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Abstract: Hemodynamics plays a crucial role in the growth of an abdominal aortic aneurysm (AAA) and its possible rupture. Due
to the serious consequences that arise from the aneurysm rupture, the ability to predict its evolution and the need for surgery are of
primary importance in the medical field. Furthermore, the presence of intraluminal thrombus (ILT) strongly affects the evolution
of the pathology. In this study, we analyzed the influence of hemodynamics on the growth and possible rupture of AAAs. Nu-
merical investigations of pulsatile non-Newtonian blood flow were performed in six patient-specific AAAs reconstructed from
diagnostic images, having different sizes and shapes, and with or without ILT. Wall shear stress and vorticity distribution in the
bulge and their evolution during the cardiac cycle were analyzed. The results indicate that blood flow dynamics acts synergistically
with atherosclerotic degeneration in the development of the disease. The high surface complexity and tortuosity of the aneurysms
significantly affect the blood motion, and the presence of inflection in the aneurysm centerline has a noticeable effect on the vortex
dynamics. Links between regions of slow recirculating flows, low values of time-averaged wall shear stress, high values of os-
cillatory shear index, and zones of ILT deposition were found. In the absence of ILT, possible thrombus accumulation areas and
consequent aneurysm growth were identified. The findings of this study highlight the importance of hemodynamics in assessing
the vulnerability of the aortic wall and underline the crucial role of patient-specific investigations in predicting the rupture of
individual aneurysms.
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1 Introduction Factors reducing aortic wall integrity and in-
creasing the risk of rupture include wall asymmetry,
heterogeneity, and low compliance of the wall. When
the stress on the aneurysm wall exceeds the wall
strength, the dilated artery ruptures, causing a hem-

orrhage which is frequently lethal. From a medical

An abdominal aortic aneurysm (AAA) is a dila-
tion of the aortic wall localized between the renal
arteries and the iliac bifurcation. An aortic dilatation
is considered an aneurysm when it involves an in-

crease in diameter above 50% with respect to the
diameter of a healthy aorta, which is about 2.0 cm in
the abdomen (Gopalakrishnan et al., 2014; Kent,
2014).
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point of view, even today, the size of the aneurysm is
considered the best predictor of this dramatic event.
While the size and shape of a healthy aorta do not
change much in different subjects, there are large
variations in aneurysm geometry, and therefore large
differences in the shear stress to which the arterial
wall is subjected (Gasser et al., 2010; Xenos et al.,
2010). These stresses are larger than those of a
healthy aorta, due to the different sizes, shapes, and
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stiffnesses of the aneurysm. Nevertheless, non-
homogeneity of the aneurysmal wall implies changes
at the local tissue level that alter the mechanical
properties and the thickness of the wall as the aneu-
rysm progresses. This suggests that AAA wall
strength is not related only to the maximum transverse
diameter (di Martino et al., 2006). Confirming this,
findings from clinical trials and autopsies have shown
both the rupture of small/medium AAAs and the
perfect integrity of large AAAs over long periods
(Darling et al., 1977; Nicholls et al., 1998; Vorp,
2007; Gopalakrishnan et al., 2014; Huang et al., 2016;
Laine et al., 2016; Haller et al., 2018). This makes the
choice of surgery more difficult for physicians, as the
risk of the repair is also high (Lasheras, 2007), and
shows that the maximum diameter of the aneurysm
cannot be the only indicator of the probability of
rupture.

Therefore, it is necessary to consider not only
anatomical indications, but also hemodynamic factors
that act synergistically with atherosclerotic degener-
ation in the development of the disease and in the
associated risk of rupture, to predict the rupture of the
aneurysm and plan surgery.

Significant but controversial effects on aneu-
rysmal pathology can be produced by the presence of
intraluminal thrombus (ILT). Most AAAs, especially
the larger ones, have a thrombus between the external
aortic wall and the lumen, which is the region where
the blood flows (Li and Kleinstreuer, 2007; Doyle et
al., 2014). An ILT is an accumulation of fibrin, blood
cells, platelets, blood proteins, and cellular debris
adhering to the AAA inner wall. It is commonly found
in most AAAs and it is associated with the progres-
sion of the disease. In particular, ILT was observed
near the site of rupture in 80% of autopsies (da Silva
et al.,, 2000), and was often associated with local
hypoxia and wall weakening (Vorp et al., 2001).
Moreover, the wall underlying ILT is thinner than the
wall exposed to blood, and shows signs of inflam-
mation and proteolytic degradation (Vorp et al., 2001;
Swedenborg and Eriksson, 2006).

The causes of ILT, the ways in which it grows
and the role it plays in the evolution of the disease are
important elements under study. The mechanism
leading to ILT formation is complex and not fully
understood. According to some studies, platelets
subjected to high shear stress are activated and ag-

gregate. Due to the recirculation motion inside the
aneurysm, they become trapped in a vortex ring,
which carries them in its propagation from the
proximal to the distal end of the aneurysm. The
platelets are then released during the break up of the
vortex and adhere to regions with low shear stress
where they enter into contact with the susceptible
endothelium, thus initiating the formation of a
thrombus (Bluestein et al., 1996; Lasheras, 2007;
Biasetti et al., 2010; di Achille et al., 2014; Bhagavan
et al., 2018).

Once an ILT is deposited, it is likely that a fur-
ther accumulation process is favored in the same
place. In most cases, the thrombus covers only some
areas of the aneurysm where there are signs of elastic
degradation and inflammation, and where the under-
lying wall is thinner than that without ILT deposition
(Swedenborg and Eriksson, 2006). Both the presence
of ILT and its thickness influence aneurysm growth
(Vorp et al., 2001; Kazi et al., 2003; Swedenborg and
Eriksson, 2006; Li et al., 2008; Qiu et al., 2019; Zhu
et al., 2020). Several researchers reported that the
presence of ILT reduces peak wall stress in abdominal
aneurysms, with a beneficial effect against rupture
(Wang et al., 2002; Li et al., 2008; Georgakarakos et
al., 2009). Despite these results, the presence of a
thrombus appears overall to be negative, because the
ILT-covered wall is thinner than the surrounding wall,
and rich in inflammatory cells (Kazi et al., 2003).
Recently, the presence of ILT has been associated
with early rupture of small AAAs, although they have
shown a reduced peak wall stress (Haller et al., 2018;
Qiu et al., 2019). In fact, the protective effect that ILT
can furnish by reducing the stress on the artery wall is
sometimes canceled by the weakening of the vessel
wall produced by thrombus deposition (Speelman et
al., 2010). Therefore, ILT accumulation can be con-
sidered as an index of high-risk of rupture for small
aneurysms (Haller et al., 2018) and a predictor of
AAA growth (Zhu et al., 2020).

Wall shear stress (WSS) on the lumen wall plays
an important role in the development of an aneurysm,
its eventual rupture, and the formation of any
thrombus. The non-physiological values that occur
during the cardiac cycle contribute to the degradation
of the wall and the progression of AAA. Recently,
simulating steady blood flows in realistic geometries
of rupted AAAs, Boyd et al. (2016) found that rupture
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occurs at regions of flow recirculation, where low
WSS and thrombus deposition predominate. Differ-
ently, in unsteady blood flows, which characterize
AAAs, low time-averaged wall shear stress (TAWSS)
and recirculating blood flow have been suggested as
being responsible for the deterioration of the arterial
wall (Cecchi et al., 2011; Tarbell et al., 2014; Kelsey
et al., 2017; Takehara et al., 2020). In unsteady blood
flow, a high oscillatory shear index (OSI) has also
been recognized as inducing an inflammatory re-
sponse (Sorescu et al., 2004). The role of WSS was
investigated by Scardulla et al. (2017) in relation to
the use of a left ventricular assist device to treat ad-
vanced cardiac heart failure.

Thus, while unidirectional shear stress is asso-
ciated with a healthy state, regions characterized by
low WSS and high OSI are susceptible to thrombus
formation and consequently to a higher risk of aneu-
rysm rupture. Furthermore, compared to healthy aorta
values, lower WSS and higher OSI values have been
found in the aneurysm dilatation (Takehara et al.,
2020), and the altered non-physiologic shear stress
was indicated to promote the growth and possible
rupture of the aneurysm (Cecchi et al., 2011).

In particular, low values of WSS are associated
with a negative effect on the normal physiology of the
endothelial cells and may contribute to local remod-
eling of the vessel wall, and aneurysm growth and
rupture. Recent findings confirmed that endothelial
cells exposed to low WSS with variable direction are
activated and show inflammation (Gijsen et al.,
2019). Non-physiologic low WSS with a high OSI
characterizes the flow field in AAA, as shown also by
a recent in vivo assessment with 4D-flow magnetic
resonance imaging (MRI) (Takehara et al., 2020).
Moreover, the low-velocity blood flow inside an an-
eurysm results in an increased residence time of the
blood circulating particles near the aneurysm wall,
thus extending their interactions with vascular endo-
00 0 O0F2ER 22
particles have prolonged contact with the wall and
their adhesion is inversely related to the WSS (Hinds
et al., 2001). In addition, the complex and asymmet-
rical geometries of the abdominal aneurysms deter-
mine the complex distributions of the WSS in space
and time. The development and consequences of this
pathology are peculiar to each patient and underline

the need for a patient-specific hemodynamic analysis.
Despite the influence of the numerous factors previ-
ously described, it seems reasonable to think that the
AAA rupture can occur in areas with recirculation and
low WSS and where ILT accumulated, in which the
wall could be particularly weak (Wolf et al., 1994;
Stenbaek et al., 2000; Kazi et al., 2003; Koole et al.,
2013; Qiu et al., 2019).

To provide physicians with more complete and
reliable indicators to describe the progression of the
aortic disease, this study highlights how computa-
tional fluid dynamics can represent a fundamental
diagnostic support tool for predicting the evolution of
the disease and supporting its treatment (Pasta et al.,
2017). The understanding of the phenomena associ-
ated with local hemodynamics, the evaluation of WSS,
and the analysis of the complex interactions between
blood flow and inflammatory processes of the artery
wall are crucial in assessing the possibility of aneu-
rysm rupture. However, the unsteady nature of the
pulsating flow, the particular rheological properties of
blood, as well as the presence of macro vortices, make
the analysis of the hemodynamic field extremely
complex. Some considerations on the hemodynamics
in AAAs with patient-specific geometry are present-
ed, analyzing the influence of geometry, tortuosity,
and the presence of ILT to identify areas of possible
rupture of the aneurysm wall. Numerical simulations
of blood flow in physiological conditions of pulsating
motion were carried out in six different AAAs char-
acterized by the presence of a thin (<5 mm) or thick
(>S5 mm) thrombus. The factors that can influence the
development and possible rupture of the aneurysmal
dilatation were analyzed, highlighting similarities and
differences among the various cases. In particular, 2D
streamlines on suitable longitudinal cross-sections, as
well as WSS and vorticity distributions in the bulge,
were determined throughout the cardiac cycle. Of
particular interest was the analysis of the spatial dis-
tributions of hemodynamic quantities averaged over
the cardiac cycle, such as time-averaged velocity,
TAWSS, and OSI, which allows the identification of
any areas that could be subject to rupture.

This paper is organized as follows. Firstly, the
methods and setting up of the study are presented. In
particular, the procedure for the 3D reconstruction of
the aneurysms from computed tomography (CT)
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images is described, and indications for the numerical
investigation are provided. The main results obtained
from the computational investigation of the hemo-
dynamics in pulsatile and non-Newtonian blood flow
conditions in the various aneurysms are then pre-
sented, with the aim of providing an understanding of
the blood flow in the AAAs and predicting rupture. In
particular, the spatial and temporal distributions of the
flow pattern and the WSS in the patient-specific
geometries are analyzed and their association with the
presence of ILT and the potential vascular rupture are
discussed. Finally, based on the fluid dynamics pa-
rameters examined and comparisons with recent lit-
erature, information is provided on the possible re-
gions of ILT formation and on the determination of
the areas in which AAA rupture could occur. The
results presented contribute to the understanding of
AAA biomechanics and the prediction of AAA rup-
ture to aid clinicians in planning the treatment of
AAAs.

2 Methods
2.1 Patient-specific model reconstruction

Patient-specific flow dynamics simulations can
provide valuable information on the evolution of
aneurysmal pathology and its associated risk of po-
tential rupture. The first step in simulating blood flow
in realistic geometries is the reconstruction of patient-
specific models from a set of medical images, ac-
quired by an available imaging technique such as
MRI or CT. Since the image segmentation process
provides the fluid domain to be used in the numerical
simulations, it is crucial to perform this step correctly.

Six anonymous patient-specific AAAs, differing
in terms of shape, dimensions of the enlargement, and
presence of ILT, were analyzed. For each case, a set
of images in DICOM (digital imaging and commu-
nications in medicine) format were acquired from CT
scans and used for 3D reconstructions. The individual
cases and the method of reconstruction of the patient-
specific geometries are illustrated below.

First, using the open-source medical imaging
acquisition ITK-SNAP software (v.3.8.0), a segmen-
tation process was performed to convert 2D slices into
3D geometric models suitable for use in computa-

tional analysis. In ITK-SNAP the segmentation pro-
cess involves several steps: (a) “snake”, i.e. identifi-
cation of the anatomical region of interest; (b)
“threshold”, i.e. adjustment of contrast values to
highlight the aortic lumen, which is the area of the
aneurysm affected by blood; (c) “bubbles radius and
iterations”, i.e. definition of the contour of the se-
lected aortic segment. All the patient-specific geom-
etries were reconstructed from a section of the aorta
from just below the renal arteries to the first part of
the iliac bifurcation. From the segmentation process,
a coarse 3D geometry of the AAA was obtained,
showing regions with irregular and rough edges.

To smooth the rough surface of the models,
further pre-processing was necessary. For this pur-
pose, the Meshmixer 3.5 software (Autodesk, Inc.,
San Rafael, California, USA) was used to better de-
lineate the aneurysmal area (“Sculpt”), cut the arterial
branches (“Separate”), and close the areas of the
eliminated arterial branches (“Autorepair”). Using
this tool, visceral arteries and other minor arteries that
branch off the aorta were occluded and the blood flow
was confined to the aorta.

Subsequently, the open-source software Vascu-
lar Modeling Tool Kit (VMTK, version 1.4.0) made it
possible to further smooth the surface and add cylin-
drical “flow extensions” to each model at the inlet and
outlets. The role of the extensions was to lengthen the
inflow and outflow zones to allow for flow devel-
opment before affecting aneurysmal dilatation, and to
mitigate boundary effects on numerical results. In all
cases, the lumen volume was cut below the iliac bi-
furcation and minor branches of the aorta were oc-
cluded. Once the preliminary processing of medical
images was completed, the specific geometry of each
aneurysm was ready to be used for numerical inves-
tigations in STL format. The patient-specific models
considered differed in the presence of curvature, neck
angle (roughly, the angle between the neck axis and
the centerline of the aneurysm in the initial region of
the enlargement), bulge asymmetry, and ILT.

The STL files obtained for each aneurysm from
the segmentation process were imported into ANSY'S
SpaceClaim (ANSYS Inc., 2020 R2), which allowed
the extraction of surfaces from the STL files. This
step consists in covering the entire surface of the 3D
models with a “skin” that defines the surface of the
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geometries to be used in the subsequent numerical
investigations. The procedure required particular care
to avoid errors that would alter the hemodynamic
field, and was carefully performed for all six exam-
ined cases.

All the processes illustrated above were per-
formed twice for the aneurysms characterized by the
presence of a thrombus >5 mm thick: once consider-
ing only the lumen region, and once including the
thrombus too. The two reconstructions were then
superimposed for analyzing the cross-interactions
between the hemodynamic field and the ILT. Seg-
mentation of thin-layer ILT (thickness<5 mm) was
not performed because the boundaries could not be
easily distinguished in CT images. For numerical
fluid dynamics investigation of blood flow, only the
lumen is obviously important, but the discussion and
the concluding remarks take into account the link
between the hemodynamic fields and the presence
and position of the intraluminal thrombus.

The six patient-specific AAAs were classified
into two groups, based on the thickness of the ILT.
The first group (class A) included the aneurysms that
did not have ILT or that had a very thin ILT (<5 mm).
The second group included AAAs with ILT thickness
of >5 mm (class B). There were two cases belonging
to class A (aneurysms A1, A2) and four belonging to
class B (aneurysms B1, B2, B3, B4). As previously

mentioned, for all AAAs belonging to class B
(>5mm) two reconstruction processes were per-
formed, one including the ILT region, and one with
only the area affected by the blood flow (lumen).
Fig. 1 shows the VMTK models obtained from the
reconstruction procedure for all examined cases, and
a rendering of the final geometries of the lumen.

2.2 Governing equations and numerical setup

Blood fluid dynamics in AAAs is difficult to
simulate accurately because the flow is pulsating,
blood is a non-Newtonian fluid, and the real geome-
tries are extremely complex.

Taking this into account, numerical simulations
were performed under pulsatile flow conditions,
modeling blood as an incompressible non-Newtonian
fluid with a dynamic viscosity ¢=0.0035 kg/(m's) and
density p=1060 kg/m’, and using the representative
vascular geometries obtained from the segmentation
process.

The mass and momentum conservation equa-
tions for an incompressible fluid and negligible grav-
ity force are:

V.ou=0, (1)

)

Fig. 1 Main steps of patient-specific aneurysm model reconstruction: (a) CT slices; (b) VMTK models; (c¢) final lumen

geometries
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where u is the velocity vector, ¢ is the time, p is the
pressure, and p is the density of the fluid. The devi-
atoric stress tensor 7 is a function of the strain rate
tensor D, according to the relation 7=2u(y)D,

where x is the dynamic viscosity of the fluid, 7 is the
shear rate, and D=(Vu+VuT)/2.

The numerical investigations were performed
using the commercial computational fluid dynamics
software ANSYS Fluent (2020 R2). The transient
formulations were performed under a Ist-order im-
plicit method, the “semi-implicit method for pressure-
linked equations” (SIMPLE) was used as pressure-
velocity coupling algorithm, and a 2nd-order upwind
scheme was adjusted for the spatial discretization of
momentum equations. For setting up the simulations,
the following basic assumptions were made. Firstly,
as widely accepted in recent literature (Soudah et al.,
2013; Lozowy et al., 2017; Patel et al., 2017; Qiu et
al., 2019), the abdominal aneurysm wall was assumed
to be rigid, due to the fact that AAAs become stiffer
with the progression of the disease. Two more basic
assumptions were the no-slip condition at the vascular
wall and the laminar flow condition.

For the examined cases, the mean and maximum
Reynolds numbers Re=pUD/u, calculated with the
diameter D of the healthy aorta, the blood density p
and dynamic viscosity x4, and the mean and maximum
velocities U respectively, are shown in Table 1.

Table 1 shows that throughout the cardiac cycle
the Reynolds number maintains values below 2300,
which is the threshold for transition to turbulence in
steady pipe flow, when Poiseuille’s law holds.
However, in this study, unsteady flow conditions of a
non-Newtonian fluid are considered. Thus, the lami-
nar flow condition is only an assumption, as often
used in the literature (Zambrano et al., 2016; Kelsey
etal., 2017; Qiu et al., 2019).

A realistic flow simulation in AAAs must con-
sider the complex rheological properties of blood,
which exhibits non-Newtonian behavior due to both
its composition of suspended cells and the ability of
red blood cells to deform and aggregate. In this study,
the shear-thinning behavior of blood was approxi-
mated using the Carreau rheological model in which
the dynamic viscosity varies according to the law:

n—1

u(7) =+ (= )1+ (A7) |7 3)

where 1o=0.056 kg/(m-s) is the viscosity at zero shear
rate 7, 1,=0.0035 kg/(m-s) is the viscosity for an
infinite shear rate, /=3.313 s is the relaxation time,
and n=0.3568 is the power-law index (Shibeshi and
Collins, 2005).

The unsteady pulsatile nature of the blood flow
was modelled by assigning appropriate physiological
boundary conditions. For the AAAs considered in this
study, the velocity and pressure waveforms were not
available. Therefore, typical velocity and pressure
pulses of the abdominal aortic segment were used. A
flat velocity profile v(¢), i.e. constant along the radial
direction, was assigned as the inlet boundary condi-
tion, and a physiological pressure waveform p(¢) was
prescribed at the outlet boundaries of the patient-
specific models (Fig. 2). At the inlet section of the
models, the peak systolic velocity of 0.3 m/s occurred
at =0.25 s, and a reverse flow velocity of —0.05 m/s,
corresponding to the diastolic minimum, was ob-
served at =0.51 s. The flow and pressure waveforms
were derived from Xenos et al. (2010).

The time step used for numerical integration was
0.005 s, two hundred times smaller than the period of
the cardiac cycle, which was 1 s. A maximum of 200
iterations were performed for each time step. The

Table 1 Mean Reynolds number and maximum Reynolds number for each of the examined aneurysms

Aneurysm Inlet diameter D (m) Mean Reynolds number Maximum Reynolds number
Al 0.020 536 1827
A2 0.018 482 1644
Bl 0.025 670 2283
B2 0.017 456 1553
B3 0.022 590 2009
B4 0.019 509 1735
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Fig. 2 Pulsatile velocity waveform prescribed at the inlet (a) and pressure waveform assigned at the outlet (b). The se-
lected instants of the cardiac cycle are shown in the velocity waveform

threshold value for velocity components and conti-
nuity residuals was set as 107, Three pulsatile cycles
were simulated, but only the third cycle was analyzed,
to minimize the influence of initialization effects. For
the numerical flow simulations, different meshes
were considered, with a refinement near the wall to
capture the high velocity gradients in that area.

Obtaining mesh-independent solutions is a fun-
damental requirement for in-depth investigations of
AAA hemodynamics, as the number of mesh ele-
ments can greatly affect the accuracy of the solutions.
Mesh independency analysis was performed by
monitoring the spatial average value of TAWSS to
ensure that computational results were not sensitive to
the mesh size. The final mesh volume was about 3
million elements for each model, which corresponds
to an element size ranging from 0.35 mm for the
smallest geometries to 0.60 mm for the largest.

To describe the flow field obtained from the
numerical investigations, 2D and 3D streamline
evolutions were analyzed, as well as the instantaneous
WSS contours. Moreover, hemodynamic indicators,
including TAWSS and OSI, were calculated to de-
scribe the unsteady nature of blood flow in the dis-
eased arteries. TAWSS measures the magnitude of
the WSS vector averaged over the cardiac cycle,
whereas OSI takes into account changes in the direc-
tion of the WSS vector with respect to the dominant
direction of the flow during the cardiac cycle. They
are defined as follows (Ku et al., 1985):

1 ¢er
TAWSS = [ [wss|, Q)

T
. UO WSS dt‘
OSI=—|1-

21, 5)
2| [ |wss|ar
0

where T is the period of the cardiac cycle, and WSS
indicates the instantaneous WSS vector.

Finally, the evolution of vortical structures was
analyzed, since development of vortices and slow
circulation regions have been often associated with
thrombus deposition and consequent weakening of
the artery wall. The vortex core regions in the flow
were identified by the O-criterion method. The Q-
criterion defines a vortex as a flow region with a
positive second invariant of Vu (i.e. 0>0), and a
lower pressure than the ambient value. A positive Q
indicates that the rotation rate dominates the strain
rate locally, so positive Q isosurfaces isolate regions
occupied by vortices (Hunt et al., 1988). Thus, for an
incompressible flow, Q represents the local balance
between shear strain rate and rotation rate, and vor-
tices coincide with areas where the magnitude of the
vorticity is greater than the magnitude of the strain
rate.

The results of the numerical investigations were
analyzed over the entire cardiac cycle, and thus the
considered time interval was [0 s, 1 s]. However, the
numerical results are shown only at selected instants
of the cardiac cycle considered significant for the
evolution of the hemodynamic field (Fig. 2). In par-
ticular, they refer to the following phases of the
cardiac cycle: the systolic peak at the instant charac-
terized by maximum velocity at the inlet (==0.25 s),
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systolic deceleration (#=0.31 s and /=0.43 s), diastolic
minimum (#=0.51 s), and diastolic acceleration
(=0.66 s). These instants are sufficient to capture the
main peculiarities of streamline evolution, but the
evolution of vortices is much more sensitive to time.
Therefore, two more instants, =0.10 s and =1.00 s,
were considered when describing the evolution of
large vortex cores.

3 Results and discussion

Numerical simulations of the hemodynamic
field within the six models of abdominal aneurysms
with patient-specific geometry were performed under
pulsatile flow conditions. A common feature of these
aneurysms was the absence of symmetry. The
asymmetrical expansion of a bulge is caused by the
mechanical constraint in the posterior area because of
proximity to the spinal column. The geometry of the
considered aneurysms exhibited high surface com-
plexity and significant tortuosity, particularly in the
proximal and distal ends, which significantly affect
the blood motion.

The blood flow into the aneurysms was analyzed
to evaluate the flow patterns and WSS evolution
during the cardiac cycle. Although it has been shown
that under steady flow conditions a low WSS pre-
dominates at sites of AAA rupture (Boyd et al., 2016),
more attention and additional hemodynamic indica-
tors are necessary to describe the interaction between
the pulsatile physiological blood flow and the artery
wall. To quantify this interaction, the TAWSS and
OSI were calculated for all patient-specific aneu-
rysms. Moreover, the isosurfaces of the Q-criterion
obtained by the numerical simulations were used to
locate vortex core regions in the flow and display
their evolution.

The flow characteristics at the selected time in-
stants of the cardiac cycle were determined and
compared across all cases. Particular attention was
paid to the analysis of the spatial and temporal dis-
tributions of WSS, since low and oscillating WSS
generated by the pulsatile motion seems to be asso-
ciated with possible rupture of the aneurysm (Doyle et
al., 2014; Boyd et al., 2016; Forneris et al., 2020).
Moreover, low WSS values associated with high OSI

values were found to promote inflammatory pro-
cesses via the induced oxidative response in the en-
dothelial vascular cells (Chatzizisis et al., 2007;
Tarbell et al., 2014).

The results of the numerical simulations at the
representative phases of the cardiac cycle are illus-
trated in the following. In particular, for each patient-
specific model, a suitable cross-section of the aneu-
rysm able to capture the maximum area in the longi-
tudinal direction inside the lumen was identified. In
this cross-section, the analysis of the evolution of 2D
streamlines during the cardiac cycle allowed clarifi-
cation of how the flow patterns and recirculation
regions develop in time. The fluent option, “start from
equally spaced samples” on the selected cross-
section, was used to generate the 2D streamlines. In
all the following figures, for the class B aneurysms,
the portion of the 3D thrombus that would have ob-
scured the view of the motion was made transparent.

Residual vortices emerging from the previous
cycle were visible within the aneurysmal dilatation of
all patient-specific models during the systolic accel-
eration phase of each cardiac cycle, as will be better
described later by visualizing vortex core evolution
during the cardiac cycle. These vortices were swept
out of the aneurysm as the systolic peak approached
(=0.25 s), a condition in which no significant recir-
culation regions were observed (Figs. 3 and 4). At this
instant, the WSS values were on average higher than
in other instants of the cycle for all models, as de-
scribed below.

At =0.31 s, in the phase of systolic deceleration,
a reverse flow near the proximal neck was observed,
associated with small recirculation zones that gradu-
ally widened, but which showed reduced velocity in
the subsequent phases of the cardiac cycle. This be-
havior was magnified for the aneurysm model A2
(Fig. 3). In this case, the sudden and significant
widening of the vessel led to a consistent deceleration
of the flow and an increase in pressure, determining
the separation of the flow already at this instant.

As expected, a large counter-clockwise vortex
formed in the anterior side for case A2, in which the
maximum expansion occurred (Fig. 5) (p.967). Ob-
viously, similar considerations were applied to all
remaining patient-specific geometries, except for the
B2 case where no significant tortuosity or neck angle
was present.
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Fig. 3 2D streamlines on the longitudinal cross-sections of the patient-specific aneurysms A1 and A2

In the aneurysm B1, the ILT in the posterior re-
gion of the neck determined a non-physiological ob-
struction. As a result, separation of the flow and
generation of a recirculation region had already taken
place at this time (#=0.31 s).

At the end of the systolic phase (=0.43 s), the
velocity of the cardiac cycle prescribed at the nu-
merical model inlet reached zero for all cases. Con-
sequently, the flow field was strongly disturbed, a
large number of new vortices arose, and the size of the
pre-existing recirculation areas significantly in-
creased, affecting the entire aneurysmal bulge. As
previously observed, boundary layer separation with
appearance of recirculating flow was favored both by
a significant neck angle and a remarkable enlarge-
ment of the lumen. Specifically, the neck angle af-
fected the position and extension of the recirculation:
the larger the neck angle, the greater the recirculation.
Unlike the other cases, the B2 model had a peculiar
shape, because of the absence of neck and outlet angle
and the presence of the bulge on only one side. As a
consequence, the larger recirculation was located in
the anterior dilated area, close to the bulge inlet.

Nevertheless, the vanishing of the inlet velocity re-
sulted in a large number of small vortices near the
posterior wall of the aneurysm. In all remaining cases,
recirculation areas affected the whole volume of the
lumen, resulting in a complex flow that interacted
with the endothelium.

At =0.43 s, the vortex dynamics was particu-
larly interesting in the case A2. At this instant, Fig. 3
shows that, in this aneurysm, the vortex in the anterior
region of the proximal neck moved backward towards
the healthy vessel, inducing enlargement of the small
counter-rotating vortex located on the opposite pos-
terior wall. Large recirculation regions spread over
the entire lumen. This complex flow pattern correlates
with the complexity of the A2 geometry that, in ad-
dition to tortuosity, highlights remarkable inflection
points. In this regard, it is useful to recall the defini-
tion of tortuosity proposed by Soudah et al. (2013),
who defined the aneurysm tortuosity by means of an
index comparing the length of the AAA centerline
with the length of a hypothetical healthy aorta. Ac-
cording to this definition, tortuosity does not neces-
sarily imply inflection in the centerline of the
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aneurysm. Unlike other cases, Al and A2 models
showed both tortuosity and significant inflection
points between the aneurysm inlet and the bulge,
where the surface curvature changes from concave to
convex, which greatly affect the motion. The simul-
taneous presence of large tortuosity and inflection

seems also to influence strongly the temporal evolu-
tion of vorticity within the bulge, as will be described
below.

At =0.51 s, corresponding to the diastolic
minimum, the inlet velocity became negative and a
reverse flow condition prevailed both in the aneurysm
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dilatation and in the iliac arteries. This negative flow
phase was characterized by interactions between the
pre-existing recirculation regions and the retrograde
flow, which caused a weakening of the larger vortices
and the disappearance of the smaller ones close to the
wall. This is particularly evident in case B2 where,
due to the absence of curvature, the retrograde flow
tended to drag away the small recirculation areas near
the posterior wall. In most cases, the main vortical
structures formed in the previous instants and located
in the central area of the bulge persisted, even if with
a different shape and position, while the small recir-
culation regions near the wall were damped (Figs. 3
and 4).

000 4
Velocity ™.
(m/s) "-s.,_
=

BRI
Fig. 5 Close-up of the streamlines and velocities in the
neck region for the patient-specific aneurysm A2 (#=0.31 s)

This analysis of the spatial and temporal evolu-
tion of vortices during the cardiac cycle was based on
examining the streamlines on the longitudinal cross-
sections. However, there were also vortices at dif-
ferent levels of the transverse sections, associated
with secondary flows. For a better understanding of
the 3D vortex dynamics, the Q-criterion method was
used. For example, Fig. 6 shows the 3D vortex core
regions and the recirculation areas on the longitudinal
plane for the A1 model at /=0.51 s. It is possible to
observe how the 3D vortices obtained from the Q-
criterion (magenta color) were correlated to the 2D
flow on the longitudinal plane (dark gray color) pre-
viously defined. In particular, it can be seen how the
vortex cores correspond with the center of the vortices
highlighted by the 2D streamlines. In Fig. 6, the co-
herence between the results from streamlines and the
QO-criterion is highlighted.

In the phase of diastolic acceleration, a weak
reorganization of the previously disrupted flow could
be observed. In contrast, in the last instants of the

cycle, a large number of slow recirculation zones
re-appeared as the velocity assigned on input tended
to zero again. The flow subsequently became rea-
ligned during the systolic acceleration phase, and the
process resumed identical to the previous cycle.

Additional information on the vortex dynamics
was obtained by analyzing the temporal evolution of
the vortex core isosurfaces, detected by the O-
criterion method. An appropriate threshold for visu-
alizing these isosurfaces was selected to highlight the
main vortex rings inside the patient-specific aneu-
rysm. This value was the same for all examined
AAAs to allow comparisons among the various cases.
For the aneurysms A1 and A2, the area affected by the
vortices progressively widened throughout the car-
diac cycle, affecting the entire aneurysmal dilatation
during late diastole (Fig. 7).

N

A\

O O
Fig. 6 2D streamlines on the longitudinal cross-section
(dark gray color) and vortex core regions (magenta color)
determined using the Q-criterion at /=0.51 s for the
patient-specific aneurysm A1l

It is interesting to note the peculiar vortex dy-
namics that characterize these aneurisms. For these
cases, there are inflection points between the proxi-
mal neck and the bulge, where the surface curvature
changes significantly from concave to convex. As a
consequence, the vortex core region, initially located
in the neck area, widened during the diastolic phase of
the cardiac cycle, greatly affecting the aorta dilata-
tion. Thus, a larger region of the aneurysmal bulge
than in the other cases was affected by the main vor-
tices. For the remaining aneurysms (cases B1, B2, B3,
and B4), the main vorticity tended to remain more
confined to the proximal neck area (Fig. 8) (p.969).
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Fig. 7 Vortex core isosurfaces determined with the Q-criterion for the patient-specific aneurysms A1 and A2. Since the
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the vortex dynamics

For all cases, the Q-criterion enhanced the re-
sults of the 2D-streamline analysis, that is, each car-
diac cycle inherited vortices from the previous cycle.
Then, during the systolic acceleration phase, these
vortices progressively disappeared as the systolic
peak was reached, due to the action of the incoming
accelerating flow.

Subsequently, the deceleration of the flow and
the adverse pressure gradient determined by the en-
larged diseased artery caused the onset of new vortex
rings that progressively strengthened and occupied an
increasingly wider region of the aneurysm. Such
gave rise
physiological WSS that in turn appeared to be nega-
tively correlated with ILT accumulation (Kelsey et
al., 2017; Tzirakis et al., 2017) and disruption of ar-
tery wall integrity (Koole et al., 2013).

In summary, for all examined patient-specific
models, a similar behavior of vortex generation and

complex vortex dynamics to non-

propagation was observed during the cardiac cycle.
The main vortex ring originates during the systolic
deceleration phase (=0.31 s) near the neck region, as
a result of the detachment of the flow due to the en-
largement of the section, which is associated with the
presence of ILT in the neck in cases B1 and B3. The
vortex area migrates towards the center of the aneu-
rysm during the diastolic phase. Large recirculation
regions, characterized by extremely low velocity
values were observed when the inlet velocity was zero
or close to zero (+=0.43 s, =0.66 s, and =1.00 s).
Thereafter, the vortices decreased in number and size
during the later phases of the cardiac cycle and
gradually disappeared during the systolic acceleration
phase. Several geometric factors affect the flow en-
tering the bulge. The position of the recirculation
areas depends on the specific geometry of the aneu-
rysm, on its asymmetry and tortuosity, and on the neck
angle, which influences the vorticity substantially.
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Fig. 8 Vortex core isosurfaces determined with the Q-criterion for the patient-specific aneurysms B1, B2, B3, and B4

Furthermore, the presence of inflection in the
aneurysm centerline substantially affects the vortex
dynamics, such as in the A1 and A2 models. In these
cases, during the entire diastolic phase and the first
instants of the systolic acceleration phase, the

strongest vorticity regions spread over the entire
bulge, while in the other cases they remained con-
fined to the proximal neck areas.

The previous considerations are significant be-
cause the development of vortices and slow circulation
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regions during the late systolic and the whole diastolic
phases seems to be associated with thrombus deposi-
tion and consequent possible weakening of the wall.
Platelets enveloped by the vortex rings can be acti-
vated as they enter the aneurysm (Bluestein et al.,
1996; Biasetti et al., 2011). After, platelets tend to be
deposited in areas of low shear stress, attaching
themselves to pre-existing ILT or to the distal regions
of the aneurysm. This is supported by the common
occurrence of ILT in the distal anterior region of
AAAs (Hans et al., 2005; Kelsey et al., 2017). In
particular, using a fluid chemical model to predict
ILT formation in abdominal aneurysms, Biasetti et al.
(2012) showed a link between the motion of the vor-
tical structures in the AAA and the clinical observa-
tions of the thickest ILT in the distal region. The
presence of ILT can increase the risk of aneurysm
rupture, since the aneurysm wall underlying the
thrombus is thinner, contains fewer elastin fibers than
a healthy wall, has many inflammatory cells, and
shows signs of proteolytic degradation (Kazi et al.,
2003). Nevertheless, it must be emphasized that while
the presence of vortices can promote the formation of
thrombus, the presence of ILT in turn contributes to
the generation of vortices, so there is a close cross-
link between these two factors.

3.1 Role of wall shear stress

As previously described, low TAWSS and re-
circulating flow have been suggested as being re-
sponsible for the deterioration of the arterial wall, and
regions characterized by low WSS and high OSI are
susceptible to thrombus formation and consequently
to a higher risk of aneurysm rupture. According to
these indications, in this study, recirculation regions
characterized by low TAWSS and high OSI were
considered to have the typical features of aneurysm
rupture.

Fig. 9 shows the instantaneous WSS contours
obtained from the numerical simulations. The tem-
poral and spatial distributions of WSS values inside
the AAA were found to depend on its specific geom-
etry, which affects the observed flow separation and
consequent emergence of recirculation regions. Thus,
the shear stresses on the wall were found to differ
from the physiological values of non-diseased
arteries.

At the systolic peak (+=0.25 s) the WSS contour
distributions show high values in the neck zone,
where the curvature is high, and in the distal end of
the aneurysmal sac, in proximity to the iliac arteries,
for all patient-specific models. In agreement with the
results of Soudah et al. (2013), who examined the
flow at the instant of systolic peak, in the aneurysm
bulge low-WSS regions coincided with low-velocity
recirculation areas. High WSS values were found on
the opposite side of the jet impingement, where the
local neck curvature causes strong velocity gradients
(Fig. 9a).

This behavior is particularly evident for all cas-
es, except B2. Due to its specific geometry, in this
case the angle of attack of the neck with respect to the
aneurysm was almost zero and the direction of the
main flow entering the sac was approximately
“aligned” with the posterior wall. Therefore, there
was no flow impingement, and the WSS in the
proximal neck area was lower than in the other cases.

In summary, the presence of the neck angle is
responsible for the generation of flow recirculation,
inducing a sharp increase in WSS values within the
inner bend of the neck. The location and size of this
area depend on the curvature of each artery, in
agreement with literature (Ku, 1997; Lasheras, 2007;
Soudah et al., 2013). In Fig. 9a, the arrows indicate
the neck regions that are associated with high WSS
values due to the neck angle curvature. High WSS
values were also found in the iliac arteries, generated
by the tortuosity and narrowing of the vessels. Nev-
ertheless, these areas, which are outside the aneu-
rysmal dilatation, were not of interest to the present
investigation.

During the systolic deceleration phase, the
maximum WSS values in the aneurysm move towards
the underlying areas, while remaining in the neck
region (Fig. 9b). Nevertheless, the WSS maximum
intensity decreases, as well as WSS values throughout
the aneurysmal sac.

At =0.43 s, again in the systolic deceleration
phase, large areas of slow recirculation appear as a
consequence of the zero inlet velocity and the WSS
values decrease further (Fig. 9c). At the diastolic
minimum, i.e. 7=0.51 s, although associated with low
velocities, the interactions between secondary flows
and the retrograde flow led to local small increases in
WSS, but no significant changes were detected on
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Fig. 9 WSS contour distribution at 7=0.25 s (a), =0.31 s (b), =0.43 s (c), #=0.51 s (d), and 7=0.66 s (e). Red arrows indicate
the sites of high WSS. Black arrows indicate high WSS sites at the systolic peak instant (+=0.25 s)

average (Fig. 9d). Finally, at =0.66 s, corresponding
to the diastolic acceleration phase, the WSS values
decreased drastically, but remained significant in the
high-curvature areas of the neck (Fig. 9e).

As highlighted for the selected time instants,
high WSS values are always associated with regions
characterized by strong curvature throughout the
cardiac cycle, such as the fold of the aneurysmal neck.
In general, the instantaneous WSS values were low
along the aneurysmal wall, but reached high values
near the proximal and distal aneurysm sites, in
agreement with published results (Soudah et al.,
2013; Doyle et al., 2014; Boyd et al., 2016). The neck
angle affected not only the vorticity field, but also the
WSS distributions significantly.

3.2 Time-averaged hemodynamic indicators

Some additional hemodynamic quantities, av-
eraged over the entire cardiac cycle, were evaluated to
describe in detail the interaction between pulsating
blood flow and the aneurismal wall. In particular, the
space-time distributions of the WSS, provided by the
numerical simulations, allowed to calculate the
TAWSS and OSI. As previously seen, low WSS and
high OSI induced an inflammatory and thrombotic
state, leading to a deterioration of the arterial wall and
consequently a higher risk of aneurysm rupture.

In this study, TAWSS and OSI were analyzed to
understand the link between blood flow patterns, ILT
accumulation, and the risk of aneurysm rupture for all
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considered patient-specific aneurysms. In addition,
contours of the time-averaged velocity fields on lon-
gitudinal cross-sections were examined. Finally, re-
gions characterized by the presence of ILT were
compared to the local behavior of the velocity field,
TAWSS, and OSI. Fig. 10 illustrates the TAWSS,
OSI, and time-averaged velocity contours for the

aneurysms Al and A2 in which ILT was absent or
negligible (maximum thickness<5 mm). The same
indicators are shown in Fig. 11 for the aneurysms
belonging to class B, i.e. with a maximum ILT
thickness of >5 mm. Results of the numerical simu-
lations showed that low mean velocities were corre-
lated with low TAWSS and high OSI for all cases
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Fig. 10 Time-averaged velocity contours on the longitudinal cross-section and TAWSS and OSI on the luminal surfaces
for the patient-specific aneurysms Al (a) and A2 (b) (different views are shown). Red arrows indicate minimum TAWSS
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(Figs. 10 and 11). Moreover, for the aneurysms B1,
B2, B3, and B4, thrombus deposition was observed
just in these areas, thus indicating a spatial correlation
between flow stagnation regions, low and oscillating
WSS, and presence of ILT (Fig. 11).

These results are in agreement with the pub-
lished finding of low WSS in regions where ILT ac-
cumulated (Boyd et al., 2016; Zambrano et al., 2016;
Kelsey et al., 2017; Lozowy et al., 2017), while high
WSS could prevent thrombus formation. Further-
more, in recent studies which analyzed the association
between AAA hemodynamic factors and thrombus
growth, low TAWSS was observed in regions where
the ILT subsequently accumulated. In particular,
Zambrano et al. (2016) from a follow-up of 14 pa-
tients suggested that even the presence of a low
TAWSS might promote ILT accumulation, and low
time-averaged velocity regions coincided with those
that experienced an ILT growth. Another recent lon-
gitudinal study revealed that high levels of ILT
growth are associated with low TAWSS levels, and
there is a positive association between OSI and ILT
growth (Tzirakis et al., 2017).

Following this logic, as regards the A1l and A2
aneurysms characterized by the absence of ILT or the
presence of very thin ILT, it is reasonable to hypoth-
esize a possible further accumulation of ILT in the
regions where the numerical investigation indicated
low average velocities, low values of TAWSS, and
high OSI values. As a result of this work, this con-
sideration is of particular interest since most studies
indicate an association between ILT and growth and
early rupture of AAAs (Koole et al., 2013; Haller et
al., 2018; Zhu et al., 2020). In fact, formation of
thick-layered ILT prevents the flux of oxygen to-
wards the aortic wall, causing local hypoxia, further
thinning, and weakening of the adjacent wall (Vorp et
al., 2001; Kazi et al., 2003; Swedenborg and Eriks-
son, 2006). Furthermore, comparing AAAs with and
without ILT, Zambrano et al. (2016) showed that
aneurysms with ILT exhibited lower values of WSS
and higher values of AAA expansion, implying that
low WSS may promote not only ILT accumulation,
but also AAA growth. Besides ILT, recirculation
regions and WSS values must be considered in an-
eurysm growth and rupture. Doyle et al. (2014) in-
vestigating an abdominal aneurysm from the time of
detection to immediately prior to rupture, showed that

AAA expansion and ILT accumulation coincided
spatially with regions of low TAWSS, and rupture
occurred in the low-TAWSS region, where the flow
was recirculating. Confirming this, aneurysm rupture
was recently observed at sites of reduced velocity,
characterized by recirculation, low TAWSS, and
thick thrombus deposition (Forneris et al., 2020).

The thickness of the ILT also needs to be con-
sidered. In general, in the presence of ILT, the largest
abdominal aneurysms are those with the greatest
accumulation of ILT. The maximum diameter (in-
cluding thrombus) usually corresponds to the region
of maximum thickness of the ILT (Koole et al., 2013;
Tong et al., 2015; Zambrano et al., 2016). Although it
is generally accepted that the presence of ILT is as-
sociated with AAA growth (Wolf et al., 1994; Kazi et
al., 2003; Parr et al., 2011; Zhu et al., 2020), the
thickness of the thrombus can also contribute to the
growth and rupture of the aneurysm, due to its asso-
ciation with vascular cell apoptosis and degradation
of elastin (Koole et al., 2013). Moreover, ILT thick-
ness increases with increasing diameter of the AAA,
while the lumen area seems to remain nearly constant
(Zambrano et al., 2016). Therefore, the deposition of
ILT increases the growth rate of the aneurysm. In the
patient-specific aneurysms examined in this study, a
greater maximum diameter was associated with a
greater maximum thickness of the ILT, in agreement
with literature (Koole et al., 2013; Tong et al., 2015;
Zambrano et al., 2016).

The results of the numerical investigations in-
dicated that the greater expansion of the aneurysms,
including the thrombus regions, is not always local-
ized in the area of main flow impingement. This was
particularly evident in the cases of B1 and B4 patient-
specific geometries, which exhibited extremely con-
sistent ILT. A patient follow-up, which could have
included an investigation of the history of thrombus
accumulation in different stages of development of
the pathology, was not available for the present study.
Therefore, the above considerations refer only to the
situation at the time of acquisition of the diagnostic
images.

3.3 Study limitations

The findings of this study have to be seen in light
of some limitations. The artery wall was assumed
rigid, as widely accepted in recent literature (Soudah
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et al., 2013; Lozowy et al., 2017; Patel et al., 2017;
Qiu et al., 2019). This hypothesis is supported by the
fact that AAAs become stiffer with the progression of
the disease (Vande Geest et al., 2006; Vorp, 2007),
and degradation of elastin together with an increase in
collagen fibers of the aortic wall characterizes the
development of the aneurysm (Thubrikar et al., 2001;
Tong et al., 2015; Kolipaka et al., 2016). The elastic-
ity of the arterial is taken into account in fluid struc-
ture interaction models, and some of these investiga-
tions indicate that a rigid wall assumption overesti-
mates the WSS (Decorato et al., 2011; Bai and Zhu,
2019). However, these models could have some lim-
itations for patient-specific AAA investigations, if
some of the patient-specific parameters, e.g. throm-
bus properties or artery wall stiffness, are missing or
uncertain, as they are difficult to obtain. In this case,
to consider arterial elasticity could be useless. Nev-
ertheless, in future studies, it might be of interest to
consider the elasticity of blood vessels in the study of
the earlier stages of the disease.

Regarding the boundary conditions, although
appropriate physiological boundary conditions were
assigned to model blood flow, only published velocity
and pressure pulses of the abdominal aortic segment
were used, as the patient-specific data were not
available. Obviously, more accurate results could be
achieved by using patient-specific velocity and
pressure waveforms. Moreover, although recent im-
aging techniques, such as 4D MRI, have been shown
to be effective in measuring blood flow, their current
spatial resolution limits their applicability in calcu-
lating hemodynamic parameters and they also do not
provide information on the pressure field (Canchi et
al., 2015).

4 Conclusions

The objective of this study was to analyze the
influence of hemodynamic factors on the growth and
possible rupture of AAAs. Numerical investigations
of pulsatile non-Newtonian blood flow were per-
formed in six patient-specific AAAs reconstructed
from diagnostic images, of different sizes and shapes,
and characterized by the presence of thin (<5 mm) or
thick (>5 mm) ILT. The patient-specific aneurysm

geometries exhibited a high surface complexity and
significant tortuosity, particularly at the proximal and
distal ends. The choice of real patient-specific geom-
etries instead of idealized models, the presence of
ILT, and the assumption of the non-Newtonian Car-
reau rheological model, allowed an accurate repre-
sentation of real physiological blood flow.

In the examined patient-specific aneurysms,
larger maximum diameters, including ILT, were
found to be associated with thicker ILT, which con-
firms recent findings that the larger the aneurysm, the
higher the accumulation of thrombus (Koole et al.,
2013; Tong et al., 2015; Zambrano et al., 2016).

The specific aneurysm configurations strongly
affected the blood motion inside the bulges, and the
WSS distribution. In particular, the position of re-
circulation areas depended on the aneurysm asym-
metry and tortuosity. In all examined cases, the same
behavior of vortex generation and propagation was
observed. The presence of ILT, the neck angle, and
the vessel curvature contributed to the generation of
vortices and secondary flows, with consequent pos-
sible ILT accumulation. It must be emphasized that
the presence of inflection points in the aneurysm
centerline was found to influence the vortex dynamics
in a significant way, as noted in the Al and A2
patient-specific models.

In addition, the results of the numerical investi-
gation showed that the largest expansion of the an-
eurysm, including the thrombus regions, was not
always localized in the area where the main flow
impacted the wall.

In agreement with recent studies, high WSS
values were found in the proximal neck area of the
bulge, while lower values characterized the interior
region throughout the cardiac cycle.

In zones with low time-averaged velocities, low
TAWSS values and high OSI values were observed.
These regions correlated with ILT deposition zones,
when ILT was found in the aneurysms. In the absence
of ILT, or the presence of only a very thin ILT, a
possible thrombus accumulation in these regions was
supposed. To confirm this, recent literature findings
indicate that the growth of ILT is associated with low
TAWSS and high OSI values, and rupture occurs at
sites of reduced velocity, low TAWSS, and thick ILT
(Zambrano et al., 2016; Tzirakis et al., 2017). Based
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on these findings and the current numerical results
about the aneurysms characterized by an absence of
ILT or the presence of only a very thin ILT (cases Al
and A2), ILT accumulation with consequent possible
rupture was hypothesized in regions where the nu-
merical investigation indicated low time-averaged
velocities, low TAWSS values, and high OSI values.
Despite the previously described limitations, this
study contributes to knowledge of the mechanisms of
aneurysm growth and the prediction of the risk of
rupture. Moreover, it highlights the importance of
hemodynamics in assessing the vulnerability of the
aortic wall and indicates that computational investi-
gation using patient-specific models is useful for
understanding the individual pathology supporting
the clinical management of AAA disease.
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