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ABSTRACT - The descending aortic aneurysm is one of the most catastrophic cardiovascular Received: 031 Apr 2020
emergencies resulting in high mortality worldwide. Clinical observations have pointed out that stent Revised: 2 June 2020
implantation in the sick aorta should probably allow stabilization of the hemodynamic state of the Accepted: 231 Jan 2021
patient's aorta. To better understand the hemodynamic impact of a stent-treated aneurysm,
numerical simulations are used to evaluate hemodynamic parameters. These latter including flow KEYWORDS
profile, velocity distribution, aortic wall pressure and shear stress, which are difficult to measure in Blood flow;
vivo. It should be noted that the numerical modeling assists in medical planning by providing pressure,
patterns of blood circulation, in particular, the distribution of pressures and shear stresses in the ao”af
wall. In this context, the pulsatile blood flow in the aneurysmal aorta with stent is studied by CFD stent;

. . . . . s oy . systole;
(Computational Fluid Dynamics) simulations. Realistic boundary conditions time dependent are diastole:

prescribed at the level of the different arteries of the complete aorta models. The hemodynamic aneurysm
profile of the aneurysmal aorta with stent was analyzed by contour planes of velocity vectors,

pressures and shear stresses at different times during the cardiac cycle. The obtained results made

it possible to show the effect of the stent on the improvement of the blood flow by solving the

problems of hemodynamic disturbances in the aorta. The methodology used in this work has

revealed detailed and necessary information for the cases studied and shows the interest of the

numerical tool for diagnosis and surgery.

INTRODUCTION

Descending thoracic aortic aneurysms (DTAA) manifest as localized swelling of the descending aorta. They are
difficult to detect because they usually have no symptoms. Without treatment, DTAA can eventually lead to rupture,
ending by instant death[1, 2] The prevalence of aneurysmal disease in the elderly population is increasing, with around
150,000 new cases diagnosed each year [3].

Prevention of DTAA rupture is based on the treatment of open surgery. Endovascular aneurysm repair (EVAR) is an
option currently available to treat DTAA [4]. In the EVAR procedure which has been developed in recent years, surgeons
deploy a stent-graft (SG) through a small incision in the femoral artery to exclude aneurysms of the descending aorta,
under the control of a live X-ray [5, 6].

Most current stent grafts use a combination of metal stents sewn to a polymeric fabric. EVAR has gained popularity
because it reduces morbidity and postoperative mortality compared to open surgical procedures of the aorta [7]. However,
to be successful, EVAR requires considerable surgeons experience due to non-intuitive visual perception via 2D
projection from X-rays and of instruments indirect manipulation [8-10].

Traditional training methods, including the master-apprentice model and those using corpses, animals or plastic
models, are often very expensive and have very limited value for personalized treatments [11, 12]. On the other hand, the
numerical simulation of EVARs constitutes a versatile and cost-effective solution, which trainees can practice repeatedly
in rare cases [13, 14]. In addition, patient-specific data can be quickly adopted to create a personalized virtual surgery
environment for the planning of preoperative surgery, rehearsal, evaluation and optimization of interim surgical
procedures, as well as better design of personalized stent grafts [15-18].

To achieve the complete structure of blood flow (vorticity, turbulence, pressure, shear stress, etc.), three-dimensional
simulation techniques must be used, by working preferably on real arterial geometries, just like on real anatomies
pathology obtained from MRI medical imaging [19]. In general, a CFD study makes it possible to obtain quantitative data
of overall flow far from the wall or simply qualitative data [20, 21].

In this study, the hemodynamic effects of the pulsatile support mode on the aorta with stent were studied using the
CFD method. A patient-specific aortic model, based on computed tomography data from a treated aneurysm patient (with
stent), was reconstructed. The effects generated by the pulsatile support modes and wave of velocity and pressure were
compared in order to clarify the different hemodynamic effects. The shear stresses applied to the wall were used as
indicators to evaluate the hemodynamic states of the aorta with stent under different support modes, and on the
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biomechanical environment of the pathological aorta with stent. All of this is established to assess the effectiveness of
the stent and its effect on improving blood flow.

METHODS AND MATERIALS

The 3D reconstruction of the model studied is a fundamental phase of this numerical simulation. Figure 1 shows a
CT scan imaging of the pathological aorta with stent of a 60-year-old man treated at the University Hospital of Oran
(Algeria). Due to the complex geometry of the aorta, the procedure for obtaining the volume element personalized model
from the biomedical images, we must go through several stages as shown in Figure 2 [21]. The first step is to recover the
data from tomographic sections (CT-scan) which are performed in a repetitive manner with a regular interval of 0.5mm.
The 3D geometry of the aorta model with stent was reconstructed from the DICOM (Digital Imaging and Communication in
Medicine) format files of the CT scan image using Mimics software. Then, by a segmentation technique, we obtain the 3D
geometrical model of the aorta which is numrically extracted in STL (stereolithography) format. The second step is carried
out using the RapidForm software to obtain an ideal surface scan by correcting all geometrical faults and irregularities.
The third step is to import data in IGES format of the aorta geometrical model in ANSY S-fluent software [22]. The model
is discretized by finite volumes using 4-node tetrahedral elements (Figure 2).

Figure 1. MRI images for a 60-year-old man used to extract the geometry of aortic arch of the aorta with stent
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Figure 2. Procedure adopted for 3D reconstruction of the aorta model
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NUMERICAL MODELING
Mathematical Model

The most widely used mathematical model for modeling flow phenomena is based on the resolution of Navier-Stokes
partial differential equations (PDE) [23]. The arterial wall is assumed to be no-slip rigid. The blood is assumed to be
incompressible. Therefore, a steady laminar blood flow can be described by the following Navier-Stokes equations:

%+(V.V)V=—£Vp+vVZV+f (1)

Yo}
Vv=0 (2

where V is the blood flow velocity vector, p denotes pressure, o represents blood density, v is the kinematic viscosity
and f represents the body force term per unit of mass.

These two equations are valid only when the fluid studied is Newtonian. Consecontly, they do not apply in all
situations. They are used for example to model the whole blood in arteries [24] or only the plasma in the capillaries [25].
The presence of nonlinear terms in Navier-Stokes equations makes them difficult to solve analytically. It is therefore
necessary to use numerical methods such as finite elements [26], finite volumes [27] or even finite differences [25] to
find solutions. In this work, the finite volume method was used. Although, the use of such method requires precise
conditioning of the problem in order to avoid the numerical instabilities due to the propagation of rounding errors,
truncations or even discretization.

As simplifying assumptions, we consider blood as a homogeneous, incompressible, constant-density and viscous fluid.
Moreover, the effect of gravity is neglected, and no thermal effects are considered. Vascular walls are modeled as non-
permeable, rigid walls.

Boundary Conditions

The boundaries of the computational domain are usually represented by inlets, outlets, and walls. Inlets are often
prescribed with velocity profile. A very common boundary condition is to use pressure on outlets. The boundary
conditions for the arterial walls can be assumed rigid, have a prescribed motion, or deform as a consequence of the fluid
pressure[28].

To study the pulsatile nature of blood flow, the velocity profile was defined at the aorta entrance. This velocity varies
as a function of time and has been evaluated by experimental measurements [23]. The velocity wave at the entrance of
the ascending aorta was estimated by Samuel and Fielden [29] using medical imaging (MRI) of 13 volunteers and a transit
time technique. Figure 3(a) shows the representative velocity wave form, with a frequency of 1Hz and a maximum systolic
velocity of 1.09 m/s. According to the literature, about 5% of blood flow the volume is outgoing to each of the three
branches of the aorta. These outflows were assigned as velocity boundary conditions for the aortic arch branches. Zero-
pressure boundary conditions were assigned at the three other outlets of the model, as shown in Figure 3(b). In this model,
we assume the vessel walls are rigid with no-slip boundary conditions.
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Figure 3. Illustration of the boundary conditions applied to the aorta: (a) profile of the transverse velocity at the entry of
the ascending aorta, (according to [23]) and (b) boundary conditions at inlet and outlet
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Regarding the blood flow in the large arteries, the shear rates in these latter are high enough which allow us to consider
the flow passing through them as a Newtonian fluid, and incompressible [30]. The dynamic viscosity and the density of
the blood are respectively 0.00371 Pa.s and 1060 kg/m? [31].

3D Finite Volume Modeling

In order to study the sensitivity of the mesh and choose the appropriate size, three types of meshes of the intact aorta
with different numbers of elements were tested (see Table 1). The generation of the aorta model mesh was performed by
ANSY S-Fluent code using 4-node linear tetrahedral elements. From the comparison between the results obtained for the
maximum shear stresses using coarse, medium and fine meshes, it can be seen that there is a slight difference of 2.91%
between the fine and medium meshes. Therefore, fine meshes of 864853 elements with 166131 nodes for aorta without
stent (Figure 4(a)) and 9542150 elements with 176534 nodes for aorta with stent (Figure 4(b)) were selected for further
analysis during this numerical investigation.

Table 1. Mesh sensitivity test results showing the maximum wall shear stresses values for different mesh element
numbers of intact aorta model

Mesh type Nelfg?eer:t:f Number of nodes  Max shear stress (Pa) Difference (%)
Coarse 214195 48600 90 10
Medium 646590 127985 100 2.91
Fine 864853 166131 103 1.32

@ (b)

Figure 4. Meshes used for the aortas models (a) without stent and (b) with stent

RESULTS AND DISCUSSION

The hemodynamic profile of the aneurysmal aorta with stent was analyzed by contour planes of velocity vectors,
pressures and shear stresses at different times during the cardiac cycle. These six time instants represent the critical phases
of flow in the cardiac cycle: t = 0.2 and 0.25s (maximum acceleration), t = 0.30s (maximum systole), 0.35s (maximum
deceleration) and 0.4s (mid-diastole). Noting that these instants were chosen on the basis that each instant represents a
critical time of the cardiac cycle [14, 32].

Stent Effect: Comparative Study

Figure 5 illustrates comparisons between the evolutions of the pressures (Figure 5(a)) and the velocities (Figure 5(b))
as a function of time in the case of an aneurysmal aorta with stent and the profile of an intact aorta, during the cardiac
cycle. It can be seen that there are slight differences between both cases (with and without stent). Furthermore, a similar
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behaviors have been noticed between both curves in the acceleration phase (between 0.15 and 0.25s). This confirms the
effectiveness of the implanted stent and its effect on improving blood flow since both behaviors are almost similar.
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Figure 5. Evolution of the pressures (a) and velocities and (b) as a function of time in the cases of an intact aorta and
aorta with stent during the cardiac cycle
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Figure 6. Distribution of velocity vectors in the aorta with stent at six consecutive critical moments of the cardiac cycle:
(a-b) early systole (t = 0.20s), (t = 0.25s), (c-d) mid-systole (t = 0.3s) (t = 0.35s), (e) late systole (t = 0.4s) and (f) early
diastole (t = 0.45s)
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Figure 6 shows the velocity vectors of the aneurysmal aorta with stent at six instants of the cardiac cycle. The plot of
the velocity vectors shows that the regions of high velocities are located at three positions : (i) the aortic arch, (ii) the
branches of the distal part and (iii) the aorta outlet. The regions of low velocities appear in the ascending and descending
aorta, when the vascular section is greater. The maximum value of velocity in the mid-systole phase (t = 0.3 and 0.35 s)
increases slightly in the aorta model. The blood velocity then decreases at the end of systole (t = 0.40 s), and reaches its
minimum value at the end of diastole (t = 0.45 s). This exhibits the effectiveness of the stent and its effect on improving
blood flow since its behavior is almost similar to the normal state (Figure 5). In most moments of the cycle (t = 0s to 0.2s
and 0.32 to 0.35s), a vortex appears at the end of the descending aorta just at the bottom region of the stent due to the
sudden widening of the diameter (the fluid being released). The velocity of the vortex center is almost zero.

Distribution of Streamlines

The characteristic of the hemodynamic flow is captured by CFD simulations using the plotting of the aortic input
streamlines at different times of the cardiac cycle. Figure 7 shows the streamlines of the aneurysmal aorta with stent. It
can be noted that the blood flow is relatively low at the start of systole (t = 0.20 and 0.25s). The initiation of flow occurs
in the proximal ascending aorta, only in the middle systole (t = 0.3s) when the velocities are highest. The flow reaches its
maximum intensity when the vascular section is smaller at the level of the proximal ascending aorta and at the end of the
aorta. The blood flow then decreases during late systole (t = 0.40 s).

During the systolic acceleration phase, the streamlines in the stent zone are mainly parallel to the aortic wall, in
particular, in the proximal region. This highlighted the effectiveness of the stent type chosen and its effect on improving
the blood flow.
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Figure 7. Illustration of the aorta streamlines at six consecutive critical moments of the cardiac cycle: (a-b) early
systole (t = 0.20s), (t = 0.25s), (c-d) mid-systole (t = 0.3 s) (t = 0.35s), (e) late systole (t = 0.4 s) and (f) early diastole (t
= 0.45s)
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Figure 8 shows the evolution of the velocity at the entrance (Plane 1), in the region of the aortic arch (Plane 2), in the
region of the aneurysmal sac with stent (Planes 3 and 4), and in the inferior region of the descending aorta (Plane 5).
Qualitatively, we note that the simulations of the blood flow reproduce certain transitory flow characteristics, mainly the
phase delay (Planes 3 and 4) of the peak systole compared to the waveform of the input flow (Plane 1). This is due to the
change in the aorta section.

Nevertheless, we have shown the effect of aortic wave reflections on the flow profiles obtained in several planes of
the aortic model with stent. The delay in systolic flow and its reduction when the velocity wave crosses the pathological
aorta with stent is justified by the complex flow in the branches of the aorta which may explain the differences observed
in the flow waveforms at the entrance and at the middle of the section. It can be also observed that there is a slight
difference between the velocity variations in planes 3 and 4, which comfirms the good choice of the stent and its effect
on improving the blood flow in the aorta.
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Figure 8. Evolution of the velocity at the entrance (Plane 1), in the region of the aortic arch (Plane 2), in the region of
the aneurysmal sac with stent (Planes 3 and 4), and in the lower region of the descending aorta (Plane 5)

An interesting aspect of the 3D flows analysis in the cardiovascular system is the graphic presentation of the flow
field. Figures 9, 10 and 11 show contours plots of the velocity amplitude in the aortic arch for three different moments:
maximum systole (t = 0.33s: which is the time at which the pressure gradient between the ascending and descending aorta
becomes maximal), a point near the end of the systole (t = 0.4 s) and at the early diastole (t = 0.45 s).

The results show that the time points with a maximum input velocity are at t = 0.33s (Figure 9, maximum systole).
The flow at the ascending aorta (plane 1) is systematically oriented towards the internal aortic wall. This vortex type
velocity profile was induced by the geometry of the curved entry and does not result from the boundary conditions at the
inlet. In the descending aorta (plane 3), the maximum velocity decreases from 1 m/s to 0.7 m/s due to the growth of the
diameter. In plane 4, there is a slight increase in velocity at the axis of the aorta. The velocity reaches its maximum value
in plane 5 with resemblance to the regular flow. Due to the non-planar anatomy of the aorta, the flow is strongly inclined
towards the anterior wall of the aorta, then it incline towards the external wall (see Figure 9). Furthermore, during the
(diastolic) deceleration phase at t = 0.4s (Figure 10), the flow patterns are similar to those observed at the systolic peak,
with a regular decrease in velocity.

On the other hand, Figure 11 shows the contours of the primary velocity in the cross sections of the aorta model at the
minimum inlet velocity (t = 0.45s). The velocity contour plots in the aortic arch and branches are generally symmetrical,
with a slightly asymmetrical profile. A significant decrease in the velocity field was observed, compared to the previous
cases. Most of these flow characteristics are due to the lower velocities and Reynolds numbers that occur during the
minimum flow.
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Figure 9. Velocity contour plots at different cross sections along the aorta at t = 0.33s
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Figure 10. Velocity contour plots different cross sections along the aorta at t = 0.4s
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Figure 11. Velocity contour plots at different cross sections along the aorta at t = 0.45s
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Pressure Distribution

The pressure contours throughout the cardiac cycle are shown in Figure 12. The pressure gradient generally decreases
in the flow direction along the aorta. The highest pressure is approximately 19.13 kPa (150.99 mm Hg) and is localized
at the aortic root and at the ascending aorta. The region of low pressure is located in the iliac arteries due to the coarctation
of these latter. This pressure is similar to the outlet pressure of 15.68 kPa (117.61 mm Hg) at maximum systole. When
the vascular section is larger, the pressure value decreases. The pressure increases slightly in the aorta model at maximum
systole (t = 0.3 and 0.35 s). The blood pressure then decreases in the late systole with a regular decrease (t = 0.40 s), and
reaches its minimum value at the end of the diastole (t = 0.45s).

The results obtained within the framework of this study made it possible to evaluate the implantation effect of the
stent. It has been found that the stent makes the flow more linear and structured in the aneurysm region, while stabilizing
the pressures. The results thus presented showed that the stent could limit the dilation of the descending aorta. This also
confirms the effectiveness of the stent type used and its effect on improving blood flow.

The laminar nature of the flow field is highlighted in Figure 13, where we show the temporal evolutions of the pressure
amplitude in five transverse planes of the pathological aorta axis with stent. It is clear that no pressure oscillation is present
during the whole cardiac cycle. In addition, a pressure difference between the different planes with respect to the aorta
inlet (Plane 1) during the systolic phase has been observed. This is due to the complex geometry of the aorta (narrowing,
high curvature) and the presence of the branches, which generates, consequently, a complex flow in the aorta. Indeed,
these parameters seem to be crucial factors justifying the pressures differences between the planes.

/ / 4 /d

11879474
10863.158
9846
neasoszs (a) t=020s () t=0.25s (c) t=0.30s

/4

(d) t=0.35s () t=0.40s (f) t=0.45s

Figure 12. Pressure distribution in the aorta at six consecutive critical moments of the cardiac cycle: (a-b) early systole
(t=0.20 and 0.25 s), (c-d) mid-systole (t = 0.3 and 0.35 s), (e) late systole (t = 0.4 s) and (f) early diastole (t = 0.45 s)
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Figure 13. Evolution of the pressure at the inlet (Plane 1), in the region of the aortic arch (Plane 2), in the region of
the aneurysmal sac with stent (Planes 3 and 4), and in the lower region of the descending aorta (Plane 5)

Distribution of Shear Stresses

Figure 14 illustrates the distribution of shear stresses in the aorta with stent throughout the cardiac cycle. The contour
plots are shown for (a-b) early systole (t = 0.20 and 0.25 s); (c-d) mid-systole (t = 0.3 and 0.35 s); (e) late systole (t =0.4
s) and (f) early diastole (t = 0.45 s). It should be noted that the area of high shear stresses is observed in the proximal
ascending aorta (near the aortic entrance). Throughout the cardiac cycle, it can be seen that the distribution of shear
stresses is strongly correlated with the previous results of the flow streamlines and the velocity fields. In the systolic
acceleration phase (t = 0.20 and 0.25s), the pathological aorta with stent has a relatively moderate distribution of shear
stresses in the section of the proximal ascending aorta. Then, it becomes asymmetric , due to the curvature of the wall
and the subsequent flow towards the internal wall. An area of high shear stresses appears at the beginning of the interior
curvature of the ascending aorta. Low values of shear stresses are presented on the outer wall, then they increase slightly
as the blood moves through the distal ascending aorta.

At maximum systole (t = 0.3 and 0.35s) and due to the high blood velocities observed for this cardiac instant, the
shear stresses increase significantly along the aorta, as shown in Figure 14. The distribution of shear stresses at this cardiac
moment follows the trend initiated in the acceleration phase, where the values of the highest shear stresses are observed
in the internal curvature of the ascending aorta and are around 28Pa.

As the velocities of the blood flow decrease slightly in the aortic arch and at the level of the inlets of the supra-aortic
arteries, the shear stresses in these zones are lower. Maximum values of shear stresses are observed, in correlation with
the high velocities observed in these regions. Shear stresses also increase in the proximal descending aorta in maximum
systole (t = 0.3 and 0.35s) compared to systolic acceleration (t = 0.20 and 0.25s). They follow the trend of blood flow, as
shown in Figure 14. Furthermore, we note systolic shear stresses more prononced at the external curvature of the
ascending aortic wall, which are in agreement with the results of the literature [33, 34].
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Figure 14. Distribution of shear stresses of the aorta at six consecutive critical moments in the cardiac cycle: (a-b) early
systole (t = 0.20 and 0.25s), (c-d) midi-systole (t = 0.3 and 0.35s), (e) late systole (t = 0.4s) and (f) early diastole
(t =0.45s)

CONCLUSIONS

The results obtained within the framework of this study made it possible to evaluate the effect of the stent implantation
during the consecutive critical moments of the cardiac cycle. CFD simulations have shown that stent deployment tends
to normalize flow structures in the pathological aorta. Indeed, we have found that the stent makes the flow more linear
and structured in the aneurysm area, while limiting turbulence and stabilizing the flow velocities and the pressures and
reducing the shear stresses in the walls of the aorta. The results thus presented showed that the stent could limit the dilation
of the descending aorta, which confirms the effectiveness of the stent type used and its effect on improving blood flow.
Finally, it is interesting to note that the models developed within the framework of this present work could be essential
help tools for vascular surgery during pre- and post-surgical intervention in order to make the adequate decisions and to
evaluate the results of the surgical intervention.
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