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Abstract: Blood flow dynamics plays a crucial role in the growth and rupture of abdominal aortic
aneurysms. The aim of this study was to analyze the possibility of predicting aneurysmal rupture by
numerical investigations based on diagnostic images. The blood flow dynamics was analyzed in a
patient-specific abdominal aortic aneurysm, reconstructed from CT images of an aneurysm while it
was rupturing. The patient-specific geometry was virtually repaired in order to obtain a non-ruptured
model representative of the geometry immediately preceding the rupture. To reproduce physiological
conditions, numerical simulations were performed under pulsatile flow conditions, and blood was
modelled as a non-Newtonian fluid, using the Carreau rheological model. Hemodynamic parameters
that influence the rupture of the aneurysm were investigated, and their possible association with
vascular disease was discussed. The results of the numerical simulations indicated regions of
slow recirculation and low values of Time Averaged Wall Shear Stress (TAWSS) in the region of
rupture. Unlike literature results, a high Oscillatory Shear Index (OSI) was not clearly found in this
region. Nevertheless, just in the region where the rupture will occur, high values of Endothelial
Cell Activation Potential index (ECAP) were found. This index is therefore extremely significant for
assessing the vulnerability of the aortic wall and locating the critical rupture region.

Keywords: abdominal aneurysm; computational fluid dynamics; wall shear stress; oscillatory shear
index; patient-specific modelling

1. Introduction

Abdominal aortic aneurysms (AAAs) are pathological dilatations of the abdominal
aorta, which represent a life-threatening condition, as their rupture is often lethal. They
involve an increase in diameter above 50% with respect to the diameter of the healthy aorta,
which is about 2.0 cm in the abdomen [1,2].

Surgery is generally recommended if the maximum aortic diameter exceeds 5.0 cm in
women and 5.5 cm in men, or if the maximum diameter shows a growth rate greater than
0.5-1.0 cm in one year [3,4].

Nevertheless, rupture of small and medium abdominal aortic aneurysms is found as
well as perfect integrity of large AAAs over long periods [2,5-10]. Consequently, maxi-
mum AAA diameter cannot be the only indicator to predict the AAA’s rupture and plan
the surgery.

A rupture potential index (RPI), defined as the ratio of the locally acting wall stress to
the wall strength, was firstly proposed by Vande Geest et al., which found for ruptured
aneurysm a mean RPI value equal to 0.48 [11]. This index was found to be high in ruptured
aortic aneurysms. The evaluation of this index allowed a significant differentiation of
the risk of rupture for diameters in the range of 55-75 mm, for which the criterion of the
maximum diameter was not always useful [12]. Although this index and some others can
help to predict AAA rupture risk, their validation is often difficult. Furthermore, they are
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often based only on mechanical quantities without considering the effect of the pulsatile
flow that interacts with the arterial wall.

Actually, intraluminal thrombus (ILT) accumulation and progression of the AAA
pathology determine variations in the physiological geometry of the artery, which result
in a disturbed blood flow. The perturbed flow plays in turn a crucial role in the growth
of the abdominal aortic aneurysm (AAAs) and contributes to the progression of the AAA
pathology. In fact, it indirectly determines damage to the endothelium and increases the
degeneration of the arterial wall.

As matter of fact, the biological relevance of the wall shear stress (WSS) and its
relationship with the endothelium was largely emphasized [13]. Changes in magnitude and
direction of the WSS vector act on blood vessels owing to the presence of the endothelial
cells, which form the inner lining of the vessel walls. WSS sensed by endothelial cells
plays an important role in the development, remodeling and maintenance of the vascular
system [13]. Non-physiological shear stress associated with the perturbed flow in the
aneurysm correlates with atherosclerotic lesion, as well documented in literature [14,15].
This non-physiologic shear stress was also indicated to promote the growth and possible
rupture of the aneurysm [16].

Deterioration of the arterial wall was also associated with low Time Averaged Wall
Shear Stresses (TAWSS) and recirculating blood regions [16-19]. While unidirectional
wall shear stress characterizes healthy regions of the arterial wall, regions exposed to
disturbed flow conditions are associated with Oscillatory Shear Stress (OSI), which induces
monocyte adhesion in endothelial cells and inflammatory response [20]. In abdominal
aortic aneurysms, compared to healthy aorta values, lower WSS and higher OSI have
been found [18]. However, some contradictory results were found, since ILT growth was
observed in regions of low OSI [21,22].

To help clinicians in the difficult decision on the need for surgery, this study highlights
how some hemodynamic parameters can provide useful indications for the prediction of
aneurysm rupture.

In particular, numerical simulations of the blood flow have been employed to investi-
gate the relationship between hemodynamics and aneurysm rupture. A patient-specific
model of an abdominal aortic aneurysm was reconstructed from a CT angiography of a
ruptured aneurysm, obtained immediately after the rupture in the Hospital of the Univer-
sity of Siena (Italy). The geometry of the aneurysm immediately preceding the rupture
was assumed to be similar to the ruptured geometry since it does not change significantly
during the rupture. Based on this hypothesis, the patient-specific model reconstructed from
the CT diagnostic images was virtually repaired, and a non-ruptured model, which was
representative of the geometry immediately preceding the rupture, was used to investigate
the blood flow dynamics.

Numerical simulations in physiological conditions of pulsating motion were carried
out, and hemodynamic parameters that can predict possible rupture of the aneurysm
were analyzed. In particular, 2D streamlines on suitable longitudinal cross-sections were
studied throughout the cardiac cycle. Moreover, hemodynamic quantities that can help
in identifying artery regions that could be subject to rupture, i.e., time-averaged velocity,
TAWSS, OS], and Endothelial Cell Activation Potential (ECAP), were evaluated.

This work is organized as follows. Firstly, in paragraph 2, the methods and setting
up of the study are presented. In particular, the procedure for the 3D reconstruction of the
pre-rupture patient-specific aneurysms from the CT images is described, and the governing
equations and hypotheses for the numerical fluid dynamics model are furnished. Special
attention is also paid to the fluid dynamics parameters used to describe the blood flow in
the aneurysm, providing a physics-based interpretation of their role. In paragraph 3, the
main results obtained from the computational investigation are presented, with the aim of
a better understanding of the blood flow in the AAA’s pre-rupture condition. Finally, some
concluding remarks are provided, taking into account the link between the hemodynamic
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fields and the presence and position of rupture regions. In particular, the important role of
the ECAP index was highlighted.

It is important to underline the innovative methodology used to obtain the pre-rupture
model of the aneurysm, which allows a hemodynamic investigation in an unruptured
aneurysm in impending rupture, with the advantage of knowing the real future position of
the rupture region.

The results of this work highlight the importance of a patient-specific fluid dynamics
investigation to predict a possible rupture of the aneurysm and to aid clinicians in the
difficult decision regarding the need for surgery.

2. Materials and Methods
2.1. Pre-Rupture Patient-Specific Model Reconstruction

To simulate the pulsatile blood flow in diseased arteries, accurate reconstruction of the
patient-specific model is a fundamental step, as it furnishes the computational domain to be
used in the numerical investigation. Incorrect segmentation leads to incorrect hemodynamic
analysis which results in wrong conclusions in the assessment of the progression of the
disease. The method of reconstruction of the patient-specific geometry from the CT images
used in this work is illustrated below.

The AAA model was derived from patient data selected from the clinical case database
of the Vascular Surgery Unit, Department of Medicine, Surgery and Neuroscience, Uni-
versity of Siena, Italy. The clinical history was the following. An 81-year-old woman was
admitted to the emergency department with abdominal pain. A thoracoabdominal com-
puted tomography angiography was performed, and the exam highlighted the presence of
an infrarenal abdominal aortic aneurysm with no radiological signs of rupture or impend-
ing rupture. The patient was hospitalized to perform in the following days an endovascular
repair of the AAA with the implantation of a bifurcated aortic endograft. [23,24]. In the next
hours, the patient started to be hemodynamically unstable with significant hemoglobin loss.
In this light, an emergent CT was repeated that revealed a clear rupture of the AAA. The
subject gave informed consent to use data for research purposes at the moment of hospital
admission. The ethical committee of the hospital was informed of the no-experimental,
retrospective analysis of the case, and no objections were raised.

The Angio-CT of the ruptured aneurysm was used for the 3D model reconstruction.
As illustrated, the Angio-CT was acquired immediately after the rupture of the aneurysm.
Since it is reasonable that the geometry of the aneurysm does not change significantly
immediately before and after the rupture, the CT scans of the ruptured aneurysm were
considered representative of the conditions immediately preceding the rupture. Based on
this assumption, the ITK-SNAP software (v.3.8.0) was used for the segmentation process,
in order to reconstruct the pre-rupture geometry, i.e., the geometry that immediately
precedes the rupture. Therefore, a first coarse model of the luminal surface of the rupturing
patient-specific aneurysm was obtained. The region of rupture, which corresponds to the
leakage of blood, was artificially closed and smoothed, by the Meshmixer 3.5 software
(http:/ /www.meshmixer.com/ (accessed on 7 October 2021) Autodesk, Inc., San Rafael,
CA, USA). In this step of model reconstruction, visceral arteries and minor arteries that
branch off the aorta were occluded to simplify the model, and the blood flow was confined
into the aorta.

A further pre-processing phase of the aneurysm model reconstruction was made using
the open-source VMTK software (Vascular Modeling Tool Kit, version 1.4.0) in order to
obtain the final geometry of the pre-rupture aneurysm. In this step, a global smooth of
the luminal surface was made, and cylindrical flow extensions were added at the inlet
and outlets of the patient-specific model. The insertion of the artificial extensions reduces
boundary effects on numerical results and allows the flow to become fully developed before
affecting the aneurysmal dilatation [25,26].

The final refined model, in STL format, reflects all the patient-specific morphological
features of the examined abdominal aneurysm and allows analyzing the effects of hemody-
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namics on its rupture. Once the preliminary process on medical images was completed,
the specific geometry of the aneurysm was imported into SpaceClaim software (ANSYS
Inc., 2020 R2), which allowed extracting surfaces from the STL file. The main steps of the
aneurysm model reconstructions and the final pre-rupture geometry are shown in Figure 1.

Figure 1. Main steps of the patient-specific aneurysm reconstruction from the Angio-CT medical
images of a ruptured aneurysm: (a) rough segmentation (ITK_SNAP), (b) virtual repair and cut of
minor arteries (Meshmixer), (c) global smooth (VMTK) (d) insertion of extensions (VMTK), (e) surface
extraction (SpaceClaim).

2.2. Governing Equations and Numerical Setup

To achieve reliable results on the influence of hemodynamics on the growth and
rupture of abdominal aortic aneurysms, numerical simulations of blood flow in aneurysms
must be carried out considering the complexity of the physical problem. In the abdominal
artery, the flow is pulsating, the blood is characterized by non-Newtonian rheological
behavior, and the patient-specific aneurysmal geometries are extremely complex and must
be accurately reconstructed. The above considerations were taken into account in the
present computational investigations.

The governing equations of the fluid dynamics problem are the mass and momentum
conservation equations, which for incompressible fluid and negligible gravity force are [25]:

Vu =0 1)
.

p(aa—’t’ +U-Vi)=—Vp+V-T @)

where 1/ is the velocity vector, p the pressure, and p the density of the fluid. The devi-
atoric stress tensor T is a function of the strain rate tensor D, according to the relation
T = 2 u(y) D, where i is the dynamic viscosity of the fluid, ¥ is the shear rate, and
D=(Vu+vuT/2.

The assigned boundary conditions are: 1 = 0 on the wall of the patient-specific model
(no-slip condition), a flat (plug) velocity profile v = v(t) normal to the inlet section, and a
time-dependent pressure p = p(t) at the outlet sections (Figure 2).

The system of Equations (1) and (2), with the associate boundary and initial conditions,
determines the blood flow. It was numerically solved using the computational fluid
dynamics software ANSYS Fluent (v. 2021 R2). A first order implicit method was used for
the discretization of the temporal terms, the SIMPLE (Semi-Implicit Method for Pressure
Linked Equations) scheme was used for the pressure-velocity coupling, and a second order
upwind scheme was selected for the spatial discretization of momentum [19,27-29].

Furthermore, the following assumptions were adopted. Blood was modelled as
an incompressible fluid, characterized by a non-Newtonian behavior, due to both its
composition of suspended cells and the ability of red blood cells to deform and aggregate.
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The shear-thinning behavior of blood was modelled by the Carreau model. Thus, the
following relationship holds for the dynamic viscosity y:

n—1
2

(7)) = oo+ (10 — Joo) [+ (A49)?] 3)

where i = 0.056 kg /(m-s) is the viscosity at zero shear rate ¥, oo = 0.0035 kg /(m-s) is the
viscosity for an infinite shear rate, A = 3.313 is the relaxation time, and n = 0.3568 is the
power-law index [30].

A laminar flow condition was assumed. This assumption is suggested by the low value
of the average Reynolds number Re = pUD/u, where D is the diameter of the healthy aorta
at the inlet of the model (D = 0.024 m), and U is the time averaged velocity (U = 0.09 m/s)
assigned at the inlet where a velocity distribution constant along the radial direction
was assumed. Assuming the blood density p = 1060 kg/m3 and the dynamic viscosity
u = 0.0035 kg/(m-s), the Reynolds number is approximately Re ~ 680. The maximum
Reynolds number, corresponding to the systolic peak velocity, is equal to 2190. This
value is less than 2300 which is the threshold for turbulence of Newtonian steady flow
in pipes, when Poiseuille’s law holds. In this study, unsteady pulsatile flow conditions
of a non-Newtonian fluid are considered. Thus, the laminar flow condition is only a
reasonable assumption, frequently used in hemodynamic investigations of the abdominal
aortic aneurysm [19,27,31,32].

The unsteady nature of the pulsatile blood flow was modelled by assigning appropriate
physiological boundary conditions at the inlet and the outlets of the patient specific model.
In particular, a pulsating flow was set at the inlet of the model and a pressure pulse at
the iliac outlets. Due to the fact that the patient-specific velocity and pressure waveforms
were not available, typical pulses of the abdominal aortic segment, derived from the
literature [33], were assigned at the inlet of the model (Figure 2). As shown in Figure 2,
peak systolic velocity occurs at t = 0.25 s, and a reverse flow condition is observed at the
diastolic minimum instant t = 0.51 s. Other instants were considered for the computational
simulations, as they were significant for the evolution of the hemodynamic field. In
particular, they refer to the systolic acceleration phase (t = 0.18 s), the deceleration phase
(t=0.31sand t = 0.43 s), and the diastolic acceleration phase (t = 0.66 s) (Figure 2).

0.35+ 1.7 x 10%7

03 0.25s (a)

(b)

1.6 x 10* ]

1.5 x 10

v(m/s)

1.4x104
1.3x 10

1.2x 104

0.1 0.51s 1.1x 10*

0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
t(s) t(s)
Figure 2. (a) Pulsatile velocity waveform assigned at the inlet of the model, (b) pressure waveform

assigned at the outlets of the model. Red points indicate the instants of the cardiac cycle selected for
the numerical investigation.

Furthermore, a no-slip condition was imposed on the walls, and the aneurysm wall
was assumed to be rigid, due to the fact that abdominal aortic aneurysms become stiffer
with the progression of the disease [5,34]. This last assumption is also supported by
degradation of elastin and increase in collagen fibers of the aortic wall that characterize the
aneurysm growth [35-37].
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In this perspective, numerical simulations were performed under pulsatile flow condi-
tions, using the representative vascular geometry obtained from the segmentation process.
A computational mesh was generated with the ANSYS meshing software, with a refinement
near the wall in order to capture the high velocity gradients in that area (Figure 3).

2021 R2

Figure 3. Mesh cross section through the aneurysm in the central region and enlarged view near the
wall highlighting the local refinement.

The number of mesh elements can greatly affect the accuracy of the numerical solutions.
Therefore, a mesh sensitivity analysis was performed, with element size ranging from
1.3 mm to 0.42 mm, to ensure the numerical results were not sensitive to the mesh size. In
particular, the maximum values of the Time Averaged Wall Shear Stress (TAWSS) evaluated
at the third numeric cycle was monitored for the different mesh size. Between the last two
values, only 1.5% variation was found (Table 1).

Table 1. Maximum TAWSS values at the third numeric cycle for different mesh size.

Mesh Element Size (mm) TAWSS (Pa)
1.3 2.78073
0.9 2.91181
0.6 2.98067
0.5 3.10283
0.42 3.05512

Moreover, for different sizes of the mesh elements, the velocity profiles, plotted in
section A-A passing from the healthy aorta to the aneurysm, were compared at the instant
of the systolic peak of the pulsatile motion (Figure 4). As the element size decreased, a
minor discordance among the velocity profiles was observed. The good correspondence
in the velocity distributions for the lower values of the element size, shown in Figure 3,
highlighted the independence of the solutions from the number of computational cells
and suggested the choice of the element size of the mesh. Therefore, a maximum size of
0.42 mm was selected for the mesh elements, which corresponds to 3,486,569 elements
in the mesh. The element size and the number of elements obtained from the sensitivity
analysis are similar to what others have reported for similar cases [31,38-40].
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Figure 4. Dimensionless w-velocity at systolic peak instant (¢ = 0.25 s), plotted in section A-A passing
from the healthy aorta to the aneurysm, for different sizes of the mesh element: 1.3 mm, 0.9 mm, 0.6

mm, 0.5 mm, and 0.42 mm.

The time step used for numerical integration was equal to 0.005 s, and 200 time steps
were necessary to represent cardiac cycle, which was equal to 1 s. A time-step independence
was assumed at the selected time step, in line with similar studies in the literature [32,41,42]

A maximum value of 200 iterations were performed for each time step. The threshold
value for residual error convergence of velocity components and continuity was set as 107°.
The numerical investigations were carried out for three cycles in order to minimize the
influence of initialization effects, but only the third cycle was analyzed.

2.3. Hemodynamic Parameters

To furnish useful information on the hemodynamic field in the pre-rupture model of
the patient-specific aneurysm, 2D and 3D streamline evolutions as well as the instantaneous
WSS contours were analyzed at the selected significant instants of the cardiac cycle shown
in Figure 2. Moreover, the hemodynamic indicators TAWSS, OSI and ECAP were calculated.
These parameters are able to characterize significantly the unsteady nature of the flow in the
diseased artery and to identify areas of potential rupture. In particular, the time averaged
wall shear stress TAWSS furnishes the average over the cardiac cycle of the magnitude of
WSS vector:

1 T
TAWSS = ~
55 = — /0

R
wss‘ dt (4)

>

where T is the period of the cardiac cycle, and WSS indicates the instantaneous WSS vector.
The oscillatory shear index OSI takes into account changes in the direction of the WSS

vector with respect to the dominant direction of the flow during the cardiac cycle [15]:

T —
Jo WSS dt’

i

1
I==-|1-—
oSl = 5 )

5
WSS‘ dt
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Values of OSI range from 0 to 0.5, where 0 indicates unidirectional shear stress. High
OSI value has been recognized as inducing an inflammatory response of the artery wall,
while unidirectional shear stress is related to a healthy condition [20]. Moreover, a positive
correlation between OSI and ILT growth was found [43].

The endothelial cell activation potential ECAP relates TAWSS and OSI through ratio of
the two indices and characterizes the degree of ‘thrombogenic susceptibility” of the vessel
wall [38]:

ECAP = OSI/TAWSS (6)

This index is generally used to locate areas of the arterial wall that are exposed to both
high OSI and low TAWSS at the same time. High ECAP values correspond to large OSI
and small TAWSS, that is, conditions of endothelial susceptibility [38].

3. Results and Conclusions

Non-Newtonian pulsatile blood flow in the rupturing patient-specific aneurysm was
numerically investigated to evaluate the effect of hemodynamics on the evolution of the
disease. Due to the fact that the rupture zone of the aneurysm was artificially repaired,
fundamental information was known about the incipient rupture in the analyzed geometry
and the location of the rupture zone. Consequently, the link between the flow patterns and
the rupture of the aneurysm could be investigated to establish the role of hemodynamic
parameters in predicting the rupture of the abdominal aortic aneurysm.

The results of the numerical simulations are shown below. In particular, the temporal
evolution of 2D and 3D streamlines in the pre-rupture model of the aneurysm was analyzed
to understand how flow patterns and recirculation regions develop in time (Figures 5 and 6).
The 2D and 3D streamlines were examined in the same representative phases of the cardiac
cycle (Figure 2a). The 2D streamlines refer to a longitudinal section of the aneurysm, which
was chosen to capture the maximum area of the dilatation in the direction of the mean flow
and to highlight the blood flow around the rupture zone.

The geometry of the considered aneurysm was characterized by high surface complex-
ity and tortuosity, which significantly affected the blood motion. At the selected instants of
the cardiac cycle, different flow patterns were observed. In the first instants of the phase of
systolic acceleration, the residual vortices emerging from the previous cycle were quickly
suppressed by the accelerating flow and were not found in the aneurysm, even if a helical
flow persists (Figures 5 and 6, t = 0.18 s).

As the systolic peak was reached, the flow velocity increased significantly, highlighting
the maximum values (Figures 5 and 6, t = 0.25 s). Despite this temporal acceleration, the
enlargement of the vessel leads to a consistent spatial deceleration in the bulge with respect
to the flow condition in the healthy aorta region. The consequent increase in pressure
determines the separation of the flow within the dilatation already at the first instants of the
deceleration phase (Figures 5 and 6, t = 0.31 s). This is highlighted by the small recirculation
area originating in the region of the most significant widening of the aneurysm, marked
with A in Figure 5 (t = 0,31 s). At the same time, a consistent vortical flow originated
in the healthy aorta upstream of the aneurysm, due to the detachment of the fluid in
correspondence with the pronounced angle of the vessel (region B in Figure 5, t = 0,31 s).

In the following phase of the cardiac cycle, the inlet velocity reaches zero values, and
the vortices gradually reduce their velocities but widen, affecting the entire bulge of the
aneurysm and a large region of the upstream non-dilated aorta (Figures 5 and 6, t = 0.43 s).
The vanishing of the inlet velocity at this instant contributes to the onset of a strongly
disturbed blood flow in the vessel, with a large number of new vortices in the healthy aorta
slowly recirculating.

In the successive diastolic phase, a retrograde flow interacts with the preexisting vor-
tices, determining the weakening of the larger recirculation regions and the disappearance
of the smaller vortices close to the wall (Figures 5 and 6, t = 0.51 s and ¢ = 0.66 s). In the
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later phases of the cardiac cycle, the vortices decrease in number and gradually disappear
when a subsequent cycle starts.

Figure 5. 2D streamlines on the longitudinal cross-section of the patient-specific model of the
rupturing aneurysm at the selected instants of the cardiac cycle. In the figure, the recirculation areas
in the aneurysm and the healthy aorta are indicated respectively with the letters A and B.
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Figure 6. 3D streamlines at the selected instants of the cardiac cycle.

The spatial distributions of WSS were analyzed during the cardiac cycle, since low and
oscillating WSS characterizing the pulsatile motion seems to be associated with possible
rupture of the aneurysm [27,29,44]. The 3D streamlines’ evolution during the cardiac cycle
is simulated in Video S1.

The understanding of the flow evolution during the cardiac cycle is significant, because
recirculating blood associated with low TAWSS have been considered as responsible for
the deterioration of the arterial wall [16-19]. In particular, the dynamics of the recirculation
regions give rise to non-physiological WSS that in turn appears to be negatively correlated
with ILT accumulation [19,43] and disruption of artery wall integrity [45]. Moreover,
regions characterized by low WSS and high OSI are susceptible to thrombus deposition and
consequently to a higher risk of rupture [40]. Lastly, low and oscillating WSS characterizing
the pulsatile motion was associated with possible rupture of the aneurysm [27,29,44,46].

Taking into account the above consideration, the instantaneous WSS distributions
at the selected instants of the cardiac cycle, TAWSS, OSI and ECAP distributions, were
determined in the present study.

Figure 7 shows the instantaneous WSS contours obtained from the computational
simulations for the image-based reconstructed model of the pre-rupture aneurysm at the
selected instants of the cardiac cycle.
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Figure 7. WSS contours distribution in the rupturing aneurysm at the selected instants of the cardiac
cycle (t=0.18s,t=025s,t=0.31s,t=043s,t=0.51s,and t = 0.66 s). The arrow and the black cross
indicate the future rupture point.

The temporal and spatial distribution of WSS inside the rupturing abdominal aortic
aneurysm was due to its specific geometry, which caused flow separation and the con-
sequent emergence of recirculation regions. As highlighted in Figure 7, an altered WSS
was found in the aneurysm concerning the physiological values that characterize the non-
diseased artery. During the entire cycle, lower WSS compared with the values in the healthy
aorta were found on the aneurysmal wall, in agreement with literature results [44,46,47].
Relatively high values characterized the proximal and distal regions of the aneurysm. High
WSS were also found in the iliac arteries, due to their tortuosity and the narrowing of the
vessels, but these areas are not of interest in this study.

It is interesting to note that, at the instant of systolic peak (t = 0.25 s) the healthy arterial
wall was associated with an extremely high WSS that decayed in the subsequent instants.
Furthermore, at any instant of the cardiac cycle, there were always minimum relative values
around the area of the incipient rupture (Figure 5). During the systolic deceleration phase
(t = 0.31s), the WSS values in the bulge significantly decreased around the future rupture
region but assumed high values in the region of high curvature at the inlet of the dilatation.

At the diastolic minimum, i.e., t = 0.51 s, the retrograde flow, although associated
with low velocities, interacted with the pre-existing vortical flow, determining local small
increases in WSS. Finally, at the diastolic acceleration phase, t = 0.66s, the WSS values
decrease drastically in the bulge.

To describe in more detail the interaction between pulsating blood flow and possible
rupture of the aneurysm, the spatial distribution of fundamental hemodynamic quantities,
averaged over the entire cardiac cycle, was analyzed, i.e., distribution of time-averaged
velocity, TAWSS, OSI and ECAP.

Figure 8 illustrates time-averaged velocity contours on the longitudinal cross-section
of the patient-specific model of the rupturing aneurysm. Figures 9-11 show the TAWSS,
OSI and ECAP on the luminal surfaces for the patient-specific aneurysm examined in the
pre-rupture condition.
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Figure 8. Time-averaged velocity contours on the longitudinal cross-section of the rupturing
aneurysm. The arrow and the black cross indicate the region where rupture really occurred (future
rupture region).
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(a)

Figure 9. TAWSS contours distribution on the luminal surfaces of the rupturing aneurysm: (a) front
view, (b) back view. The arrow and the white cross indicate the region where rupture really occurred
(future rupture region).
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Figure 10. OSI contours distribution on the luminal surfaces of the rupturing aneurysm: (a) front
view, (b) back view. The arrow and the white cross indicate the region where rupture really occurred
(future rupture region).
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Figure 11. ECAP contours distribution on the luminal surfaces of the rupturing aneurysm: (a) front

view, (b) back view. The arrow and the white cross indicate the region where rupture really occurred
(future rupture region).

The results of the numerical simulations indicated regions of slow recirculation flows
and low values of Time Averaged Wall Shear Stress (TAWSS) in the region of rupture
(Figures 6 and 7). Unlike literature results, high Oscillatory Shear Index (OSI) was not
clearly found in this region, and further regions of high OSI values were detected that were
not linked to the ruptured zone (Figure 8).

Nevertheless, just in the region where the rupture will occur, the maximum value
of the Endothelial Cell Activation Potential index (ECAP) was found (Figure 9), and,
unlike what happens when analyzing TAWSS and OSI contour maps, no uncertainty
arises regarding further possible areas of rupture of the aneurysm. This index is therefore
extremely significant for assessing the vulnerability of the aortic wall and locating the
critical rupture region.

In the present study, the wall of the aneurysm was assumed rigid, as widely accepted
in the literature [32,39,46—48]. The hypothesis is due to the increase in wall stiffness of the
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abdominal aortic aneurysm AAAs with the progression of the disease [5,34]. In support
of this, degradation of elastin and increase in collagen fibers of the wall have been found
in the development of the aortic aneurysm [35-37]. On the other hand, fluid—-structure
interaction models, which take into account the elasticity of the wall, require patient-specific
parameters, e.g., artery wall stiffness or thrombus properties, difficult to evaluate. However,
in future research, it might be of interest to consider the elasticity of blood vessels in the
analysis of the earlier stages of the disease.

Another limitation in this study is the assumption of non-patient-specific velocity
and pressure pulses. As the patient-specific data were not available, only typical pulses
of the abdominal aortic segment were used to model blood flow. In this regard, although
more accurate results could be achieved with patient-specific boundary conditions, some
limitations however could occur, related to the spatial resolution of the current imaging
techniques, such as 4D MRI. Moreover, it does not provide information on the pressure
field [49].

Despite the above limitations, this study highlights the importance of hemodynamics
in assessing the vulnerability of the aortic wall. Moreover, it furnishes a contribution to
identifying significant parameters for the prediction of the risk of aneurysm rupture as an
alternative to the criterion of maximum diameter, supporting the clinical management of
AAA disease.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/fluids7080269/s1, Video S1: 3D streamlines’ evolution during the
cardiac cycle.
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