Journal of the Brazilian Society of Mechanical Sciences and Engineering (2022) 44:172

https://doi.org/10.1007/s40430-022-03480-4

TECHNICAL PAPER

=

Check for
updates

Comparative study of arterial wall models for numerical
fluid-structure interaction simulation of aortic arch aneurysms

Mario Luis Ferreira da Silva’

- Saulo de Freitas Goncalves'

- Rudolf Huebner?

Received: 14 October 2021 / Accepted: 19 March 2022 / Published online: 7 April 2022
© The Author(s), under exclusive licence to The Brazilian Society of Mechanical Sciences and Engineering 2022

Abstract

The arterial wall model adopted in the fluid-structural numerical simulations is directly related to its mechanical response,
as well as to the flow field. The work developed here compares different arterial wall models for an aneurysm located in the
aortic arch. Isotropic linear elastic, Yeoh isotropic polynomial hyperelastic, and Holzapfel anisotropic hyperelastic models
were used. Physiological boundary conditions were used throughout the cardiac cycle, and the non-Newtonian model of Car-
reau was used as rheological model. The fluid domain was discretized by the finite volume method, and the solid domain was
discretized by the finite element method. The results showed that the less stiff model, i.e., the isotropic linear elastic model
with modulus of elasticity £=1 MPa, had a greater increase in the aneurysmal sac, which favored recirculation and induced
low values of wall shear stress, which may be an indication of intraluminal thrombus formation overestimation. However,
the peak of maximum principal stress, which occurred at the junction of supra-aortic branches with aortic arch, was higher
in the Yeoh model, which may represent an overestimation of the rupture risk in stiffer models.
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1 Introduction

Aortic arch aneurysms account for approximately 21.3% of
cases of thoracic aortic aneurysms (TAA) [1]. Due to its ana-
tomical characteristics, repair of aortic arch aneurysms by
conventional or hybrid surgery remains a challenge, as these
procedures are associated with high morbidity and mortality
[2, 3]. In this context, computational numerical simulations
of fluid—structure interaction (FSI) have become an impor-
tant technique in the pathophysiology of the aneurysm and
the development of new clinical devices.

The aortic artery wall is composed of a complex three-
dimensional structural organization of elastin, collagen,
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and smooth muscle cells [4]. The microstructure of the wall
strongly influences its mechanical response, so histological
evidence suggests that it has a non-linear behavior [4-9].
Furthermore, the arterial wall has anisotropic behavior, with
greater stiffness in the circumferential direction, mainly due
to collagen dispersion [6, 7, 10]. While some studies have
reported an increase in anisotropy during aneurysm progres-
sion, due to changes in structural wall components [10-12],
others indicated an increase in isotropy [6, 13]. Niestrawska
et al. [14] argued that in the first stage of the aneurysm, the
response is anisotropic due to collagen realignment in the
circumferential direction, but in advanced stages, new col-
lagen is isotropically deposited.

Stiffer aneurysm walls have been related to higher peak
wall stress (PWS) and a higher risk of rupture [15]. On
the other hand, less stiff aneurysms have been related to
a shorter rupture time [16]. Low PWS may be associ-
ated with ILT formation and reduced wall strength [17].
In a direct comparison, isotropic hyperelastic models
had higher PWS than the isotropic linear elastic model
[18, 19]. Schmidt, Pandya and Balzani [20] discussed
the influence of anisotropy on numerical arterial mod-
els in idealized geometries, showing that in the aniso-
tropic model the deformations were smaller than in the
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isotropic one, unlike de Gelidi and Bucchi [21], where the
deformations in the anisotropic model were greater. Lin
et al. [22] compared an isotropic hyperelastic model with
Holzapfel anisotropic hyperelastic model for a concentric
saccular aneurysm of the abdominal aorta in which the
results show that there was a movement on the anterior
side of the aneurysm due to anisotropic orientation of the
fibers, which, therefore, was not properly captured in the
isotropic model.

The aortic arterial wall model also influences the blood
flow field [18]. Stiffer aneurysm walls seem to overes-
timate wall shear stress (WSS) [22, 23] and inhibit vor-
tex dissipation [22]. Unphysiological values of WSS can
trigger diseases such as aneurysm, atherosclerosis, wall
remodeling, and intraluminal thrombus (ILT) formation
[23-27], however, the real effect of WSS on aneurysmal
tissue damage is still open [28]. Low WSS values have
been linked to the process of ILT formation [25-27],
which favors wall weakening and aneurysm growth [29].
On the other hand, high WSS has been linked to reduced
abundance of elastin and smooth muscle cells, which can
lead to wall degradation [23].

Some studies adopted a statically determinate approach
to the thoracic aorta wall [30, 31], however, unlike the
abdominal aorta, the thoracic aorta presents wall stress
dependent on the constitutive model, material properties,
and geometry [32]. Although several anisotropic mod-
els were proposed for numerical simulation considering
the complex microstructure of the aortic arterial wall [8,
9, 33, 34], isotropic linear elastic models and isotropic
hyperelastic models have been used in the modeling of
the aortic wall, probably due to their simple implementa-
tion. At the same time, specific studies of FSI numerical
simulations for aortic arch aneurysms are scarce in the lit-
erature. Thus, the work proposed here aims to investigate
the differences between arterial wall models in the FSI
simulation for a realistic geometry of aneurysm located
in the aortic arch with physiologic boundary conditions.
Furthermore, it is also investigated how different arterial
wall models influence the blood flow field.

Fig. 1 Procedure for obtain-
ing the geometries: a three-
dimensional CT reconstruction,
b resulting region of interest, ¢
geometry resulting with zoom
in the aneurysmal region. AP,
axial plane; SP, sagittal plane;
CP, coronal plane
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2 Materials and methods
2.1 Geometric reconstruction

Aortic arch geometry was obtained through the three-
dimensional computed tomography (CT) reconstruction of
a healthy 74-year-old patient. The procedure was approved
by the Comité de Etica em Pesquisa/Universidade Fed-
eral de Minas Gerais (CEP-UFMG) under process number
CAAE02405712.5.1001.5149. A fusiform aneurysm was cre-
ated to exceed the diameter of the aortic arch by at least 50%.
Finally, the geometry of the arterial wall with a thickness of
2 mm was generated, which is within the physiological range
measured in vitro [35]. Figure 1 shows the process of obtain-
ing the geometries.

2.2 Mesh convergence test and numerical solution

For the fluid domain mesh, the convergence test was performed
according to the ASME V&V 20 standard [36]. Velocity was
monitored at four different points in the mesh. Each mesh was
generated from the refinement of the previous one by a factor
of 1.3 of the characteristic length (Eq. 1).

N 1/3
- L
h= lN ; AVi] (1)

where AV, is the volume of the i-th element and N is the
total number of elements.

The strategy of refining the meshes was adopted until the
grid convergence index (GCI) based on the relative error was
less than 5%, or the GCI based on the absolute error was less
than 107 at the four points analyzed in all time steps. The GCI
is given by Eq. (2).
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where e"*1is the relative or absolute error between meshes i
andi+1, rl” .1 18 the refinement factor, p is the apparent order
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of the method, and FS is the safety factor. FS=1.25 was
adopted [36]. After calculating five meshes, the expected
value of the GCI was reached, and mesh number 4 was
selected for the simulation.

For each mesh generated for the fluid domain, a mesh
with a similar characteristic length was generated for the
solid domain, to ensure that there was 100% coupling
between the nodes at the mesh interface. The relative error
of maximum principal stress (MPSS) was calculated at four
different points in each mesh. A 1% limit for relative error
was established to consider them converged.

The mesh selected for the fluid domain had 1,235,186 ele-
ments and 399,720 nodes and the mesh for the solid domain
had 99,674 elements and 171,964 nodes. The mesh in the
aneurysm area was finer, and the fluid domain mesh had 10
layers of refinement close to the wall, ensuring that the first
layer had y* <1 throughout the cardiac cycle. The test was
performed for all arterial wall constitutive models used and
it was found that the selected mesh is suitable for all.

In addition, a time step independence study was per-
formed, where the time step was also reduced by a factor
of 1.3 in each simulation until the velocity and MPSS at
the same points of the mesh convergence test reached a dif-
ference under 5%, which resulted in a time step of 0.01 s.
The cardiac cycle of 1.0 s (60 bpm) was considered. Five
cardiac cycles were needed to eliminate unsteady regime
effects and numerical instabilities. The results and analyzes
were obtained considering the last cycle.

Coupling of the solid and fluid domains was performed
by the System Coupling software (ANSYS 2019 R2). The
solid model was discretized by the finite element method
by ANSYS Mechanical 2019 R2, while the fluid model was
discretized by the finite volume method by ANSYS Flu-
ent 2019 R2. The residual value of 10~ was adopted for
the components of velocity, continuity, turbulence kinetic
energy (k) and specific dissipation rate (w) as a condition
of convergence for the fluid domain. The Newton—Raphson
method was used as the force convergence criterion for the
solid domain. In this way, the residual used was 0.1% of
the applied load. Two-way coupling was used. To assess
the convergence of data transfers, the change in all values
transferred between two successive iterations was reduced
to a normalized value so that the root mean square (RMS)
of 1073 of this value was used as the convergence criterion.

For the momentum, k, and w the second-order Upwind
approximation method was adopted for the convection terms,
and the central differencing scheme for the diffusive terms.
In the discretization of the continuity equation, a procedure
similar to that proposed by Rhie and Chow [37] was used
to relate the velocity values on the face to the values stored
in the centers of the cells. The Least Squares Method Cell-
Based method was used for the solution of the gradients in
the center of the cell. The second-order central differencing

scheme was adopted for cell face pressure interpolation in
the discrete momentum equations. Backward second-order
differences were used for temporal discretization.

At each time step, the first step consisted of coupling
velocity and pressure by the coupled algorithm, converting
the continuity equation into a pressure equation. A single
system comprising the discrete equations of continuity and
momentum [38] was solved using the coupled algebraic
multigrid method (AMG) along with the incomplete lower
upper (ILU) smoother. Then, the mass flow on each face was
updated, and then the discrete equations of k and o were
solved by the AMG along with the Gauss—Seidel smoother.
Finally, it was verified if convergence was reached, and if
not, an update of all properties was performed to repeat the
procedure.

2.3 Boundary conditions

For the fluid domain, the mass flow was defined as a bound-
ary condition in the ascending aorta (inlet) and the pres-
sure in the brachiocephalic trunk (BT), left common carotid
artery (LCCA), left subclavian artery (LSA), and thoracic
descending aorta (TDA). Figure 2a-b shows these boundary
conditions along the cardiac cycle, which represents physi-
ological flow conditions and were adapted from Alastruey
et al. [39]. Figure 2c shows cut planes under which results
were processed for analysis. At the inlet and outlets, a turbu-
lent intensity of 5% was also adopted as a boundary condi-
tion. The non-slip condition was assumed in the wall.

For the solid domain, supports were imposed on the faces
adjacent to the inlet and outlet sections to prevent displace-
ments and rotations in all directions [40]. For the FSI inter-
face, the fluid and solid displacements must be equal and the
stresses in both domains must be in equilibrium.

2.4 Governing equations

The blood was assumed to be incompressible, so the con-
tinuity and momentum equations become Eqs. (3) and (4),
respectively:

V.ou=0 3)
pf<‘;—‘:+(v-u)-u) — _Vp+Vr @

where p; is the blood density, u is the velocity vector, p is the
pressure, ¢ is the instant of time and 7 is the viscous stresses
tensor, which is given by:

T =2uD 5)
where D is the strain rate tensor and y is blood viscosity. The

rheological model used was the Carreau, which is a widely
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Fig.2 Boundary conditions of the fluid domain: a mass flow rate
waveform, b pulse pressure wave, ¢ cutting planes used to analyze
results in the aortic arch and branches. TDA, thoracic descending

used model for blood flow applications capable of modeling
shear-thinning behavior [15, 18, 25, 41]. The viscosity for
the Carreau model is given by:

a1
2

1=t + (Mo — Heo) (1 + (47)7) ©6)

where 7 is the shear rate, y is the zero-shear stress viscos-
ity, {4, is the infinite shear stress viscosity, a is the Yasuda
constant, 4 is a time constant and n is the power law. The
values used were y, = 0.056 Pa s, u, = 0.0035 Pas, A =
3.313 s and n=0.03568 [42]. The value of 1060 kg/m_3 was
adopted [43] for blood density.

Aneurysms can induce turbulence due to sudden geo-
metric changes [44, 45]. Even at low Reynolds numbers
(Re), flow pulsation can destabilize the flow and initiate a
transition to turbulence [44]. Thus, the flow was assumed
to be turbulent and the turbulence model k—w SST—shear-
stress transport- was adopted.

The Lagrangian coordinate system was adopted for the
solid domain:

V- 6.=pu, @)

where 6, is the solid stress tensor, p, is the density of the
arterial wall and , is the local acceleration vector.

The difficulty in obtaining data in the literature on the
mechanical properties of the artery is due to the arterial
sampling process itself [32, 46]. Furthermore, the arte-
rial nature can cause the parameters to vary over a wide
range depending on the person's health, age, gender, etc.
The isotropic linear elastic model (LE1) was adopted with
elastic modulus £=1 MPa and Poisson coefficient v =0.49
[40, 47]. A stiffer isotropic linear elastic model (LE2) was
also adopted, with elastic modulus E=2 MPa [48]. The

@ Springer

aorta; TB, brachiocephalic trunk; LCCA, left common carotid artery;
LSA, left subclavian artery; PS, peak systole; MD, maximum accel-
eration; LD, late diastole

two-terms Yeoh model (Eq. (8)) [49] was adopted for the
isotropic hyperelastic model.

W:C10<71—3>+C20(71—3>2 ®)

where ;1 is the first deviatoric strain invariant. The mate-
rial constants, C,,=0.174 MPa and C,;,=1.881 MPa, were
adopted from Raghavan and Vorp [49].

Finally, the Holzapfel model [9] was adopted for the ani-
sotropic hyperelastic model, whose energy density function
is given by:

FOR ) e

=46

where I, and I, are the pseudo-invariants of the Green-
Cauchy tensor, and k; and k, the constants of the material.
The material parameters for the Holzapfel constitutive
model were calculated based on Huh et al. [50], which
relates these parameters according to the patient's age. The
maximum values of the parameters of the methodology pro-
posed by Huh et al. [50] were adopted because the aneurysm
walls are stiffer than healthy ones [51]. The resulting values
were: Cy,= 0.218 MPa, k; = 0.16437 MPa and k, = 4.1787.

2.5 Verification of numerical simulation

The Holzapfel arterial wall model was simulated in a healthy
aorta to verify the simulation, comparing it to other results
in the literature. The same geometry described was used,
however, the aneurysm was not generated. The methodology
used in this simulation was the same as the aneurysmal case.
The outflow in the brachiocephalic trunk resulting from
the numerical simulation was compared with the results
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of measurements by in vivo magnetic resonance imaging
(MRI) performed by Olufsen et al. [52] and Boccadifuoco
et al. [53].

3 Results and discussion

3.1 Solid domain

Hemodynamics plays a crucial role in the physiological
and pathological changes of the cardiovascular system [40].

Plane 1: Average

Plane 1: Average

From a biomechanical perspective, the aneurysm ruptures or
dissects when the stresses acting on the arterial wall exceed
the ultimate tensile strength according to some suitable fail-
ure criterion. So that the analysis of wall stress is a better
rupture predictor than the local diameter of the aneurysm [7,
15]. The failure criterion of MPSS was used in this work.
Figure 3 shows the average and peak of MPSS, displace-
ment, and maximum principal strain (MPS) in the two planes
of Fig. 2c for the four arterial wall models. At the peak of
systole (PS), the MPSS of the Yeoh model was higher than
other models, which was also verified by Cosentino et al.
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@ Springer



172 Page6of14

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2022) 44:172

[32] in the simulation of aneurysms in the ascending aorta,
comparing the Yeoh model with the LE and Fung models.
Generally, it was observed that the LE1 model tended to
overestimate the hyperelastic models, while the LE2 model
tended to underestimate them in MPSS, displacement, and
MPS. Comparing the two hyperelastic models, it is interest-
ing to note that the peak of MPSS in P1 was smaller in the
anisotropic model than in the isotropic model, however, the
displacement and MPS were higher in the anisotropic model,
possibly due to the greater stiffness of this model.

In the diastole phase, all perspectives tended to be similar
because the blood ejection was low, therefore, the pressure
on the wall, mechanical efforts, and displacement were also

Fig.4 Maximum principal
stress in PS and LD on the inner
wall of the aortic arch
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smaller, resulting in a similar behavior of the hemodynamics
field and the mechanical response of the wall in all models.

Figure 4 shows MPSS contours on the inner arterial wall
of the vessel at PS and late diastole (LD).

Stress in the aneurysm wall was non-uniform, greater
than in other regions of the aorta, and quantitatively close
to those found by Campobasso et al. [15] in the aneurysms of
the ascending aorta. The peak of MPSS occurred at the junc-
tion of supra-aortic branches with aortic arch, close to the
brachiocephalic trunk in the PS and they were: 356,459 Pa,
506,405 Pa, 384,592 Pa, and 395,674 Pa for the Holzap-
fel, Yeoh, LE1, and LE2 models respectively. However,
this region had a limited movement that prevented large
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displacements as can be seen in Fig. 5. In fact, according
to De Galarreta et al. [54], the curvature of the aneurysm
correlates better with the peak stress than the local diameter
of the aneurysm.

The incorporation of anisotropy in the aneurysmal tissue
appears to increase the MPSS acting on the arterial wall of
AAA [55, 56], having it already been shown that the average
peak wall stress between the isotropic and anisotropic mod-
els is statistically significant [57]. In the study developed
here, the isotropic hyperelastic model and the anisotropic
hyperelastic model exhibited the highest and lowest peaks
of MPSS, respectively, however, in the aneurysm sac region,

Fig.5 Contours of the inner
wall of the aortic arch in PS:
a displacement, b maximum
principal strain

the anisotropic hyperelastic model showed a higher MPSS
than the isotropic hyperelastic model.

Wall distensibility is also related to the rupture pro-
cess. Degeneration of the aneurysmal wall is related to
increased stiffness and therefore decreased extensibil-
ity, mainly in the circumferential direction [12]. Thus,
stiffer TAA have a significantly increased risk of rupture
[15]. According to Fig. 5, although the peak wall stress
had been higher in the Yeoh model, the peak strain and
displacement in this model were low. The peak stress of
LE1 model was 24.05% lower than that of Yeoh model,
however, the peak displacement and peak strain of LE1
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model were 62.73% and 123.96% higher, respectively.
This fact was probably due to the nonlinear response of
the Yeoh hyperelastic model, while in the LE1 model the
response is linear. Furthermore, the lower displacements
found in the LE1 model in relation to the Yeoh model are
in agreement with Bilgi and Atalik [18], who compared
these models for abdominal aortic aneurysm (AAA). The
lower displacement that occurred in the stiffer models
studied here, combined with the higher MPSS observed
in these models, may be indicative of an overestimation of
the risk of aneurysm rupture. Therefore, the Yeoh model
was the one that most overestimated the risk of rupture.

Figure 6a-b shows contours of MPSS and MPS,
respectively, and Fig. 6¢ shows the displacement of the
inner wall of P1 at the PS relative to the beginning of
the cardiac cycle. The highest values of MPSS and MPS
at P1 occurred in the inner wall in the posterior part of
the aneurysm, but the greatest displacement of the wall
occurs in the anterior part of the aneurysm, probably
due to the curvature of the aortic arch that favored this
movement. The LE1 model was the only one that showed
considerable movement in the posterior region of the
aneurysm.

3.2 Fluid domain

Figure 7a—f shows the average values of velocity, hydrau-
lic diameter, viscosity, Re, Womersley number (Wo), and
turbulent kinetic energy (TKE) overtime at P1. Figure 7g
shows the variation of the lumen area in P1 in relation to the
pressure throughout the cardiac cycle. Figure 7h-i shows the
average values of pressure and WSS at the wall. Re and Wo
were calculated on the basis of hydraulic diameter and the
average of other variables in P1.

Although all models had similar pressure on the wall
throughout the cardiac cycle, the mechanical behavior of
the arterial wall was different in each model, which was
reflected in the hemodynamic behavior. Figure 7b and g
show changes in hemodynamics due to the different forms
of expansion and compression of wall in each model. In
addition to stretching more, the less stiff models, i.e., LE1
and Holzapfel, presented the movement of dilating and com-
pressing faster than the stiffer models. As shown in Fig. 7g,
different hysteresis behaviors were observed at PS in each
model.

The Holzapfel, Yeoh, LE1, and LE2 models exhibited
similar percent maximum viscosity variation throughout the
cycle: 0.6801%, 0.6582%, 0.6888%, and 0.6852%, respec-
tively. The valley in the viscosity graph (Fig. 7c) constitutes
the moment of the highest strain rate, which occurred at

Fig. 6 Cross section of the o~ e Max. Principal
9 . . . (a) /7~ \ Stress (Pa)
aortic wall in relation to P1 at / 2 \ \ 200000
the moment of PS: a maximum /" | / \\ / }\ / )
. . / /
principal stress, b maximum / /] / // 344800
principal strain, ¢ inner wall y 289600
contour showing displacement 234400
in relation to the beginning of / ‘\ / d / 179100
the cardiac cycle \ \\ \ A
N — S 123900
Holzapfel Yeoh Linear Elastic Linear Elastic
(1 MPa) (2 MPa) 68700
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b / Strain
/ 0.180
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0.104
d
\ / K - . 0.078
— 0.053
Holzapfel Yeoh Linear Elastic Linear Elastic
(1 MPa) (2 MPa) 0.028
(© )
Beginning of
cycle
Peak systole
Holzapfel Yeoh Linear Elastic Linear Elastic
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the systole, and it is in agreement with the shear-thinning
rheological behavior of blood. The less stiff models showed
the highest viscosity throughout the cycle, which indicates
that the viscosity tends to be higher with the increase in the
blood vessel.

WSS contours on the lumen wall at the PS and stream-
lines at the moment of maximum deceleration (MD) are
shown in Fig. 8.

High WSS values were identified in the supra-aortic
branches, due to the increase in velocity and velocity gra-
dient that in turn were caused by the small diameter of

these arteries, which was also shown by Savabi et al. [40]
and Simao et al. [25]. Other points of high WSS were
observed at the beginning of the arch curvature in the
ascending aorta and at the end of the arch curvature in
the descending aorta, due to the change in flow direction
and the impact of flow jet on the aortic wall, which agrees
with Simio et al. [25] and Condemi et al. [58]. High WSS
has been associated with degradation of the aortic wall in
aneurysms, at the same time, it may be associated with an
increase in ultimate tensile strength [23].
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Fig.8 a WSS in PS, b stream-
lines in MD instant

Holzapfel

Linear Elastic (1 MPa)

Holzapfel

On the other hand, low WSS is associated with ILT for-
mation and atherosclerosis [24—27]. Variations in arterial
wall stiffness, extensibility, and degree of anisotropy are
associated with the presence of ILT [7, 59]. The ILT forma-
tion mechanism in aneurysms, although still unknown, may
be related to hemodynamics, specifically the presence of
persistent vortices in the aneurysmal sac that leads to trap-
ping of thrombus-causing blood particles that can be acti-
vated by shear stress [59]. From a hemodynamic perspective,
recirculation results in a reduction in WSS [25, 60], which
in turn can contribute to vessel weakening and degeneration,
promoting aneurysm growth [29, 45, 60]. The aneurysmal
sac was a region that favored recirculation, especially in
the diastole, where the velocity was low. Consequently, the
less stiff models, which exhibited greater distension and,
therefore, larger aneurysmal sacs, favored recirculation and
may overestimate ILT formation and indirectly also overes-
timated aneurysm growth.
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If a value of 2 Pa is assumed as the minimum thresh-
old for maintaining the arterial vascular structure without
endothelial degeneration [18, 61], the area of the aneurysm
suffered the most damage. Additionally, it was observed a
special case of the LE1 model, which was the only one that
presented low WSS at the junction of supra-aortic branches
with aortic arch, indicating possible degeneration and risk
of atherosclerosis in a region that was also verified high
wall stress.

The highest TKE value (Fig. 7f) occurred at the flow
deceleration phase. This fact was due to the deceleration of
the flow having generated regions of recirculation and the
formation of vortices in the aneurysmal sac. LE2 and Yeoh
models presented higher TKE, because stiffer aneurysmal
walls prevent energy dissipation, increasing TKE in the
vortex region [22, 62], contributing to an overestimation of
the WSS [22]. Finally, Fig. 8b shows that the recirculation
tended to be located in the lower part of the aneurysmal
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Fig.9 Verification of the Holzapfel model simulation in a healthy
geometry

sac, which coincides with high values of MPSS and MPS
on the wall, which was also verified by Ong et al. [63].

3.3 Verification of numerical simulation
and limitations

Figure 9 shows the results of the Holzapfel model in a
healthy geometry compared to experimental studies.

Based on the most sophisticated model studied here,
the Holzapfel model, in a geometry of the healthy aortic
arch, it was possible to satisfactorily verify the simulation
with experimental data available in the literature. Figure 9
shows that the flow behavior followed the qualitative trend
of experimental studies on the brachiocephalic trunk. It
can be noted that there were quantitative differences even
in experimental studies due to differences in patient-spe-
cific natural conditions.

The study carried out here has some limitations,
although it does not preclude the comparison and discus-
sion of the aortic wall models studied. The boundary con-
ditions for the fluid domain were adapted from data in the
literature on the aorta in healthy conditions, but the pres-
ence of aneurysms may cause some variation in these con-
ditions. In the solid domain, it is still necessary to study
and understand how the contact of the aorta with other
organs and tissues reflects on the supports to be adopted as
a boundary condition. The lack of specific aortic arch data
for arterial wall models is another limitation of the study.
Finally, the mechanical response variables were used to
detect critical points for ILT formation, dissection, and
rupture, so that in the next stages of the project, specific
models to analyze ILT formation and dissection will be
used.

4 Conclusion

Knowledge of the mechanical response of the arterial wall
and its interaction with hemodynamics is clinically impor-
tant as a tool for predicting aneurysm rupture since the
analysis of stresses and disturbances in the flow field are
better predictors of rupture than the diameter and growth
rate of the aneurysm. Furthermore, mechanical and flow
field variables provide important information for the
detection of other typical aneurysm pathologies, such as
ILT formation, atherosclerosis, and aneurysm growth. In
this way, the real-life applications of the fluid-structural
numerical models used in this work encompass, among
others, the prediction of the rupture, dissection, and devel-
opment of other pathologies associated with aneurysms
through detailed information that is not possible in real-
life. In addition, the models provide an understanding of
the movement of the arterial wall for the use of clinical
devices, implantation of endoprostheses, and surgeries.

The work carried out here shows a comparison of dif-
ferent arterial wall models available in the literature for
numerical fluid—structure simulation of an aortic arch
aneurysm. The mechanical behavior of each constitutive
model and how this behavior interferes with the flow field
were shown. Less stiff arterial wall models, such as the
LE1, were found to have greater growth of the aneurys-
mal sac that provides more space for recirculation, reduc-
ing WSS, which can indirectly indicate an overestimation
of ILT formation, as well as the aneurysm growth. More
than that, less stiff models dissipated more energy in the
aneurysm wall, presenting lower TKE values. From a bio-
mechanical perspective, stiffer models presented a lower
MPSS than the other models in the aneurysm area, but
the peak of MPSS was higher, especially in the isotropic
hyperelastic model, which may overestimate the risk of
rupture.

The incorporation of specific ILT formation and dissec-
tion models in future works may establish a relationship
with the variables analyzed here, providing a more com-
plete analysis of the aortic wall models studied.
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