlet angle the low TAWSS slowly propagated along the aorta from the ascending region. Figure S15 shows the distribution of
TAWSS near the ascending thoracic aorta with increasing number of years and inlet angle for diseased and healthy subjects. It
was observed that the TAWSS magnitude decreased for Patient A (from 1.04 Pa to 0.44 Pa) and Patient B (from 1.01 Pa to 0.21
Pa) but it remained constant for Healthy A and B at 1.1 Pa respectively. The increase in inlet angle in Patient A and Patient B
induced a reduction in the TAWSS magnitude (i.e for Patient A it reduced from 0.48 Pa to 0.42 Pa at constant diameter of 49
mm and for Patient B it reduces from 0.28 Pa to 0.20 Pa at constant diameter of 50.5 mm) near the ascending thoracic aorta.
Low TAWSS magnitude were prominent near the ascending thoracic aorta in both the patients based on our CFD simulations.
Figure S16, S17 & S18 show the OSI distribution for healthy and diseased subjects. The OSI value varied from 0 to 0.5 in

the aorta where 0 describes a complete unidirectional WSS and 0.5 indicates a purely unsteady, oscillatory shear flow with very
low WSS49. The CFD simulation contours of Patient A showed high OSI near the ascending thoracic aorta region with values
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FIGURE 10WSS (a) RRT (b) and RPI (c) values obtained for various aortic diameters and inlet angles near the ascending aorta
in healthy and diseased subjects

reaching 0.35 compared to the Healthy A (≈ 0.15). In Patient B high OSI (≈ 0.32) was found to occur near the ascending thoracic
aorta compared to Healthy B (≈ 0.16). This showed that near the region of low WSS the OSI was very high and the flow was
unsteady which was well captured with the help of CFD simulations. After 10 years the diseased subjects showed an increased
OSI (for Patient A it varied from 0.35 to 0.4 and in Patient B it varied from 0.34 to 0.36 from the date of first examination) and
it remained constant for healthy subjects (Fig. S19). The change in inlet angle had an influence on the OSI magnitude. Patient
A showed a high OSI near the ascending thoracic aorta but it was less prominent in Patient B (Fig. S18). Patient A and Patient
B experienced a marginal increase in OSI (Fig. S19) with increasing inlet angle.
High viscosity was found near the ascending portion of the aorta where the aneurysm is present (Fig. S20, S21 & S22). We

assumed the blood to be non-Newtonian and the Carreau flow model was used to define the viscosity of the blood during the
cardiac cycle. The viscosity of the blood varied between 0.003 kg/ms and 0.01 kg/ms along the aortic vessel during peak systole.
Patient A experienced high viscosity near the ascending aorta (0.01 kg/ms) compared to Healthy A (0.0065 kg/ms) of same
age and sex, and Patient B contours showed that the viscosity near the ascending thoracic aorta was ≈ 0.01 kg/ms but Healthy
B, of same age, showed ≈ 0.007 kg/ms at the same region. Figure S23 showed that after 10 years the viscosity increased for
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Patient A (from 0.0058 kg/ms to 0.0087 kg/ms) and in Patient B (from 0.0051 kg/ms to 0.0065 kg/ms). Varying the inlet angle
had a strong impact on the viscosity, which was concentrated especially near the dilated region of the diseased aorta (Fig. S22)
whereas there was only small increase in viscosity in both the healthy subjects (Fig. S23).

4 DISCUSSION

The combined use of 4D flowMRI and CFD simulation is useful due to their unique complimentary advantages and limitations.
Eventhough 4D flow MRI directly measures in vivo 3D blood flow velocities, it has some limitations on estimating WSS due
to low temporal and spatial resolution. CFD simulation helps to overcome this limitation and was able to predict the WSS and
other biomechanical parameters more accurately using the physiological blood flow condition obtained from 4DMRI data. The
need for evaluating the impact of ATAAs on biomechanical properties and blood flow was emphasized in a number of previous
studies50,51. To address this need, the current paper proposed a thorough and robust computational framework combining 4D
MRI and CFD to study the influence of changes in aortic morphology on a number of biomechanical descriptors. The capability
of the present framework to capture the blood flow dynamics such as time-averaged velocity maps and the flow eccentricity
as measured from 4D flow MRI, shows that this framework can be used to understand the alteration in hemodynamics due to
change in aortic morphology for a cohort of patients.
Several studies evaluated the hemodynamical changes during the various stages of aneurysm progression on different subjects

but they did not consider patient-specific boundary conditions based on 4DMRI datasets. In the current study, we have used the
aorta geometry and blood flow velocities of two patients with a follow-up of one year and two healthy subjects obtained from 4D
MRI. CFD simulations were conducted to predict the biomechanical descriptors during the various stages of aneurysm growth
and inclination angle of aortic inlet, based on the 3D velocity maps obtained from 4D MRI. Since we have the data of diseased
subjects with only one follow-up, we proposed a function to predict the growth of the ascending thoracic aorta for healthy and
diseased subjects to investigate how the morphological changes affect the hemodynamics in the long run (i.e for a period of
10 years from the date of first examination). In order to fulfill this objective we have formulated a workflow (refer Sec.2) to
extract the geometry and the velocity profiles from the diseased and healthy subjects to obtain the biomechanical descriptors
for various ascending thoracic aortic morphologies. The overall observation of the present findings shows that the ascending
aorta morphology have a significant influence on hemodynamics. We have also conducted FEA to evaluate the rupture index
for various ascending thoracic aortic morphologies based on age-sex matched experimental rupture stress datasets. We were
able to observe that there is a remarkable correlation between WSS, OSI, RRT, viscosity and RPI with the change in ascending
thoracic aortic morphology. The results obtained based on this integrated framework may provide valuable insights in ATAA
progression to the clinicians and help in decision making on timely surgical intervention.
The measured ascending thoracic aorta diameter from 4D flow MRI between the follow-ups shows minimal change. In order

to ensure the accuracy of the measurement, we used image processing software to measure the aorta diameter which is used to
define in 3 dimensions a centerline of the vessel; this method relies on contrast enhancement of the lumen. We have verified the
correct positioning of the diameter by identifying the main direction of flow in 3 dimensions obtaining the cross section and
diameter orthogonally to this direction52.
However, all measurements have some degree of uncertainty. Studies suggest that the inaccuracies in the lumen segmentation

can significantly influence the blood flow simulations53,54. Accurate lumen segmentation continues to remain a challenge for
the researchers due to complexity and artifacts pertaining to 4D MRI acquisition55. In order to reduce the error due to lumen
segmentation we repeated the measurement several times and examined the variation among the measured values, in order to
have a better idea of the uncertainty in themeasurement. The process of evaluating the uncertainty associatedwith ameasurement
is often called uncertainty analysis or error analysis. The uncertainty estimate associated with a measurement should account
for both the accuracy and precision of the measurement. The average/mean may be the best available estimate of the ascending
thoracic aorta diameter, but it is certainly not exact. However, the standard deviation is the most common way to characterize
the spread of a data set to evaluate the uncertainty. The standard deviation is used because of its association with the normal
distribution that is frequently encountered in statistical analysis. In the present study we have made 10 multiple measurements
for each subjects and the standard deviation has been calculated. For instance in case of Patient A the average/mean value was
42.13 and the standard deviation was 0.2. The estimated standard deviation shows that this set of measurements on Patient A was
roughly 0.2 mm away from the mean value. The uncertainty associated with this set of measurements on Patient A was 0.06. The
uncertainty not only depends upon how far the data is dispersed from the mean value but also on the number of measurements
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made. Based on this, the measured ascending thoracic aorta diameter for Patient A can be expressed as 42.13 ± 0.06. Similarly,
the uncertainty for all the subjects was found to vary between 0.04 to 0.05. We have also estimated the fractional uncertainty
which provides the information on the precision of the measured data. For all the subjects the fractional uncertainty varies
between 0.01 to 0.02, which means that the precision of the measured data is about 0.1 to 0.2 %. For simulation purpose we
have used the mean value as the baseline/initial diameter of the ascending thoracic aorta and predicted the growth.
The ascending thoracic aorta was expected to grow exponentially for the 2 patient whereas the healthy ones grow linearly.

The age, sex and BSA were found to influence the rate of aortic growth and the proposed analytical model helped to predict the
morphological evolutions in diseased subjects with less computational time. The predicted growth of ATAAs is in agreement
with data obtained from 4D MRI for the two patients. Based on the uncertainty analysis, the ascending thoracic aorta diameter
of the patients with subsequent follow-up were not expected to deviate much from the predicted growth curve.
Our present work was focused on understanding the influence of aortic morphology on the hemodynamic descriptors espe-

cially near the ascending thoracic aorta without taking into account the complex growth of aneurysm. Hence we have proposed
a simple analytical model by growing the aneurysm isotropically in the circumferential direction and the correlation between
the hemodynamics and aortic morphology has been evaluated. We would like to acknowledge that the limitation of the present
growth prediction model is that it does not reproduce the complex multifactorial phenomenon of aneurysm growth but only its
main components such as localized increase of diameter and inclination angle. Nevertheless, our future work will be focused on
using sophisticated growth and remodelling models to predict the growth of aneurysm and to have more realistic predictions56.
There are studies which show that the aortic valve orientation and root angles are associated with aortic dilatation patterns.

Eventhough we found no appreciable change in the inlet angle between the follow-ups, it is expected that subsequent follow-ups
over a period of 10 years will show a change in the inlet angle during the aneurysm progression57,58. Therefore, in this study
we have arbitrarily changed the inlet angle of the aorta and evaluated various hemodynamic descriptors. In future work, we
will readjust the inlet angle in our simulations based on the MRI data obtained during the follow-up of patients to predict the
hemodynamic descriptors.
CFD models of ATAA in the literature have reported different findings on the biomechanical descriptors21. An advantage of

our study is the validation of time-averaged velocity maps and flow eccentricity against 4D MRI. It showed that the proposed
CFD method was able to simulate the blood flow distribution similarly to the data obtained from 4D MRI in both healthy and
diseased subjects. The streamline contour shows that vortices were found near the dilated region of the diseased subjects and not
in the healthy ones. This is consistent with previously published results59,39,60. The observed non-uniform blood flow in diseased
subjects causes flow eccentricity (i.e displacing the high velocity blood flow away from the aortic centerline). In Fig.S2 we show
that the flow eccentricity was high in Patient A & B compared to healthy subjects. It also varied between the baseline and the
follow-up indicating that the disturbed blood flow patterns were due to the ascending thoracic aortic morphology rather than the
aortic valve morphology and function61. Physiopathological implications of the disturbed flow in the ascending thoracic aorta
still have to be investigated, noting that for other arterial location, previous studies pointed out the tendency of disturbed flows to
increase the accumulation of atherogenic particles at the endothelial surface, reducing the transport of anti-atherogenic oxygen
from the blood to the artery wall62,63,64.
The helical flow magnitude in diseased and healthy subjects showed that the flow experienced both right-handed and left-

handed rotations. The helical flow arose due to rotational motions of blood oriented normal to the flow mainstream in the aortic
vessel. The helical blood flow may have an effect on the inner surface of the wall by washing and protecting the ascending
thoracic aorta from atherosclerotic plaque formation65. Even though a large amount of evidence indicates the role of swirling
blood flow in the development of cardiovascular diseases, atherosclerosis being the most commonly occurring among them, it
is yet unclear how these hemodynamics alteration affect wall remodeling in ATAAs66. There are some studies which indicate
that patient with aortic stenosis frequently develop helical blood flow patterns compared to healthy subjects67. Hence there is a
pressing need to understand the impact of helical blood flow patterns on the aortic wall for potential interventions. These helical
flow patterns provide a valuable information on the local blood flow distributions which might help to improve aneurysm risk
stratification in the future.
Concerning the biomechanical descriptors we observed that Healthy A & B subjects showed no/little variation in WSS,

TAWSS, OSI, RRT and viscosity with increase in the number of years after the first examination. Even though there is an
increase in diameter in healthy subjects, it remains insignificant in influencing these biomechanical parameters. This clearly
indicates that the ascending thoracic aorta morphology plays an important role in influencing the hemodynamics and inturn
altering biomechanical factors and aortic mechanobiology.
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The WSS in healthy arteries varies between 1 and 7 Pa49. Low WSS causes platelets and thrombogenic proteins attachment
to the arterial walls much easier, causing plaque to grow further in atherosclerosis65. Concerning ATAAs, our simulated results
showed existence of lowWSS, low TAWSS and high oscillatory shear index, which are all more prone to endothelial dysfunction
and progress in vascular disease49. The lowTAWSS values in a large area of the aortic vessel may indicate increased deterioration
and thrombosis27. If the WSS is larger than 7 Pa, it may cause endothelial damage but the mechanisms of this damage have not
yet been fully elucidated68. In general, lowWSS and high OSI are considered to be susceptible to intimal thickening. Simulated
results also showed high OSI and low WSS appear near the ascending aortic region where the aneurysm bulges compared
to the healthy subjects. Areas of high OSI might present intimal dysfunction and reveal a higher risk of rupture of the aortic
aneurysm60.
Our simulations also exhibit a good correlation between the RRT and OSI contours for both diseased (i.e Patient A and Patient

B) subjects under study. High RRT and OSI values appeared in the same regions of the aortic vessel in all the simulations, show-
ing these descriptors may play an important role in predicting elastin degradation leading to aneurysm growth at specific aortic
regions. Elevated RRT distribution was found to be a useful parameter for identifying regions of atheromatic concentrations69
associated with low local velocities and low WSS70. We also interestingly observed that near the region of elevated viscosity,
the WSS was low and OSI and RRT were high.
The literature shows that the pressure and velocity boundary conditions used in the computational models have an impact

on flow velocity and shear stress predictions. Hence, the accuracy of in vivo measurements of blood pressure and velocity is
of great importance for reliable model predictions71. Since in our study we have used the same velocity profiles to evaluate
the hemodynamic descriptors for various stages of aneurysm progression, this may be the reason for a larger athero-susceptible
surface area in healthy subject than the patient. And the second reason may be also due to curvature of the aorta might have
an influence on the residence time. But when we have considered the average RRT values near the ascending aortic region it is
found to be low in case of healthy subject compared to aneurysmal patient.
Along with the CFD analyses to evaluate hemodynamics descriptors, the current study also focused on obtaining a relationship

between the RPI and the ascending thoracic aorta morphology. FEA simulations were conducted on various morphologies of
diseased and healthy subjects to evaluate the RPI. RPI for healthy subjects has been calculated to compare it with the patients
possessing aneurysm of same age and sex. This is done to have an idea on how the presence of aneurysm influences the rupture
index when compared to healthy subjects, and not to study the rupture potential index for healthy subjects. The RPI was strongly
related to the stress in the aortic wall and it was sensitive to the aortic diameter and to the inclination angle at the inlet. These
simulated results were significant since the RPI was evaluated based on the maximum stress in the aortic walls and age-sex-
diameter matched rupture stress values were obtained from bulge inflation tests7.
Even though our simulation results has been validated with the 4D MRI data and they gave a reasonable agreement with

the measured data, there are still some limitations. This work was based on the assumption of rigid and impermeable walls,
which is considered to be reasonable for flow and WSS predictions in finite segments of large arteries72. Nevertheless, we
have also presented TAWSS distribution which eliminates any temporal effects on WSS due to the rigid wall assumption. The
reason behind the laminar flow assumption was that it required less patient-specific parameters to be determined and reduced
significantly the computational time. Another limitation is related to the sample size which was small, as we had only one
follow-up of each ATAA patient. Subsequent follow-up for few more years with a cohort of patients and age-matched controls
are necessary to predict the blood flow, growth, inclination angle at the inlet and biomechanical alterations. The focus of such
follow-up studies will help to improve the validity of the present computational framework. The second limitation is that the same
velocity boundary conditions were adopted for the geometries which were used after the first follow-up, whereas the evolution
of aneurysm may be accompanied by hemodynamical changes with different blood flow profiles. Nevertheless future work will
be focused on validating the computational framework with a cohort of patients and few more subsequent follow-up datasets of
the same subjects.
Regarding the FEA analyses, we have used a linear elastic model to predict the RPI. There are some studies which showed

that the aneurysm have heterogeneous properties and finite deformation models would be relevant for the evaluation of stress
distribution under blood pressure73,74. But a linear elastic simulation with constant high modulus of elasticity was shown to be
an efficient approach to compute the patient-specific mean stress75. The method also highlights some local stress concentrations
due to the curvature, showing how the change in aortic morphology has an impact on the stress distribution in ATAA patients.
Nevertheless in the future work we will take into account of the anisotropic behavior of arterial tissues to study the mechanical
stress distribution due to fluid pressure.
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5 CONCLUSION

The hemodynamical and biomechanical influence of aortic morphological evolutions in healthy and ATAA subjects was evalu-
ated using a combination of 4D MRI and CFD models. The comparison between the time-averaged velocity maps and the flow
eccentricity data measured using 4D flow MRI showed good correlation, elucidating that our computational framework is plau-
sible and can be used to understand the evolution of hemodynamic descriptors on a cohort of patients. The main finding is that
the ascending thoracic aortic diameter and inlet angle have a major effect on the blood flow pattern in the diseased subject.
The present work has elaborated clearly the influence of ATAA morphological changes on the blood flow dynamics by com-

paring diseased and healthy subjects of same age and sex. The change in aortic geometry of ATAA subjects showed decreased
WSS, TAWSS, elevated OSI, RRT, viscosity and RPI near the ascending aortic region compared to healthy subjects. Since the
results presented here were based on age-sex-matched two healthy and diseased subjects each, further investigations will have
to be conducted using the presented framework in order to verify these results on a larger cohort of patients to finally elucidate
the link between deranged hemodynamics, ascending aortic geometry, inlet angle and wall mechanical properties in ATAAs.
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50.5 mm)

• FIGURE S15. TAWSS values obtained for various aortic diameters and inlet angles near the ascending thoracic aorta in
healthy and diseased subjects

• FIGURE S16. Evolution of OSI for different cases over different stages of aneurysm growth with the constant aorta inlet
angle (Patient A - female, age 71 years with ATAA and inlet angle (�) is 28.78o; Healthy A - female, age 69 years healthy
and inlet angle (�) is 43.93o)

• FIGURE S17. Evolution of OSI for different cases over different stages of aneurysm growth with a constant aorta inlet
angle (Patient B - female, age 54 years with ATAA and inlet angle (�) is 38.02o; Healthy B - female, age 51 years healthy
and inlet angle (�) is 39.73o)

• FIGURE S18. Evolution of OSI for different cases over different aorta inlet angles with constant diameter (Patient A -
female, age 71 years with ATAA and diameter is 49 mm; Patient B - female, age 54 years with ATAA and diameter is
50.5 mm)

• FIGURE S19.OSI values obtained for various aortic diameter and inlet angle near the ascending thoracic aorta in healthy
and diseased subjects



26 R. JAYENDIRAN ET AL

• FIGURE S20. Evolution of viscosity at peak systolic pressure for different cases over different stages of aneurysm growth
with a constant aorta inlet angle (Patient A - female, age 71 years with ATAA and inlet angle (�) is 28.78o; Healthy A -
female, age 69 years healthy and inlet angle (�) is 43.93o)

• FIGURE S21. Evolution of viscosity at peak systolic pressure for different cases over different stages of aneurysm growth
with a constant aorta inlet angle (Patient B - female, age 54 years with ATAA and inlet angle (�) is 38.02o; Healthy B -
female, age 51 years healthy and inlet angle (�) is 39.73o)

• FIGURE S22. Evolution of viscosity at peak systolic pressure for different cases over different aorta inlet angles with
constant diameter (Patient A - female, age 71 years with ATAA and diameter is 49 mm; Patient B - female, age 54 years
with ATAA and diameter is 50.5 mm)

• FIGURE S23. Viscosity values obtained for various aortic diameters and inlet angles near the ascending aorta in healthy
and diseased subjects
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FIGURE S1 Bland-Altman plot showing 4D MRI vs CFD F loweccentricity obtained from time-averaged velocity profiles near
the ascending thoracic aorta region.
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FIGURE S2 Flow eccentricity contour obtained from CFD simulation
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FIGURE S3 Evolution of WSS at peak systolic pressure for different cases over different stages of aneurysm growth with a
constant aortic inlet angle (Patient A - female, age 71 years with ATAA and inlet angle (�) is 28.78o; Healthy A - female, age
69 years healthy and inlet angle (�) is 43.93o)
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FIGURE S4 Evolution of WSS at peak systolic pressure for different cases over different stages of aneurysm growth with a
constant aorta inlet angle (Patient B - female, age 54 years with ATAA and inlet angle (�) is 38.02o; Healthy B - female, age 51
years healthy and inlet angle (�) is 39.73o)
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FIGURE S5 Evolution of WSS at peak systolic pressure for different cases over different aorta inlet angles with constant
diameter (Patient A - female, age 71 years with ATAA and diameter is 49 mm; Patient B - female, age 54 years with ATAA and
diameter is 50.5 mm)
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FIGURE S6 Evolution of RRT for different cases over different stages of aneurysm growth with a constant aorta inlet angle
(Patient A - female, age 71 years with ATAA and inlet angle (�) is 28.78o; Healthy A - female, age 69 years healthy and inlet
angle (�) is 43.93o)
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FIGURE S7 Evolution of RRT for different cases over different stages of aneurysm growth with a constant aorta inlet angle
(Patient B - female, age 54 years with ATAA and inlet angle (�) is 38.02o; Healthy B - female, age 51 years healthy and inlet
angle (�) is 39.73o)
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FIGURE S8 Evolution of RRT for different cases over different aorta inlet angles with constant diameter (Patient A - female,
age 71 years with ATAA and diameter is 49 mm; Patient B - female, age 54 years with ATAA and diameter is 50.5 mm)
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FIGURE S9 Evolution of wall rupture risk index (RPI) based on stress at peak systolic pressure for different cases over different
stages of aneurysm growth with the constant aorta inlet angle (Patient A - female, age 71 years with ATAA and inlet angle (�)
is 28.78o; Healthy A - female, age 69 years healthy and inlet angle (�) is 43.93o)
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FIGURES10Evolution of wall rupture risk index (RPI) based on stress at peak systolic pressure for different cases over different
stages of aneurysm growth with a constant aorta inlet angle (Patient B - female, age 54 years with ATAA and inlet angle (�) is
38.02o; Healthy B - female, age 51 years healthy and inlet angle (�) is 39.73o)
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FIGURE S11 Evolution of wall rupture risk index (RPI) based on stress analysis at peak systolic pressure for different cases
over different aorta inlet angles with constant diameter (Patient A - female, age 71 years with ATAA and diameter is 49 mm;
Patient B - female, age 54 years with ATAA and diameter is 50.5 mm)
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FIGURE S12 Evolution of TAWSS for different cases over different stages of aneurysm growth with a constant aorta inlet angle
(Patient A - female, age 71 years with ATAA and inlet angle (�) is 28.78o; Healthy A - female, age 69 years healthy and inlet
angle (�) is 43.93o)
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FIGURE S13 Evolution of TAWSS for different cases over different stages of aneurysm growth with a constant aorta inlet angle
(Patient B - female, age 54 years with ATAA and inlet angle (�) is 38.02o; Healthy B - female, age 51 years healthy and inlet
angle (�) is 39.73o)
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FIGURE S14 Evolution of TAWSS for different cases over different aorta inlet angles with constant diameter (Patient A -
female, age 71 years with ATAA and diameter is 49 mm; Patient B - female, age 54 years with ATAA and diameter is 50.5 mm)
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FIGURE S15 TAWSS values obtained for various aortic diameters and inlet angles near the ascending thoracic aorta in healthy
and diseased subjects
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FIGURE S16 Evolution of OSI for different cases over different stages of aneurysm growth with a constant aorta inlet angle
(Patient A - female, age 71 years with ATAA and inlet angle (�) is 28.78o; Healthy A - female, age 69 years healthy and inlet
angle (�) is 43.93o)



R. JAYENDIRAN ET AL 43

Patient B

Baseline 1st Year 5tℎ Year 10tℎ Year

Healthy B

Baseline 1st Year 5tℎ Year 10tℎ Year

FIGURE S17 Evolution of OSI for different cases over different stages of aneurysm growth with a constant aorta inlet angle
(Patient B - female, age 54 years with ATAA and inlet angle (�) is 38.02o; Healthy B - female, age 51 years healthy and inlet
angle (�) is 39.73o)
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FIGURE S18 Evolution of OSI for different cases over different aorta inlet angles with constant diameter (Patient A - female,
age 71 years with ATAA and diameter is 49 mm; Patient B - female, age 54 years with ATAA and diameter is 50.5 mm)
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FIGURE S19 OSI values obtained for various aortic diameters and inlet angles near the ascending thoracic aorta in healthy and
diseased subjects
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FIGURE S20 Evolution of viscosity at peak systolic pressure for different cases over different stages of aneurysm growth with
a constant aorta inlet angle (Patient A - female, age 71 years with ATAA and inlet angle (�) is 28.78o; Healthy A - female, age
69 years healthy and inlet angle (�) is 43.93o)
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FIGURE S21 Evolution of viscosity at peak systolic pressure for different cases over different stages of aneurysm growth with
a constant aorta inlet angle (Patient B - female, age 54 years with ATAA and inlet angle (�) is 38.02o; Healthy B - female, age
51 years healthy and inlet angle (�) is 39.73o)
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FIGURE S22 Evolution of viscosity at peak systolic pressure for different cases over different aorta inlet angle with constant
diameter (Patient A - female, age 71 years with ATAA and diameter is 49 mm; Patient B - female, age 54 years with ATAA and
diameter is 50.5 mm)
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FIGURE S23 Viscosity values obtained for various aortic diameter and inlet angle near the ascending thoracic aorta in healthy
and diseased subjects
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