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Summary

The FSI numerical studies allowed the velocity distribution analysis along the geometric
domain. A recirculation bubble is formed in each of the two iliac arteries, immediately
downstream the iliac bifurcation, being consequently, a region prone to plaque deposition.
Atherosclerosis is essentially developed during the deceleration phase of the cardiac cycle, due
to the high oscillation of the wall shear stress that increases the size and duration of the
recirculation bubble. Unbalanced flow distribution in the iliac arteries enhances the likelihood
of flow separation in the starved branch of the cardiovascular system. It was concluded that the
wall compliance plays a very important role in the development of disease and should not be
neglected. The parameters that may affect the disease are the iliac bifurcation geometry, wall
compliance and different distributions of the outflow by the two iliac arteries, probably due to
stenosis in the subsequent arteries.

1 INTRODUCTION

Cardiovascular diseases are the leading cause of death in Europe and in the United States of
America. One of the most common cardiovascular diseases is atherosclerosis, which is
characterized by the presence of deposits in intimal wall of small and medium arteries,
including fat substances, calcium, elements and other products transformed of blood flow [1].
This set of deposits is called plaque originating a kind of arterial wall thickness. Plaque
development occurs more often at complex flow zones, where the artery is bifurcated, curved
and has a junction. The objective of this research is to quantify the relationship between
atherogenesis and features in hemodynamics when a flexible artery is assumed. The effect of
different wall compliance was studied in a realistic bifurcated segment of an iliac artery.
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The numerical research was carried out using Ansys workbench: Fluent for the
Computational Fluid Dynamic (CFD) and Ansys Mechanical for structural analysis. It will be
considered pulsatile blood flow within a realistic bifurcated segment of iliac artery, able to
reproduce the infra-renal cardiac cycle, particular of the abdominal aorta downstream the renal
arteries. The pulsatile profile of this cycle presents the specificity of including a period of
reverse flow, or a backflow. Blood flow is turbulent and well predicted by the incompressible
form of the Navier-Stokes equations.

The elasticity or stiffness of blood vessels has great importance, since it directly influences
the way that blood flows inside veins and arteries. Some studies were found in the literature
that analyze the elastic properties of veins and arteries [2-10], inclusively for different veins
and arteries and for different flow conditions, such as different levels of strain rate [9] and
pressure [3]. Also, important to note, as mentioned by Wuyts et al. [8], the stress-strain
relationships of blood vessels are strongly nonlinear which makes it impossible to define a
single Young’s modulus describing the stiffness of an entire blood vessel. In order to cope with
this problem, many authors have used an incremental modulus as introduced by Bergel [10].
This modulus represents the slope of the pressure-radius curve at a given level of pressure.

The study presented by Wuyts et al. [8] is particularly interesting, since it presents the
analysis of the influence of age and degree of atherosclerosis on the mechanical properties of
blood vessels, showing a significant increase in stiffness due to both these factors.

Some works [11-15] have used a numerical FSI (Fluid-Structure Interaction) methodology
to analyze the influence of artery elasticity on the blood flow in the iliac bifurcation or in liliac
bifurcation in an abdominal aortic aneurysm. Interesting examples are the works of Luo et al.
[11] and Kotmakova et al. [12], which are similar to the work here developed. In both these
works, an FSI approach is used to evaluate the influence of artery elasticity on the blood flow
in the iliac bifurcation. However, these works consider a one-way data transfer approach for
this purpose, while a two-way approach is considered in the work presented here.

Previously, Carvalho et al. [1] analyzed the blood flow for a rigid anatomical model of an
iliac bifurcation. This work analyses the effect of different material properties of the veins, in
hemodynamics and consequently disease development.

2 MATERIALS AND METHODS

In this study, a numerical approach was used to analyze the influence of the vein/artery
elasticity on the blood flow, representing different levels of disease on the iliac bifurcation. As
previously mentioned, following the work of Carvalho et al. [1], where the blood flow is
analyzed for an anatomical model of an iliac bifurcation, in this work the influence of the
elasticity of this artery on the blood flow, representing different levels of disease.

2.1 Mathematical equations / Computational model

The numerical simulations were performed were performed using the Fluid-Structure
Interaction (FSI) technology from the Ansys software suite (Ansys, Inc., Canonsburg, PA,
USA), implemented as a two-way FSI data transfer. In this approach, the CFD (Computational
Fluid Dynamics) simulations are performed in the software Fluent® and the structural
simulations, which analyze the artery wall behavior, are performed in the software
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Mechanical®, in a structural transient simulation. Data transfer between these two solvers is
managed by the Ansys System Coupling module.

The CFD numerical simulations were performed considering the k-¢ Turbulent Model with
Enhanced Wall Treatment algorithm and a conversion criterion of 1E-5. The software Fluent
solves the three-dimensional equations for mass, Equation (1) and momentum, Equation (2)
assuming conservation for each variable:

Ve =0 1)

9 _
a(pﬁ) + V(pvv) = Vp + V(T) )

Where ¥ is the fluid velocity vector, p is the density, p is the static pressure, T is the stress
tensor, Kesr is the effective conductivity, and Sy other heat sources. The turbulence model is
described by Equations (4) and (5):
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where K is the kinetic energy, € the dissipation rate, p the viscosity, and u, the turbulent (or
eddy) viscosity. Gk represents the generation of turbulence kinetic energy due to the mean
velocity gradients. Cy,, C,, and C, are constants, 1.44, 1.92 and 0.09, respectively. o, = 1.0 and
o, = 1.3 are the turbulent Prandtl numbers for k and &, respectively.

Regarding the mechanical numerical simulations, the software Mechanical solves the
general equation of motion, Equation (5), for transient dynamic analyses:

(F(O)} = M{ii} + C{u} + K{u} (5)

Where F is the load vector at each time instant, t, M is mass matrix, C the damping matrix,
K the stiffness matrix, {ii} the nodal acceleration vector, {1t} the nodal velocity vector and {u}
the nodal displacement vector.

2.2 Geometrical model

In this work, a realistic model of an iliac bifurcation was considered. This model was
constructed by Carvalho et al. [1] through the analysis of real anatomic data, obtained in a
DICOM (Digital Imaging and Communications in Medicine) format, and processed using the
MIMICS software, from Materialise. The realistic model obtained is shown in Figure 1. The
processed model was then simplified into the geometry used in the numerical simulations, since
the 3D model obtained directly from rendering the CT images had too many interferences in its
surfaces.

For the FSI (Fluid-Structure Interaction) model, more specifically for the structural part of
the simulation, a shell surface with a thickness of 1 mm was considered to represent the artery
wall. A thickness of 2 mm was also analyzed, since the wall thickness of the iliac bifurcation
should be between 1 and 2 mm.



Filipa Carneiro, Lourengo Bastos, Senhorinha Teixeira and José Carlos Teixeira

2.3 Geometrical domain discretization

For the fluid domain, a global element size of 1 mm was considered for the domain
discretization, or mesh creation. Moreover, 5 boundary layers, with a first layer thickness of 0.3
mm and a growth rate of 1.2, were considered at the cross-section throughout the entire fluid
domain. Considering these parameters, the fluid domain was divided into 264,059 tetrahedral
elements.

Regarding the structural model, a global element size of 0.75 mm was considered for the
mesh creation, with a refinement to 0.5 mm in the bifurcation area. Following these parameters,
the shell surface was divided into 6552 triangular and square elements.

The meshes created for both the fluid and structural domains are presented in Figure 2.

a)

Figure 1: a) Detailed rendering of the iliac bifurcation; b) Simplified model of the iliac bifurcation used in the
simulations.

a) b)

Figure 2: Meshes created for a) The fluid domain; b) The artery wall.
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2.4 Materials

Regarding the flow properties, the same assumptions considered by Carvalho et al. [1] were
implemented, i.e., the numerical simulations were carried out considering a Newtonian and
incompressible fluid, for which a viscosity of 0.0004 kg/m.s and a density of 1057 kg/m® were
assumed for the blood flow.

Concerning the wall of the iliac bifurcation, a linear elastic model was considered to model
its mechanical/structural behavior. To analyze different levels of disease on the iliac bifurcation,
typical elasticity moduli were analyzed, more specifically 2 MPa, 4 MPa and 8MPa, and a
Poisson ratio of 0.4 was considered.

2.5 Boundary conditions

The applied boundary conditions were based in the work developed by Carneiro et al. [18],
where the inlet velocity profile, as a function of time for the complete cardiac, was
approximated to a sinusoidal function through a numerical method. Thus, the same unsteady
inlet velocity profile (Figure 3) was applied, representing the pulsatile inlet velocity represented

by Equation (6), where the velocity, in m/s, is obtained by multiplying the resulting value by
1072,
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Figure 3: Axial velocity on the inlet with the representation of different time instants: t; =0s;t, =0.16 s; t3 =
0.26 s; t4 = 0.36 s. Based on the work of Carneiro et al. [18].

v(t) =2.46 + 5.10cos(2p t) — 1.93 cos(4p t) — 4.93 cos(6p t)
—0.919 cos(8p t) + 5.81sin(2p t) + 6.72sin(4p t) (6)
+0.395 sin(6p t) — 1.07 sin(8p t)

Furthermore, regarding the structural simulations, the inlet and outlet surfaces were
considered to be rigidly fixed, and through the data transferred via the Ansys System Coupling
module, the pressure on the wall, applied by the blood flow, is transferred from the flow
simulations (Fluent) to the structural simulation (Mechanical).
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3 RESULTS AND DISCUSSION

3.1 Artery displacement and stress

Results were analyzed for the main time instants represented in Figure 3, namely t1 =0, t2
=0.16s,t3=0.26 sand t; = 0.36 s.
Starting with the results obtained through the structural simulations, total deformations and
stresses were analyzed. Figure 4 a), Figure 5 a) and Figure 6 a) show the results obtained for
the most relevant time instants, namely to = 0.16 s, t3 = 0.26 s and ts = 0.36 s, respectively.
Moreover, in Figure 4 b), Figure 5 b) and Figure 6 b) the total deformations observed are again
shown with 10x scale, in order to facilitate the observation of the behavior of the artery.

Type: Total Deformation Type: Equivalent fvon-hises) Stress
Unit: mm Unit: MPa
Time: 0,165 Tirne: 016 5

2024/05/29 0222 2024/05/29 09:23

0.0081854 Max
0.0072844
00063833
0.0034823
0.0045812
0.0036802
0.038165 0.002779
0.025443 0.0018741
o.omaraz 0.00097702

@ Min 1.5976e-5 Min

0.11449 Max
01m77
0.088031
0.07833
0.063608
0.050886

b)

Figure 4: a) Deformation and stress results obtained at t2 = 0.16 s; b) Deformation obtained at t, with a 10x
scale.
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Type: Total Deformation
Unit: rmm

Tirne: 0,265

2024/05/29 09:25

0.19396 Max
017241
015088
012031
010778
0.086206
0.064655
0.043103
0.021552

0 Min

Time (5}

Type: Equivalent fwon-hdises) Stress

Unit: MPa
Tirne: 0.26 5
2024/05/29 09:24

0.019621 Max
0.017444
0.015287
0.013091
0.010914
0.0087373
0.0065606
0.0043839
0.0022073
3.0567e-5 Min

Figure 5: Deformation and stress results obtained for t3 = 0.26 s; b) Deformation obtained at t; with a 10x scale.

Total Deformation

Type: Tatal Defarmation

Unit: mrm
Tirne: 0.36 s
2024/05/23 0%:25

0.023306 Max
0020717
018127
0.015537
0.012948
0010258
0.0077687
0.0051791
0.0025896

0 Min

Equivalent Stress

Type: Equivalent (von-Mises) Stress

Unit: MPa
Tirne: 0365
2024/05/2009:24

0.0021134 Max
0.0018795
0.0016461
0.0014125
0.0011788
0.000%452
0.00071135
0.0004771
0.00024427
1.0624e-5 Min

Velocity (m/s)

Time (5)

a)

Figure 6: Deformation and stress results obtained for t4 = 0.36 s; b) Deformation obtained at t4 with a 10x scale.

b)

As can be observed, for the time instant of 0.36 s no significant deformations are observed,
when compared to the other analyzed time instants, being observed a maximum deformation of
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0.023 mm and a maximum stress on the artery of 0.0021 MPa. Higher deformations and stresses
are observed for 0.16 s, with a maximum deformation of 0.1145 mm and a maximum stress of
0.0082 MPa. As expected, the highest deformations and stresses are observed for 0.26 s, since
it corresponds to the time instant with the highest blood pressure. Here, a maximum deformation
of 0.194 mm and a maximum stress of 0.0196 MPa are observed, which is considerably higher
than the ones observed for other time instants.

Moreover, different behaviors are observed for 0.16 s and 0.26 s, as can also be observed in
Figure 4 b) and Figure 5 b). At 0.16 s the artery seems to stretch “vertically” and at 0.26 s the
artery seems to stretch “horizontally”. This way, at 0.16 s the bifurcation area seems to contract
and at 0.26 s it seems to expand, as shown in Figure 7.

t2=0.16s t3=0.26s

Figure 7: Artery deformation in the bifurcation area (with 10x scale).

In Figure 8, the maximum deformations and stresses, obtained for all the elasticity modulus
that were analyzed, are presented.
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Figure 8: Maximum deformations and stresses observed for all elasticity moduli analyzed.

As can be observed and as expected, an increase in the artery elasticity modulus promotes a
decrease in the deformation observed and a slight increase in the maximum stresses. An
increase on artery thickness also promotes a considerable decrease in both the maximum
deformation and stresses.

3.2 Flow velocity

The vectors of velocity magnitude are presented in Figure 9, for a cut plane going through
the bifurcation. Furthermore, the velocity profiles for cross-sections, S1-S9, of the abdominal
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aorta, right and left iliac arteries, for the time instants analyzed are presented in Figure 10,
Figure 11 and Figure 12, respectively. The cross-sections are outlined in their respective figures.
Note that the colored scales were adjusted to allow the assessment of the velocity differences
for each location, at different instants of the cardiac cycle. Moreover, velocity magnitude was
also analyzed throughout the position (X axis) on the iliac bifurcation, as shown in Figure 13.

CFD FSI

Figure 9: Vector distribution of velocity magnitude at t2 =0.16 s.

As can be observed, the same flow behavior is observed for the CFD (rigid artery) simulation
and the FSI (deformable artery). A slight velocity magnitude decrease is also observed when a
deformable artery is used, which was expected due to the artery expansion, although for t =
0.16 s a contraction of the artery is observed in the bifurcation vicinity, which seems to lead to
a slight increase in velocity.

The division of flow between the two iliac arteries and the formation of a vortex recirculation
in the outer wall of each iliac artery are visible for both the CFD and FSI models, with no major
differences noticed between the two models.

To better analyze the differences in velocity magnitude, Figure 13 shows the velocity
distribution thorough the X axis, or the length of the iliac bifurcation., for the different time
instants analyzed.
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Figure 10: Velocity magnitude (m/s) for different cross-sections during the cardiac cycle at the abdominal aorta.
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Figure 11: Velocity magnitude (m/s) for different cross-sections during the cardiac cycle at the left iliac artery.
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Figure 12: Velocity magnitude (m/s) for different cross-sections during the cardiac cycle at the right iliac artery.
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Figure 13: Velocity magnitude distribution throughout the positions in the X axis: a) t, = 0.16 s; b) t3 =0.26 s; ¢)
t4=0.36s.

For the first presented time instant, t> = 0.16 s, a very slight decrease in velocity is observed
for the FSI, similarly to what was observed previously, at least for the abdominal aorta.
Contrarily, downward the bifurcation, a slight increase in velocity is observed for the FSI
model, more noticeable near the outlet of the left iliac artery (Figure 14). This should be
connected to the fact that the bifurcation seems to contract in this time instant, which might
justify this increase in velocity downward the bifurcation. Nonetheless, this is just a slight
difference, with a maximum velocity magnitude of 0.9857 m/s for the CFD model and of 1.008
m/s for the FSI.

CFD FSI

Figure 14: Velocity magnitude at the outlet of the left iliac artery for t, = 0.16 s.

13
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For the remaining time steps (t3 = 0.26 s and t4 = 0.36s), a slight decrease in velocity is
observed, especially after the bifurcation, being more noticeable for t3, which may be due to the
cross-sectional area increase. Again, these are slight differences, which reveals that the CFD
model gives similar flow results and that artery elasticity, although important, does not affect
considerably the flow behavior inside the artery.

Figure 15 shows the maximum and mass weighted average velocities obtained for the
different artery elasticity modulus analyzed, in the 3 time instants mentioned before.

1.2

0.989 1.008 1013 PR 0.5796 0.5816 0.5825 0.5829
1

0.8
04
0.6 mi=0,168 wt=0,16
404 404 0.3
04 t=026s t=026s
I I [I wi=036s mt=0368

4 MPa 8B MPa 2MPa Baseline 4 MPa 8 MPa 2MPa
n thick) (2 mm thick)
Artery elasticity modulus (MPa) Artery elasticity modulus (MPa)

Max. velocity (m/s)
‘-\\‘emge velocity (m‘s)

Figure 15: Maximum velocity observed for all elasticity moduli analyzed.

Similarly, to what was observed previously, changing from a CFD to a FSI model promotes
aslight increase in the maximum velocity observed but a slight decrease on the average velocity
throughout the whole iliac bifurcation. Meaning that, as expected, on average the velocity
decreases when a deformable artery is considered, but this also promotes the increase in velocity
in certain localized areas. This happens in the time instant t2 = 0.16 s, where the bifurcation
seems more contracted, and the highest velocity magnitude is obtained.

Moreover, an increase in the artery elasticity modulus seems to promote a minor increase in
both the maximum and the average velocities observed.

3.1 Wall Shear Stress (WSS)

To analyze the differences in WSS between CFD and FSI models, Figure 16 shows the WSS
distribution through the X axis, or the length of the iliac bifurcation, for the different time
instants analyzed.

14
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Figure 16: WSS distribution throughout the positions in the X axis: a) t =0.16 5; b) t; = 0.26 s; ¢) t4 = 0.36 s.

As can be seen and as expected, the highest WSS (FSI - 25.450 Pa; CFD — 22.515 Pa) is
observed for the pulsatile maximum flow peak (t2 = 0.16 s), where the highest velocity
magnitude was also observed. Moreover, for t> = 0.16 s and t3 = 0.26 s the highest WSS is
observed in the bifurcation vicinity (Figure 17), while for t4 = 0.36 s the maximum WSS is
observed near the outlet of the left iliac artery. In this time instant, a WSS peak is also observed
at the bifurcation vicinity, but with lower value in comparison to the peak near the outlet. This
supports the conclusions of Luo et al. [11], stating that the values of WSS are directly affected
by the deformation of iliac bifurcation and velocity values.

Similarly to the velocity results, the impact of using a deformable artery is more considerable
in the bifurcation vicinity and downstream, due to the artery deformation. On the abdominal
aorta no considerable changes are observed.

CFD FSI
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[Fa]

Figure 17: Wall Shear Stress distribution for t2 = 0.16 s.
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The WSS distribution along the geometry is shown in Figure 17. Along the abdominal aorta,
the WSS value increases continuously, as can also be observed in Figure 16, reaching the
maximum in the bifurcation vicinity. In the outer wall of the iliac artery, the decrease in WSS,
reaching really low values, suggests the presence of a recirculation zone close to the wall, which
is consistent with the recirculation locations that can be identified in Figure 9 and coincides
with a location prone to plaque appearance Moore et al. [16], Lee and Chen [17]. Figure 18
shows the maximum and area weighted average wall shear stress obtained for the different
artery elasticity modulus analyzed inthe 3 anaIyzed time instants.
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A\'rr:igeWal.l Shear stress (Pa)

Figure 18: Maximum and average WSS observed for all elasticity moduli analyzed.

As can be observed and as mentioned previously, changing from a CFD to a FSI model
promotes an increase in the maximum WSS observed and a slight increase on the average WSS
throughout the whole iliac bifurcation. This increase is more noticeable at the time instant to,
which should be expected, since for this time instant more contraction is observed in the
bifurcation and the maximum velocity is obtained. At t3, even with what seems as an expansion
of the artery, which in theory should promote a decrease in WSS, a slight increase in WSS is
observed. Thus, it seems that the artery deformation observed is still causing an increase in
WSS even with a decrease in the maximum velocity observed at this time instant.

4 CONCLUSIONS

An FSI numerical model based on an anatomical geometry, previously studied by Carvalho
et al. [1], was implemented in order to analyze the influence of artery elasticity on the flow
dynamics in the bifurcation, namely the abdominal aorta and iliac arteries. This model was then
compared with rigid-wall solution (CFD model) of the same anatomical geometry in terms of
wall shear stress, flow dynamics (velocity distribution) and artery deformation.

Regarding the artery deformation and stress, the greatest influence in considering artery
elasticity is observed in the bifurcation vicinity, where the largest deformations are observed,
with a maximum deformation of 0.194 mm. These deformations alter the shape of the
bifurcation cross section, varying with the pulsatile velocity considered in the inlet, making the
bifurcation contract and expand at different time instants and altering the flow velocity
accordingly.

The flow inside the iliac bifurcation did not seem to be majorly affected by considering a
deformable artery wall. Although deformations were noticed, especially in the bifurcation
vicinity, the flow behavior did not seem to be considerably affected and difference of
approximately 2 % was observed between FSI and CFD, for the maximum velocity magnitude.
The change to a deformable artery promoted an increase in the maximum velocity observed but
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a decrease in the average velocity, meaning that on average the artery deformation leads to a
decrease in velocity, but in certain areas, namely in the bifurcation vicinity, this deformation
leads to a higher local flow velocity.

Regarding wall shear stress, changing to a deformable artery promoted an increase in WSS
with an increase of approximately 11.5 % in the maximum WSS observed. The average value
of WSS also increased, but by only 2 %. An increase in the artery elasticity modulus also
promoted a slight increase in the average WSS observed, but the maximum value was
approximately maintained, with minor changes.

To conclude, an FSI model was successfully implemented, using a commercial software, to
simulate the flow dynamics and structural behavior of an lliac Bifurcation, representing an
anatomical geometry in a more realistic method. This modeling methodology can be a useful
tool to further analyze this type of arteries, but also other blood vessels or even other organs ia
a more realistic way.
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