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approach is too simplistic and overlooks other morphological parameters that are
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associated with the risk of rupture. The aim of this paper is to study the
thrombogenicity and to predict the risk of AAA rupture by taking into consideration the
geometrical asymmetry of the aneurysm, studying its effect on blood flow behaviour
and vortical structure, spatiotemporal distribution of wall shear stresses (WSS), and
their related parameters. To show the effect of asymmetry on blood flow dynamics
and hemodynamic forces, five virtual models were constructed using five values of
geometrical asymmetry ratio B ranging from p=0.2 (asymmetric model; AM) to B=1
(symmetric model; SM). Simulations were run for each geometry under transient
physiological flow conditions using finite volume discretization. Resting flow rate was
investigated in these models and our results demonstrate that the asymmetry of the

Keywords: aneurysm has a clear effect on the flow behaviour, and consequently on WSS
Hemodynamics; CFD; Abdominal Aortic distribution, oscillatory shear index (OSI) and time averaged wall shear stress (TAWSS).
Aneurysm; Geometry; Thrombus; Furthermore, these preliminary findings suggest that thrombus formation and rupture
Rupture. risk are more probable in an asymmetric abdominal aortic aneurysm.

1. Introduction

Abdominal aortic aneurysm (AAA) is characterized by a deformation and a localized dilatation of
the abdominal aorta (usually infrarenal) to at least one and a half times the diameter of the healthy
aorta. AAA is one of the most common cardiovascular diseases, with a prevalence of 6-8 % for people
over 65 years old, reaching up to 10% for 80 years old male subjects [1]. The average prevalence of
AAA was 5.7% in the literature until February 2013 [2]. A complication of AAA is a sudden rupture,
and this accounts for up to 4 to 5% of all sudden deaths according to Schermerhorn [3], and is ranked
as the 14th most common cause of death in the world [4].
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AAA is also characterized by a high mortality rate during and after surgery which prompted some
authors to suggest that subgroups of patients might be excluded from surgery [5,6]. In the US, the
incidences of AAAs reach up to 55,000/year and the incidence of AAA rupture is 10,000 [7].
Sakalihasan et al., [8] reported that the number of deaths caused by ruptured aneurysms is about
8,000 and 15,000 patients in the UK and in the USA respectively.

Assessing the risk of rupture is extremely important in reducing AAA mortality. Currently, the
most commonly used criterion to select eligible patients for surgery relies on the measurement of
the AAA maximum diameter [9,10]. Surgery is recommended when the maximum diameter reaches
5.5 cm; however, many surgeons have observed that some AAAs became greater (11 or 12 cm) and
remained unruptured, whilst others were smaller (<5.5cm) could break abruptly [11,12]. This
evidence suggests there is a need to better stratify the risk for AAA rupture by determining additional
criteria to help surgeons make clinical decisions regarding surgical intervention and management of
patients with AAA.

Several researchers have studied the effect of aneurysm geometry and the mechanical behaviour
of the wall on hemodynamic forces [13-15].The fact that AAA is often associated with deposition of
blood clots and cell debris in the intraluminal thrombus (ILT), as well as the breakdown of connective
tissue in the wall, which plays an important role in rupture and remodelling of the wall, makes the
fluid dynamicsin AAA, including the evolution of velocity and wall shear stress, a very promising index
to improve prediction of AAA rupture.

Several numerical studies show that, compared to reconstructed geometries from medical
imaging, virtual aneurysm models are more useful for parametrical studies [16,17]. The use of
idealized geometry was adopted in many studies concerning AAA and other cardiovascular diseases
[15-22]. The models do not preserve the physiologically correct geometry, but they still retain
important physical processes that occur in an AAA [23].

Some numerical studies have been done on the hemodynamic characteristics of symmetric and
asymmetric idealized models, and experimental modelling studies have been carried out by Salsac et
al., [17]. The study by Finol et al., [25] was devoted to the understanding of the relation between the
aneurysm asymmetry and the WSS distribution. In a study by Soudah et al., [24], many geometric
parameters including the asymmetry were tested.

In this work, the relationship between hemodynamic and WSS during the cardiac cycle for
different symmetric and asymmetric geometries of aneurysm was studied. To the best of our
knowledge, this is the first study to provide a detailed analysis in idealized symmetric and asymmetric
aneurysms, including flow behaviour, WSS, vorticity, oscillatory shear index (OSI), and time averaged
wall shear stress (TAWSS), which are very important factors for the understanding of thrombus
formation and rupture risk evaluation.

2. Methodology
2.1 Geometries

The adopted geometries have a diameter of d = 2 cm in inlet and outlet, and a maximum
diameter of D = DAAAmax = 3d in the median section of the AAA sac (see Figure 1). The asymmetry

ratio B is:

(3:5 (1)
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where ris the radius measured at the medial section of an AAA sac from the longitudinal part toward
the posterior part and R is the radius measured at the medial section of an AAA sac from the
longitudinal part toward the anterior part. f=1 corresponds to a symmetric AAA.

The aneurysm lumen geometry is given by:

_fd(cos(=(z—6d) +2 3d<z<9d
‘p(Z)_{ (oo q ) lo <7< 3dand 9d < 2 < 124 2)

3 (1-
8(2) = (175) (0@ — ) 3)
Where @(z) define the diameter of the aneurysm sections along the aorta (axis z) and 8(z) define its

deviation from the centre (Figure 1).
B ={0.2,0.4,0.6,0.8, 1} Has been considered, corresponding to five different geometries of AAA

as proposed by Scotti et al., [26].
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Fig. 1. Geometry of the AAA models (asymmetric
model with asymmetry ratio  =0.4 is Model is
illustrated) (a) Cross section (b) Vertical section

2.2 CFD Simulation

Mesh sensitivity studies were performed with the aim of defining the optimum computational
domain for each AAA models. The software Gambit 2.4.6 (Ansys Inc.) was used for the mesh
generation. For the symmetric model (SM), the mesh was changed from 886950 elements (1068637
nodes) to 1503607 elements (1777500 nodes), and from 888973 elements (1070657nodes) to
1475241 elements (1744138 nodes) for the AM. The resolution of the boundary layer, as shown in
Figure 2(b), was adapted near the wall and the cell adjacent to the wall satisfied Eq. (4); this ensures
accurate estimations of velocity gradients, and wall shear stresses near the wall. The optimum mesh
size was determined once the peak wall shear stress does not increase by more than 2%. Based on
this analysis, the final hexahedral meshes’ grids were constructed (# $=0.2 (AM): 1,241,376 elements;
#3=0.4:1,204,320; # $=0.6: 1,176,528; # [3=0.8: 1,162,632; # =1 (SM): 1,148,736).
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Vo /;” <1 (4)

where y,, is the distance between the wall and centre of the adjacent mesh cell, v, is the free-stream
velocity, v is the kinematic viscosity of the fluid and x is the distance along the wall from the starting
point of the boundary layer.

The workstation used to perform the simulations in this work is with two Xeon E5-2660
processors and 16 GB of RAM. The run time was 69 hours and 33 minutes for each cardiac cycle in
the case of the SM, and approximately 81 hours and 9 minutes for the AM. Five cardiac cycles were
simulated to minimize the influence of initial conditions, and the last cycle was considered in our
results.

A no-slip boundary condition was imposed at the wall supposing that it is rigid. In fact, the wall of
the AAAs become stiffer following the loss of elastin and their compliance is nearly negligible
compared to a healthy aorta [27,28]. This hypothesis was adopted in many studies concerning aorta
and AAA [20,21,29-34].

At the geometry inlet, a pulsatile velocity is applied (Figure 2(a)) which is justified by the fact that
this condition is applied to the unexpanded section of the anterior portion of the abdominal aorta
and a free pressure boundary condition was imposed at the geometry outlet. These hemodynamic
conditions were referred to in previous studies [25,35]. The temporal variations of these physiological
velocity inlet condition were reproduced by Fourier series of order 16th for velocity and implemented
through a User_Defined_Function (UDF) script.

Inlet . _,

Velocity (cm/s)

5
0
5 0 o102 03 04 05 06 07 08 09 1
Time (s)
a) b)
Fig. 2. Boundary conditions (a) Velocity waveform and (b) Boundary
layer mesh (SM 3 =1 is illustrated)

In order to avoid numerical instabilities, the inlet and outlet boundaries were extended by three
times the diameter of the healthy part of the aorta (Figure 1). The natural frequency of the pulsatile
flow is set to w = 2mrad/s, with a period T = 1s.

2.3 Governing Equations

Even if blood is a suspension of cells in plasma, in large-sized vessels, the non-Newtonian
behaviour of blood is limited, and it begins to play a role in vessels smaller than 1 mm in diameter
[35-37]. Pedley and Fung [38] shows that in vessels greater than approximately 0.5 mm in diameter
it is reasonable to model blood as a Newtonian fluid.
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This assumption was adopted in most of the previous works, where blood is considered as an
incompressible and Newtonian fluid, with a homogeneous dynamic viscosity of 0.0035 Pa.s, and
density of 1,050 kg/m3 [30,39]. The flow in the abdominal aorta is hence described by the
incompressible Navier-Stokes equations:

d
pg = —Vp+pudv (5)
V.v=20 (6)

Where p is the density of the blood, p is the pressure of the blood and p is dynamic viscosity of the
blood.

In this study the Finite Volume Method (FVM) was adopted to solve the governing equations and
to predict the time-dependent flow through three-dimensional abdominal aortic aneurysm geometry
by using Fluent (Ansys, Inc.) with the implicit solver. A second-order upwind scheme was used for
spatial discretization and the PISO (implicit operator splitting pressure) algorithm for pressure-
velocity coupling. The time-step size was taken equal to 1073s, which is equivalent to 1000 time-
steps for each cardiac cycle using the iterative time advancement scheme. The convergence criteria
for the continuity and the velocity are in the order of 107 and 107>, respectively.

2.4 Wall Parameters’ Analysis

Many hemodynamic wall parameters including WSS and OSI, and TAWSS were documented [40].
An in-house MATLAB code (The Mathworks Inc.) was used for the post-processing and the calculation
of those parameters [41].

In detail, WSS is defined as:

wss = |1 (Z_;)y=o (7)

where y Is the distance to the wall.

OSI represents the temporal variation in WSS direction which has been shown to affect the
endothelial cells” behaviour and vessel wall thickness. It is defined as:

T
0SI = %(1 _ M) (8)

f(;rlwssl dt
where |f0T WSS dt| is the magnitude of time-Averaged WSS (TAWSS) vector. TAWSS is defined as:

TAWSS = [ |wss| dt (9)
2.5 CFD Validation

To validate our numerical model, we performed a comparison of the axial velocity profile at the
centre of the aneurysm with the experimental and numerical data of Budwig et al., [42] for steady

flow through the axisymmetric AAA model (as shown in Figure 3(b) and Figure 3(c)). The simulations
are carried out at Re = 400, aneurysm-to-artery diameter ratio D/d=2.1, and an aspect ratio of the
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aneurysm L/d=4 (L is the length of the aneurysm). The results generated in the present numerical
simulation show good agreement with the experimental and numerical results [42]. The flow feature
characterized by the formation recirculating vortex was in agreement with in vitro studies (as shown
in Figure 3(b)) [42]. The shape of the aneurysm was not detailed in a study by Budwig et al., [42]. The
slight difference in our velocity profile (in which the dome of the profile is slightly larger) compared
could be due to the possible difference in the shape of our aneurysm, experimental and numerical
results [42].

M.F..h a Prese?t Numerical I.iesults
L '\ e Budwig et al (Experimental)

0,8 %o '\ +—Budwig et al (Numerical)

0,7

0,6

o
3o,s
D04
03
0,2
0,1
0
01 °
a)
= . 2
Numerical - Present Study
b) c)

Fig. 3. Model with Re=500, R/r0 = 2.1 and L/r0 = 8. (a) Comparison of
steady profile across the centre of the AAA with experimental and
numerical results, (b) Streamlines using present numerical model and
(c) Profile across the centre of the AAA

3. Results
3.1 Flow Behaviour in an AAA

Figure 4(a) shows the general features characteristics of the flow with reference to the symmetric
aneurysm (B= 1). At the inlet of the aneurysm (distal neck), a jet is formed and enters into the
aneurysmal sac; this result is in perfect agreement with the experimental results of Deplano et al.,
[43]. The velocity gradient between the jet flow and the surrounding parts produces shear layers,
generating vortices detected in the horizontal and vertical vorticity contours and in velocity vectors
(see Figure 4 and Figure 5).

The general characteristics of the flow in our results, the vortex formation, the impingement of
the jet and regions of high and low WSS, are in good agreement with those in prior experimental
studies [23,43].

65



CFD Letters
Volume 14, Issue 9 (2022) 60-74

. . -1
Vertical Horizontal Vertical Horizontal (5] 300

1 0.3s . 285
270
255

240

0.4s _ ) - 225
_ . 210
195

180
165
150
135
120
105
90
75
60
45
30
15
0

Blood Flow
Blood Flow —
—

(a) (b)
Fig. 4. Vorticity temporal evolution [s-1] for (a) Symmetric Model (SM) and (b) Asymmetric
Model (AM), in vertical and horizontal planes respectively
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Fig. 5. Velocity vectors temporal evolution [cm/s] for (a) Symmetric Model (SM) and (b) Asymmetric
Model (AM), in vertical and horizontal planes respectively

3.2 Flow Dynamics and Vortical Structure Discussion
The effect of the asymmetry on the flow patterns and vortical structures is shown in Figure 6

where the time evolution of 3D vortical structures by the isosurfaces of A2-Criterion Jeong and
Hussain [44] is reported.
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According to the results presented in the previous section, the aneurysm asymmetry is directly
proportional to the earlier separation of the flow, and the vortex occurring in asymmetric aneurysms
persist for a longer period compared to those occurring in symmetric aneurysms; in particular, these
vortices persist throughout the cardiac cycle for the completely AM. This persistence is due to the
separation of the fluid caused by the abrupt change of the section creating areas with large velocity
gradients, the velocity gradient produces a stronger vortex. For the AM, the vortices which are
produced during the deceleration phase are still present at the diastolic peak and roll-up from the
proximal neck (enlargement) impinging on the distal neck (narrowing) (see Figure 6).

In the SM, the vortex ring (VR) starts from the proximal neck during the acceleration phase and
is transported along the bulb of the aneurysm to the distal neck. The shape of the VR is conserved
and does not change until the end of the cycle. A different behaviour is observed in the Figure 5(b),
which represents the temporal evolution of the vortex structure in the case of an AM. In the
asymmetric aneurysm, the vortex core spreads across the bulb and impacts the distal/anterior wall
forming fluctuation zones.

wsse) [ i .

Fig. 6. Temporal iso-surfaces of 12-Criterion with threshold value of -10 [s2] with wall
coloured by WSS [Pa] at t=0.3, 0.4, 0.51 and 0.69 respectively from left to right. [SM:
upper line and AM: Lower line]

As shown in Figure 7, in the case of AM with symmetry factor equal to 0.6, the VR starts to form
at t=0.3s (systolic peak) in the proximal neck, and its shape becomes complete at t=0.45s. Considering
this time frame as the starting instant of the VR, Figure 7 demonstrates its persistence until the same
time frame of the next cardiac cycle; however, its shape is lost at t=0.3s and the ring opens close to
the posterior wall. This evidence confirms that the shape and the persistence of the VR are in an
inverse relationship with the asymmetry of the aneurysm.
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Fig. 7. Temporal iso-surfaces of swirling strength using a threshold
value of 10 [s}] for the model B = 0.6

3.3 Wall Shear Stress Analysis

In addition to the endothelial layers’ thrombogenic function, they are also the mechano-detecting
elements which detect the local blood flow conditions and induce autocrine stimulation. In vivo and
in vitro studies demonstrate the destructive effect of low and oscillatory WSS on the endothelial
function and their effect on intimal thickening [37,45]. Under physiologic shear stress, the endothelial
cells are aligned to the flow direction, which differs from the low shear stress case [37,46]. Regions
of low WSS are also associated with rupture and expansion sites of the AAAs [47,48]. The high level
of WSS leads to athero-protective endothelial phenotype and decreases the expression of the
vasoconstrictor [37].

Figure 8 and Figure 9 show the contours of WSS in the SM and AM across three instances of the
cardiac cycle. By analysing these figures, it can be observed that during systolic acceleration, WSSs
are greater in the healthy part of the aorta (the unexpanded part) than in the wall of the aneurysm
sac, which remains in this condition until it reaches WSS-max at the systolic peak t=0.3s; this
observation is valid both for symmetric and asymmetric aneurysm models. The distal and proximal
necks are subjected to very high WSS, in contrast to the sac of the aneurysm where low WSS occur.
During the deceleration phase, the WSS-max values are still in the two necks, and this configuration
persists for the remaining period of the cardiac cycle (see Figure 8(a) and Figure 8(b) at t=0.69s).
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Fig. 8. WSS contours [Pa] in vertical and horizontal plane respectively in (a) SM and (b) AM: at
t=0.3s systolic peak, at t=0.4s and at diastolic peak t=0.69s

Figure 9(a) to Figure 9(f) show the time evolution of WSS in the five aneurysm models. By
analysing this figure, it can be observed that the WSS curvature in the proximal neck is almost the
same in the anterior wall represented by P1 (Figure 9(a)), and in the posterior wall, represented by
P1' (Figure 9(b)). In the aneurysm sac, the anterior wall (Figure 9(c)) is subjected to WSSs that are
lower than those experienced by the posterior wall (Figure 9(d)); also, in this case, the WSS-max
becomes lower on the anterior wall when the level of asymmetry increases. By contrast, in the distal
neck, the WSSs are highest in the anterior wall (Figure 9(e)) than in the posterior one (Figure 9(f)).
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Fig. 9. WSS temporal evolution [Pa] in the models (+p=1 = =0.8 +B=0.6 -
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(P2%), (e) In distal neck / anterior wall (P3), (f) in distal neck / posterior wall (P3’)

3.4 Analysis of TAWSS and OSl

Figure 10 and Figure 11 respectively show the InvTAWSS and OSI for the SM and the AM
(InvTAWSS the inverse of the TAWSS is displayed for visualization purpose to better detect regions
of low TAWSS). The posterior, anterior, left and right views are shown.

The OSI contours (see Figure 11) in the AAA models predict similar behaviour featured by high
values in the aneurysm sac. High OSl values are encountered at the wall part near to the recirculation
zones. Although these values reach the maximum (0OSI=0.5) in some regions the case of AM in the
anterior part of the wall, this region is subjected to the vortices which were seen earlier in section
3.2. An OSl close to 0.5 indicates a region with completely oscillating WSS. In the SM the entire sac is
subjected to oscillating WSS (High OSl values), this could be related to the vortex ring detected in this
model. The TAWSS in this model is higher than the AM (InvTAWSS reaches highest values in the
asymmetric model AM compared to the symmetric model SM as shown in Figure 10).

Regions where large OSl and small TAWSS (High InvTAWSS) are concomitant, indicate an elevated
thrombogenic susceptibility. Da Silva et al., [49] report that ruptures occurred in the region of

intraluminal thrombus (ILT) in 80% of AAA.
(a) (b)

Fig. 10. InvTAWSS contours [Pa-1] in SM (left column) AM (left
column) [(Views :P: posterior, A: anterior, L: left, R: right)]
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The notion of minimum values of the WSS has significant effect on the rupture of abdominal
aortic aneurysm Boyd et al., [47]. The low values of WSSs are observed in the aneurysm sac where
recirculation zones have appeared. The asymmetry of the aneurysm has a clear effect on the flow
behaviour, the recirculation zones formation and consequently on WSS and its derivatives
distribution recent studies. Previous studies were devoted to the understanding of the relationship
between vortical structure and ILT accumulation and WSS derivatives showing the importance of CFD
as possible tool to help clinicians [50].

4. Conclusions

In this study, a detailed parametric analysis of flow dynamics using five virtual AAA models was
performed numerically; the spatial distribution and the temporal evolution of wall shear stresses
were also studied. In addition, hemodynamic parameters such as OSl and TAWSS were analysed to
define the effect of AAA asymmetry on a possible risk of rupture and on the promotion of thrombus
formation.

The general characteristics of flow in AAA can be summarized by the formation of a jet that enters
the aneurysm, which velocity gradient with respect to the surrounding stationary flow area generates
shear layers that evolve creating vortices. Importantly, the development of these vortices is highly
influenced by the symmetry of the aneurysm: in the case of an asymmetrical aneurysm, the vortex
persists longer than in a symmetrical one. These changes, compared to the flow characteristics in a
healthy artery, result in significant changes in the spatial and temporal distribution of wall shear
stresses that act on the endothelial cells.

The presented results show that the aneurysm is also subjected to low and oscillating wall shear
stresses, with an OSI close to 0.5 in the case of an SM in the entire aneurysm sac. Such conditions
favour intraluminal thrombus (ILT) formation and endothelial dysfunction. The results of this detailed
CFD study confirm that the asymmetry of the abdominal aortic aneurysm potentially increases its
likelihood of rupture and the ILT formation. Although the studied symmetric and asymmetric AAA
models have an equal maximum diameter, the asymmetry of AAA has a clear impact on the flow
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behaviour and WSS derivatives values which could favour their susceptibility to rupture and the
formation of ILT.

Despite the limitations of our study, our results provide an interesting data for the understanding
of the hemodynamic properties in AAAs, and how CFD study could be useful for clinicians in the
prediction of the likelihood of AAA rupture. This study needs to be enlarged to a cohort of patients
with ruptured and unruptured AAAs in order to validate its impact on the improvement of risk
stratifications due to flow-derived biomechanical bio-markers.
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