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Abstract—The local dilation of the infrarenal abdominal
aorta, termed an abdominal aortic aneurysm (AAA), is often
times asymptomatic and may eventually result in rup-
ture—an event associated with a significant mortality rate.
The estimation of in-vivo stresses within AAAs has been
proposed as a useful tool to predict the likelihood of rupture.
For the current work, a previously-derived anisotropic
relation for the AAA wall was implemented into patient-
specific finite element simulations of AAA. There were 35
AAAs simulated in the current work which were broken up
into three groups: elective repairs (n = 21), non-ruptured
repairs (n = 5), and ruptured repairs (n = 9). Peak stresses
and strains were compared using the anisotropic and
isotropic constitutive relations. There were significant
increases in peak stress when using the anisotropic relation-
ship (p < 0.001), even in the absence of the ILT (p = 0.014).
Rutpured AAAs resulted in elevated peak stresses as
compared to non-ruptured AAAs when using both the
isotropic and anisotropic simulations, however these com-
parisons did not reach significance (p,,; = 0.55, piso = 0.73).
While neither the isotropic or anisotropic simulations were
able to significantly discriminate ruptured vs. non-ruptured
AAAs, the lower p-value when using the anisotropic model
suggests including it into patient-specific AAAs may help
better identify AAAs at high risk.

Keywords—Anisotropy, Biaxial testing, Aneurysm, AAA,
Stress, Finite element method.

INTRODUCTION

Rupture of abdominal aortic aneurysms (AAA)
occurs when the continuous and cyclic pressure
acting on the lumen of the AAA creates a wall stress
which eventually overcomes the ability of the wall to
withstand those forces (the wall strength). Thus, the
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biomechanical point of view of AAA rupture states
that there are two primary factors influencing AAA
rupture—AAA wall stress and wall strength. By taking
this point of view, it is easy to recognize that the risk of
AAA rupture will increase with increasing wall stress
as well as decreasing wall strength. It is not surprising
then, that the prediction of stress in aneurysms has
been reported by several researchers in the litera-
ture,>7--1216:17.24.30.33.40.4246 gy me  of these studies
utilize the finite element method, which is able to
model aneurysms with varying degrees of complexity.

Early finite element models of aneurysms in the
literature utilized simplistic geometries (e.g., spherical)
and small deformation constitutive relations.®'®!’
Later work demonstrated that the complex shape (e.g.,
local curvatures) are an important factor in determin-
ing the peak stress acting on an individual AAA.'>**4
The isotropic constitutive model developed by Ragh-
avan and Vorp represented the first large strain rela-
tion for the AAA wall.> Several other researchers have
since utilized this relation when estimating the stresses
acting on patient-specific AAA finite element simula-
tions.”*4%4 One of the more recent advances in the
finite element analyses of AAA was the inclusion of the
intra-luminal thrombus by Wang et al.,** whose sim-
ulations demonstrated that the presence of the ILT can
significantly effect both the magnitude and distribution
of stress within a AAA. More recently Raghavan et al.
investigated the effect of variable wall thickness on
AAA stresses and demonstrated that this may be a
very important factor in predicting the rupture risk
using finite element analyses.”' The effect of localized
calcification on peak AAA wall stress was also inves-
tigated recently by Speelman et al. who reveal a unique
dependence of AAA wall stress on the location and
stiffness of mineralized plaques in patient-specific
AAA simulations.”
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The present work addresses the assumption of isot-
ropy for the AAA wall. Nearly all biological materials
display some amount of anisotropy due to their non-
uniform composition and structure. Recent work by
Nicosia et al. demonstrated the anisotropy present in
the porcine ascending aorta.'® They conclude that the
utilization of an isotropic constitutive relation for the
ascending aorta is insufficient in providing a physio-
logically realistic prediction of stress. Kyriacou and
Humphrey also recently underscored the importance of
including multiaxial constitutive relations into finite
element stress analyses of intracranial saccular aneu-
rysms, especially given their unique 3D shape.'* The
anterior bulging present in the aneurysmal formation of
the abdominal aorta also suggests that this region may
indeed be in a state of multiaxial stress.

Appropriate stress approximation has been pro-
posed as an important component in AAA rupture
prediction. Previous work in our laboratory has shown
anisotropy is present in the aneurysmal abdominal
aorta in the multiaxial stress state.”® In addition, the
general constitutive relation for the AAA wall was also
shown to be different for uniaxially vs. biaxially tested
specimens. The implementation of an anisotropic
constitutive relation for the AAA wall may lead to a
more appropriate estimation of stress within patient-
specific AAAs. This improvement may also be impor-
tant in noninvasively identifying those AAAs which
have a high risk of rupture.

METHODS

Boundary Conditions
Blood Pressure

An increase in the blood pressure acting on the
interior of a AAA would obviously cause an increase
in the stress acting on the AAA wall. It is therefore not
surprising that hypertension has been identified as a
major risk factor for AAA rupture.” Since the interest
here is to isolate the effects of including an anisotropic
constitutive relation into patient-specific stress predic-
tions, a systolic pressure of 120 mmHg was applied
either to the luminal contour of the ILT and/or to
AAA wall when ILT was not present.

Longitudinal Tethering

The abdominal aorta is in a unique and complex
physical environment, especially in the presence of an
aneurysm. Several studies have investigated the longi-
tudinal stretch present in blood vessels and shown
them to be under a state of longitudinal tethering
in-vivo.'%19-20-32 For the current work, the nodes com-
prising the proximal and distal ends of each AAA were

constrained in all three displacement degrees of free-
dom. This was done to mimic the in-vivo longitudinal
tethering thought to be present in the abdominal aorta.
It was found in the current study that constraining the
radial displacement of nodes on the ends of the AAA
did not result in localized stress concentrations, but did
result in faster convergence of the finite element solu-
tion. The boundary conditions utilized here have also
been used by several other researchers in the patient-
specific finite element simulation of AAA.7%-2440

Reference Configuration

For the purposes of the finite element simulation of
AAA, the systolic pressure should be applied to the
unloaded state with longitudinally tethering force
already present. Since the geometry in a CT scan
represents a time-averaged loaded state configuration,
the geometry of the AAAs in the completely unloaded
state was not available. Therefore, in the current study
the systolic pressure was applied to the time-averaged
loaded state (CT-configuration). The error associated
with using the loaded configuration as the unloaded
state has been investigated previously by Raghavan
et al.,”> who demonstrated that using the CT-configu-
ration will generate minimal differences in predicted
wall stress (0.7-2.7% error). It should be noted that
despite this admitted error, the conclusions of this
study will most likely not change as we are herein
focused on isolating differences in stress estimates
between using an isotropic and anisotropic constitutive
model for the AAA wall.

Implementation of the Constitutive Relation into
ABAQUS

Despite the changes in stress resulting from the
inhomogeneities known to be present in AAAs,”” many
researchers assume a homogenous mechanical response
for the AAA wall.””**4%4¢ The AAA wall will be as-
sumed to act as a nonlinearly elastic homogenous
material for the simulations in the present work.

Constitutive Relationship and Finite Element Model

The anisotropic constitutive relation derived previ-
ously®® was implemented into the finite element soft-
ware with the use of the user-defined material function
(UMAT) available in ABAQUS. In a finite strain
environment, the ABAQUS constitutive relationship is
expressed in a rate form defined by

/= C":D (1)

This form is based on Jaumann rate of the Kirchoff
stress (V7), as an objective stress rate, and the rate of
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deformation tensor (D). The associated material
Jacobian (C’) characterizes the material stiffness.

The strain energy assumption is defined by the fol-
lowing form

W:bo (e%blEﬁ() + e%sziL + eng()(;ELL + €%b4EﬁL

(2)

JrebSE()()E()I_ + ePoELEor _ 6)

where by, by, b>, and b3 where 0.14, 477.0, 416.4, and
408.3 kPa, respectively.®® The strain energy terms
involving the constants b4, characterize material shear
and bs, and by the shear-normal behaviors, respec-
tively. Although these terms are not required to fit the
experimental stress—strain data, as shear strains in the
AAA wall are negligible, they were included solely to
address computational concerns. By including both a
shear term and two shear-normal terms, zero energy
modes related to in-plane stiffness are avoided in the
finite element simulation. Constants for these terms
were selected on the basis of providing numerical sta-
bility without impacting physiological relevance. Note
that unlike the traditional Fung-type elastic strain en-
ergy, the constitutive relation given by (2) avoids
model parameter covariance by separating out each of
the individual exponential terms and allowing each
strain tensor component to independently contribute
to the total strain energy.
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ABAQUS linear shell elements (S4R) were used to
model the AAA wall. These elements require the defi-
nition of out-of-plane transverse shear stiffness apart
from the user-defined material function. Given the
membrane nature and flexural rigidity of the AAA
wall, a transverse stiffness of 10 kPa was used in the
simulations. Transverse stiffness values of this order
were shown to have insignificant impact on the
resulting AAA wall strain field.

Definition of Local Material Coordinates

For the majority of AAAs, the presence of the ILT
and the tortuous path of blood flow within an AAA
results in an asymmetrical geometry. This tortuosity
does not allow a simple interpretation for the locally
acting material coordinates (circumferential and lon-
gitudinal). The 3D path of the centerline of the AAA
wall is in general a reliable indication of the local
longitudinal direction of the AAA wall. For this rea-
son, each AAA wall mesh was divided up into several
(e.g., 30) longitudinal slices, allowing the center of each
slice to be found (Fig. 1a). 3D spline tools were then
utilized in Matlab to create a spline through the cen-
terline points along the AAA (Fig. 1a). The projection
of this 3D spline onto the surface of each AAA wall
element was then used to define the local longitudinal
direction of the shell. The normal direction of the shell

(b) b

[T

2

FIGURE 1. (a) 3D spline defining centerpoint of each longitudnal slice of elements. (b) Definition of local material coordinates.
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is automatically defined in ABAQUS using the order-
ing of nodes within an element. Once the local longi-
tudinal and normal directions of the shell element are
defined, the final local circumferential direction of the
shell is computed using the right hand rule. The above
formulation provided an accurate, repeatable, and
mesh-independent definition of the local material
directions for a given slice along the AAA (Fig. 1b).

Biaxial Simulations

In order to test the accuracy of the UMAT subrou-
tine, the equibiaxial protocol of several AAA wall
biaxial tensile tests were simulated. The computational
results of the anisotropic simulations were compared
with the biaxial experimental data as well as simula-
tions utilizing an isotropic constitutive relation previ-
ously used in the literature to model the AAA wall.*
Patient specific data from a uniaxial tested specimen
were fit to the equation,” which gave the parameters
for the patient specific isotropic, or PT ISO, simulation.
Constitutive model parameters for the average isotro-
pic, or AVE ISO, simulation were previously derived by
fitting data from 69 uniaxial tested specimens.*’

A subset of AAA wall biaxial specimen (n = 14)
were constructed in ABAQUS using their respective
dimensions from the experimental biaxial test. Each
node along both sides of the biaxial specimen was
assigned a force boundary condition in order to mimic
the experimental biaxial setup (120 N/m tension per
side). Patient specific data from one biaxially tested
specimen were fit to the anisotropic constitutive model
which yielded parameters for the patient specific
anisotropic, or PT ANI, simulation. The constitutive
model parameters derived for an averaged dataset were
used for the average anisotropic, or AVE ANI, simu-
lations. It should be noted that the uniaxial and biaxial
specimens used to derive the constitutive relations used
in the PT ANI and PT ISO simulations were taken
from adjacent locations within the same AAA patient.

The stress—strain relationships for the biaxial
experiments were compared to the computational
results of the PT ISO and PT ANI simulations. The
strain at 60 kPa for the biaxial data was compared
with the strain at 60 kPa for both the isotropic and
anisotropic simulations. A tangential modulus, TM, at
~3% strain was calculated by

Sy — S
3

where S; and S, are the Second-Piola Kirchhoff

stresses occurring 5 data points above and below 3%

strain, respectively and £} and E, are the Green strains
occurring 5 data points above and below 3% strain,

™ =

respectively. All statistical comparisons were per-
formed using a one-way ANOVA (Sigma Stat, v. 3.0)
with a significance of p < 0.05.

Cylindrical Simulation

As a first step to 3D simulations, the UMAT was
used in the simulation of a pressurized cylinder. For
this simulation, a 9 cm long cylinder of 3.0 cm
diameter and 2 mm thickness was pressurized to
120 mmHg, with each end of the cylinder being con-
strained in all degrees of freedom. The analytical
solution for the hoop stress due to the pressurization of
a thick walled cylinder (thickness/radius = 0.13 >
0.05) takes the form

a*P; — b’ P,

P, — P,)a*h?
i) = CH =L (P )

(b2 — a®)r )

where #,(r) is the hoop stress as a function of the radial
coordinate r, P; is the internal pressure (120 mmHg),
P, is the external pressure (0 mmHg), a is the internal
radius (1.4 cm), and b is the external radius (1.6 cm).
The hoop stress at the luminal, mid-wall, and adven-
titial integration points of the shell element were
compared to the analytical solution for the pressuri-
zation of a thick-walled cylinder.

Patient-Specific AAA Finite Element Simulations

There were 35 AAAs simulated in the current work
which were broken up into three groups: elective
repairs (n = 21, AAAI-AAA21), non-ruptured re-
pairs (n = 5, N1-N5), and ruptured repairs (n = 9,
R1-RY). Elective repair simulations were derived from
CT scans from AAA patients who underwent sched-
uled elective open repair of their AAA. Non-ruptured
simulations consisted of AAA simulations for which
there existed a set of CT scans at least 1 year apart,
with the latter scan providing evidence the AAA re-
mained quiescent. For these simulations, the images
from the earlier CT scan were used to reconstruct the
AAAs. Ruptured repair simulations were derived from
CT scans taking place no more than one year prior to
AAA rupture.

The electively repaired AAAs (n = 21) were utilized
to investigate the differences in stress due to the
implementation of the anisotropic constitutive relation
for the AAA wall*® and biaxially-derived isotropic
constitutive relation for the ILT.>” AAA simulations
including the anisotropic relation for the AAA wall
and the uniaxially-derived isotropic relation for the
ILT* were denoted as ANI. Simulations utilizing the
previously developed isotropic constitutive relations
for the AAA wall*® and ILT* were labeled ISO.
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Finally, the influence of anisotropy in the absence of
the ILT was investigated with simulations utilizing the
anisotropic (ANIyort) and isotropic (ISOnorrt)
relations for the AAA wall with no ILT present. For
each individual simulation, the peak maximum prin-
cipal stress and strain within the AAA was recorded
and compared across groups. In addition, the mean
stresses acting on each AAA were also recorded and
compared.

Ruptured vs. Electively-Repaired Simulations

The ruptured and non-ruptured AAAs (n = 9,
n = 5, respectively) were used to investigate whether
or not the peak and average stresses within a AAA are
different between these two groups. The presence of a
statistically larger stress for the ruptured group would
indicate that stress may be an important factor in
determining a given AAAs risk of rupture. The fact
that the non-ruptured AAAs remained quiescent for an
entire year would suggest this group of AAAs may
have a decreased stress acting on the AAA wall. Of
course, since rupture is mechanically dependent on
stress and strength, the lack of a statistical difference
between these groups may be due to large differences
in the strengths of each of these AAAs.*** For all of
the ruptured (R1-R9) and non-ruptured AAAs (N1—
NS5), the peak and mean maximum principal stresses
and strains acting on the AAA wall were recorded and
compared.

RESULTS

Biaxial Simulations

Plots of the experimental and computational Cauchy
stress vs. stretch ratio for a representative biaxial
specimen are shown in Fig. 2. Note the stiffer response
for the PT ISO as compared to the PT ANI simulation.
Note also that the similarity between the PT ANI
computational data and the experimental biaxial data.
Since both of the constitutive relations utilized in the
PT ANI and PT ISO simulations were derived from
tissue from similar locations within a AAA patient, this
plot displays the differences in stress prediction result-
ing from constitutive relations derived from uniaxial
and biaxial testing, which was previously observed by
our group.’®*® The biaxial data and average aniso-
tropic simulations yielded significantly greater strain
values compared to the average isotropic simulations at
a given stress of 60 kPa (Fig. 3a). At a given strain of
~3%, the TM of the average isotropic simulations were
significantly greater than those of the biaxial data and
average anisotropic simulations (Fig. 3b).

(

=)
~

140 -
120 - A
100 -
80 - a %

[
OG.Q ° o

60 - A e
40 + A
20 A N

A Q.(Jf
0+ o empe 0 ®

0.99 1.01 1.03 1.05 1.07 1.09

Cauchy Stress 0 (kPa)
>
%

(

=3
~

140 - o 4 PTISO
120 A °© o PTANI
o9
100 4 o e BIAX DATA
a [ ]

Cauchy Stress L (kPa)
>
[e]

0.99 1.01 1.03 1.05 1.07 1.09
)"L

FIGURE 2. Circumferential (a) and longitudinal (b) Cauchy
stress vs. stretch ratio for the PT ISO and PT ANI simulations
and the corresponding biaxial experimental data.

Cylindrical Simulation

The results of the cylindrical simulation utilizing the
anisotropic UMAT and the analytical stresses using
Eq. (4) are summarized in Table 1. The percent error
in the hoop stress at the luminal (r = 1.4 cm), mid-
wall (r = 1.5 cm), and adventitial (1.6 cm) integration
points were 0.41, 1.96, and 5.30%, respectively.

Patient-Specific Anisotropic Finite Element Simulations

The peak maximum principal stresses and strains
for each of the electively repaired simulations are
shown in Fig. 4. Note that AAA6 and AAA14 did not
have any ILT, SO Ol’lly the ANINOILT and ISONOILT
simulations were run for these AAAs. The average of
the peak maximum principal stresses for the electively
repaired simulations were 38.30 + 3.04, 36.06 + 2.73,
54.70 + 2.44, and 51.27 + 2.09 N/cm? for the ANI,
ISO, ANInort, and ISOnorLt simulations, respec-
tively. Using a paired ¢-test, there were significant
differences between the ANI and ISO peak stresses
(p <0.001) as well as between the ANInorLr and
ISOnorLT peak stresses (p = 0.014). Using a Wilcoxon
Signed Rank test, there were no statistically differences
between the peak stresses of the ANI and ISO
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FIGURE 3. (a) The strain values at t = 60 kPa and (b) TM for
14 biaxial simulations. AVE ISOTROPIC simulations utilize the
uniaxially-derived isotropic model previously reported by
Raghavan et al.?*

TABLE 1. Hoop stress for the analytical and computational
solution of the pressurization of a thick walled cylinder.

Stress (N/cm?)

r=1.4cm r=15cm r=1.6cm
Analytical 12.05 11.17 10.45
Computational 12.00 10.95 9.90
% Error 0.41 1.96 5.30

simulations. Whether the anisotropic or isotropic
relation was used for the AAA wall, the peak stresses
were statistically larger for simulations neglecting the
presence of the ILT (p < 0.001 for ANI vs. ANInorLT
and ISO vs. ISOnorLt). In general, the presence of the
anisotropic constitutive relation elevated the peak
stress within a given AAA. It is interesting to note,
however, that this was not true for all of the electively
repaired AAA simulations as 3 out of the 21 simula-
tions had an elevated peak stress for simulations uti-
lizing the isotropic relation for the AAA wall (AAA9,
AAA13, and AAAI16). This was even more pro-
nounced in the absence of the ILT, as 5 out of the 21
isotropic simulations had higher maximum principal

B Isotropic ILT
O No ILT

% Change in Peak Stress

1234567 8 9101112131415161718192021
AAA Patient

M Isotropic ILT

30 O No ILT

20

10

% Change in Peak Strains

12345678 9101112131415161718192021
AAA Patient

FIGURE 4. (Top) Percent change in peak maximum principal
stress when using the anisotropic constitutive model for the
AAA wall. Differences were investigated both with and without
ILT present. (Bottom) Percent change in maximum principal
strains when using the anisotropic model.

stresses than their anisotropic counterparts (AAA2,
AAA8. AAA12, AAA14, and AAAI1S). The maximum
principal stress distribution for a representative elec-
tively repaired AAA is shown in Fig. 5.

In addition to the peak maximum principal stress
acting within a given AAA, the peak maximum prin-
cipal strain was also quantified for each electively
repaired AAA. The peak strains in the ANI simula-
tions were statistically larger than for the ISO simu-
lations (0.139 + 0.005 vs. 0.127 + 0.005, p = 0.012).
There was no significant change in the peak strain
when neglecting the presence of the ILT (ANInorLt
VS. ISONOILTa 0.142 = 0.005 vs. 0.150 + 0003, p =
0.152).

Ruptured vs. Electively-Repaired Simulations

The peak maximum principal stresses for each of the
non-ruptured and ruptured simulations are shown in
Tables 2 and 3, respectively. In this dataset, there were
two AAAs which did not have any ILT (N2 and R2).
As detailed in this table, the mean peak stresses for the
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FIGURE 5. Maximum principal stress distributions for AAA17. ANI = anisotropic AAA wall; ISO = isotropic AAA wall;
ANIyoi T = anisotropic wall no ILT; ISOyo,t = isotropic wall with no ILT.

TABLE 2. Peak and mean maximum principal stresses and
strains for the non-ruptured AAA simulations.

TABLE 3. Peak and mean maximum principal stresses and
strains for the ruptured AAA simulations.

Non-ruptured

Ruptured

Simulation  Timax (N/om?)  Tiean (N/cm?) Ermax Ermean Simulation  Tmax (N/em®)  Tiean (N/cm?) Ermax Ermean
N1 53.02 15.83 0.129 0.075 R1 33.50 7.42 0.124 0.049
N2 41.40 23.67 0.156 0.099 R2 54.47 31.76 0.189 0.123
N3 58.93 24.04 0.144  0.097 R3 63.99 24.87 0.158  0.078
N4 36.49 21.13 0.166 0.093 R4 53.72 18.17 0.195 0.085
N5 40.06 17.28 0.121 0.078 R5 55.05 22.46 0.164 0.090
Mean 45.98 20.39 0.143 0.088 R6 44.40 16.65 0.169 0.085
SEM 4.26 1.66 0.008  0.005 R7 67.30 31.05 0.186  0.105

R8 42.25 18.84 0.137 0.073

R9 34.32 14.57 0.130 0.078
non-ruptured and ruptured AAAs were 45.98 + 4.26 Mean 49.89 20.65 0.161 ~ 0.085

SEM 4.02 2.61 0.009 0.007

and 49.89 4.02 N/cm?, respectively (p = 0.55). There
was no significant difference between the mean stresses
for the non-ruptured and ruptured AAAs (20.39 +
1.66 vs. 20.65 + 2.61 Njem? p = 0.95). There were
also no statistical differences in the peak and mean
maximum principal strains between each of the groups
(0.143 £ 0.008 vs. 0.161 £ 0.009, p = 0.20 and
0.088 £+ 0.005 vs. 0.085 = 0.007, p = 0.75, respec-
tively). Maximum principal stress distributions for a
pair of representative AAAs are shown in Fig. 6. The
mean peak maximum principal stresses for the
non-ruptured and ruptured AAAs when utilizing

the isotropic constitutive relation for the AAA wall
were 43.76 + 3.41 and 46.36 + 5.0 N/ecm?, respec-
tively (p = 0.73).

DISCUSSION

An anisotropic constitutive relation was successfully
implemented into the commercially available finite
element package ABAQUS. The user-defined FOR-
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FIGURE 6. Maximum principal stress distributions for N5 and R7.

TRAN subroutine (UMAT) was tested and validated
using biaxial tensile simulations and a simulation of
the pressurization of a 3D cylinder. The user-defined
anisotropic relation was then applied to patient-
specific AAA simulations. The results for maximum
principal stress and strain for the anisotropic simula-
tions were compared to simulations utilizing a previ-
ously derived isotropic constitutive relation (n = 21,
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AAA1-AAA21). These results suggest that the peak
wall stress is, in general, significantly increased when
using the anisotropic constitutive relation. This was
not the case for all simulations, as for some simulations
the isotropic relation resulted in a higher peak stress.
When comparing the ruptured to non-ruptured AAAs,
there were no significant differences between the peak
stress, mean stress, peak strain, and mean strain.
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Abdominal aortic aneurysm simulations using
axisymmetric hypothetical geometries have previously
been created and analyzed in the litera-
ture. &' 13161730 guch analyses fail to take into
account the unique and patient-specific geometry
known to be present in AAAs.*>?’ Several studies
have since investigated the stresses acting on realistic
patient-specific AAAs reconstructed from noninvasive
imaging techniques.*”?-**%%%¢ These studies revealed
that the mechanical stress acting on the AAA wall
cannot be estimated using simplistic hypothetical
geometries or other crude analyses such as the Law of
LaPlace. Raghavan et al. were the first to estimate the
stresses acting on patient-specific AAAs using a
geometry derived from CT scan images.”* Wang et al.
improved upon this reconstruction technique with the
inclusion of the ILT into the patient-specific modeling
of AAAs.*® The reconstruction technique utilized
herein is an updated version of this reconstruction
protocol, with decreases in reconstruction time and
user to user variability as well as improvements in
computational efficiency via a more automated
reconstruction protocol.

The estimation of stress using the finite element
method requires the identification of an accurate
constitutive relation for the AAA wall and ILT. Early
finite element simulations of AAA assumed the wall
and ILT to act as linear isotropic materials, such that
these materials could be modeled with the definition of
a Young’s modulus and Poisson’s ratio.%!!6-17.30:42
Such engineering analyses are appropriate for materi-
als undergoing small strains (e.g., steel), while for
materials undergoing large strains a more rigorous
finite strain constitutive model must be derived. The
AAA wall has been shown to undergo large strains
in-vivo,”**! rendering significant error in the application
of a small strain relation into finite element analyses of
AAA. Raghavan et al. were the first to develop a large
strain constitutive relation for the AAA wall,® while
Wang et al. did the same for the ILT.* The constitutive
relations for both of these investigations can easily be
implemented into most commercially available finite
element packages. However, both of these relations
are also isotropic relations derived from the uniaxial
tensile testing of excised aneurysm contents.

Our group has recently shown that the aneurysmal
wall displays an anisotropic mechanical response.®
The implementation of this anisotropic constitutive
relation into patient-specific AAA results in a signifi-
cant increase in peak stress in most AAAs (Fig. 4). The
use of an anisotropic relation did not, however, result
in an increased peak stress level for all AAAs, sug-
gesting that the effect of anisotropy on the peak AAA
stress is patient-specific. Differences in the stress
distributions within a given AAA were also more

amplified in cases where the ILT is neglected. It is
interesting to note that the presence of an anisotropic
relation for the AAA wall resulted in larger strains in
the presence of ILT, while the anisotropic simulations
had lower peak strains when neglecting the presence of
the ILT. This result was not true, however, for all
AAA simulations. This result further confirms the idea
that the stresses and strains within an individual AAA
are largely a function of the locally varying geometrical
parameters such as ILT thickness and local curvature.

The effect of the intra-luminal thrombus on the
stresses acting on finite element simulations of AAA
has been investigated previously.™!'7-3*3%46 Mower
et al. showed that the presence of the ILT can reduce
the stresses acting on an AAA up to 51%."" Wang
et al. were the first to implement a large strain con-
stitutive relation into patient specific AAA simula-
tions. Their results agree with Mower et al., showing
the ILT acts as a stress cushion and can reduce wall
stress up to 38%.%¢ In contrast, work by Thubrikar
et al. has shown that the pressures acting at the AAA
wall are 91% of those in the lumen.** Similar findings
were recently reported by Takagi er al’' Results
reported here corroborate the work done by Mower
et al. and Wang et al., in that the presence of the ILT
(ANIyniaxiar vs. ANIyorr and ISOyniaxiar Vs
ISOnornt) significantly decreased the peak stress
acting on the AAA wall.

When comparing the ruptured vs. non-ruptured
AAA simulations, it was found there was no significant
difference in the peak stress and strain between these
two groups. Figure 7 shows the mean peak stress
acting on all ruptured and non-ruptured AAAs for
simulations utilizing both of the anisotropic and
isotropic constitutive relations for the AAA wall. The
previously derived isotropic constitutive model for
the ILT was used in all of these simulations.*’ While
both constitutive relations showed a trend towards
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FIGURE 7. Comparison of anisotropic and isotropic simula-
tions for ruptured and non-ruptured groups.



930 VANDE GEEST ef al.

increased peak stress in the ruptured group, neither
group reached significance. While not significant, the
smaller p-value for the anisotropic comparison may be
evidence for an improvement in stress prediction using
this relation. These results are in contrast to work done
by Fillinger ef al., who showed a significant increase
peak wall stress for ruptured and symptomatic AAAs
compared to non-symptomatic AAAs who were elec-
tively repaired.” This difference may in fact be due to
the relatively smaller sample sizes used in the current
study.

Some of the limitations in the current work result
from the assumptions applied in deriving a noninvasive
estimation of AAA wall stress. One of these assump-
tions is that the material properties for all AAA pa-
tients can be modeled using one constitutive relation.
This assumption stems from the inability to noninva-
sively derive a constitutive relation on a patient-specific
basis. While such a relation would be ideal, the error
arising from using a population-wide anisotropic
constitutive model can be assessed by analyzing the
stresses on AAA simulations in which the upper and
lower 95% confidence interval constitutive models (see
Ref. 38) are utilized. Using a representative AAA in
the current work, the error in peak wall stress was
found to be 2.4% for the upper and 1.8% for the lower
95% confidence interval. These results are similar to
results reported previously in which the upper and
lower 95% confidence interval variations in isotropic
AAA wall constitutive parameters resulted in less than
4% change in peak wall stress.”> The same type of
analysis was performed by Di Martino ef al. on the
ILT which resulted in a maximum variation of 10% on
the AAA wall stress due to large yet physically rea-
sonable variations in mean ILT model parameters.
These results suggest that the peak stress acting on an
individual AAA are relatively insensitive to the errors
introduced using a set of mean or population-wide
model parameters.

Another limitation of the current work is the
assumption that the CT configuration from which the
AAA models are derived is the “stress free” configu-
ration. This assumption may lead to significant error in
wall stress estimation as the state of stress within a
blood vessel has previously been shown to be in a state
of stress even in the unloaded configuration (due to
residual stresses/strains).'*!%3> There currently exist
no experimental information on the residual stresses
and strains present in the aneurysmal abdominal aorta.
Such information would provide for a better under-
standing of the location on the stress—strain curve the
AAA acts in-vivo. In order to quantify the error asso-
ciated with using the CT geometry as the “stress free”
configuration the following analysis was performed.
An asymmetrical hypothetical AAA was used to mimic

the stress free configuration. This AAA was pressur-
ized to 100 mmHg in ABAQUS, from which the
deformed geometry was extracted and assumed to
correspond to the configuration of the AAA during a
CT scan. A 120 mmHg was then applied to this
deformed geometry to mimic the boundary conditions
utilized in the current work. Of course, the “true
stress” acting on the AAA can be modeled with the
pressurization (0—120 mmHg) of the zero stress state
configuration. Comparing the nodal stresses between
the “‘true stress” simulations and the simulation
assuming the CT configuration was the stress free state
revealed a maximum and mean difference in stress of
1.0 and 0.7%, respectively.

These results are in contrast to a similar investiga-
tion reported previously in our laboratory for the
isotropic constitutive relation which showed a maxi-
mum error in peak stress of 8% (range 2-10%).**
Recent work by Marra et al. estimated the zero-stress
state geometry of a patient-specific AAA using
dynamic magnetic resonance imaging.'> Their results
indicate an error of 8.2% in peak wall stress when
comparing the pressurization of the zero-pressure
geometry to the diastolic dynamic magnetic resonance
geometry pressurized to the systolic blood pressure.
While the results reported above indicate this
assumption seems to introduce modest error in the
stress estimation of a hypothetical AAA, the effect of
this assumption on stress estimations of patient-
specific AAA requires further investigation.

On average, the presence of an anisotropic consti-
tutive relation in patient-specific finite element simu-
lations of AAA increased the peak stress acting on
most AAAs. The lack of a consistent increase in peak
stress in anisotropic vs. isotropic AAA simulations
suggests that this effect may be patient-specific. While
peak stress in simulations using both relations was not
found to be a significant predictor of AAA rupture, the
anisotropic relation utilized here may provide a better
estimate of stress as evidenced by the larger differ-
ence in peak stress when comparing ruptured and
non-ruptured AAAs. The presence of a multiaxial
stress-state for the AAA wall in-vivo suggests that
implementing anisotropy into patient-specific models
of AAA provides a more accurate state of stress for the
AAA wall.

ACKNOWLEDGMENTS

This work was supported by grants from the NIH
(RO1-HL-60670) to DAV as well as The Pittsburgh
Foundation (#M2000-0027) to DAV. The authors
would like to acknowledge the assistance from the



Effects of Anisotropy on the Stress Analyses 931

Engineered Tissue Mechanics Laboratory, Wei Sun
PhD, Elena Di Martino PhD, Ajay Bohra MS, as well
as Michel Makaroun, MD and the rest of the Division
of Vascular Surgery at the University of Pittsburgh
Medical Center. MSS is an Established Investigator of
the AHA.

REFERENCES

'Chuong, C. J., and Y. C. Fung. On residual stresses in
arteries [erratum appears in J. Biomech. Eng. 1990
Aug;112(3):249]. J. Biomech. Eng. 108(2):189-192, 1986.

>Crawford, C. M., K. Hurtgen-Grace, et al. Abdominal
aortic aneurysm: an illustrated narrative review.
J. Manipulative Physiol. Ther. 26(3):184-195, 2003.

3Delfino, A., N. Stergiopulos, et al. Residual strain effects
on the stress field in a thick wall finite element model of the
human carotid bifurcation. J. Biomech. 30(8):777-786,
1997.

‘Di Martino, E. S., G. Guadagni, et al. Fluid-structure
interaction within realistic three-dimensional models of the
aneurysmatic aorta as a guidance to assess the risk of
rupture of the aneurysm. Med. Eng. Phys. 23(9):647—-655,
2001.

*Di Martino, E., and D. Vorp. Effect of variation in
intraluminal thrombus constitutive properties on abdomi-
nal aortic aneurysm wall stress. Ann. Biomed. Eng.
31(7):804-809, 2003.

6Elger, D. F., D. M. Blackketter, er al. The influence of
shape on the stresses in model abdominal aortic aneu-
rysms. J. Biomech. Eng. 118(3):326-332, 1996.

"Fillinger, M. F., S. P. Marra, et al. Prediction of rupture
risk in abdominal aortic aneurysm during observation: wall
stress versus diameter. J. Vasc. Surg. 37(4):724-732, 2003.

8Fillinger, M. F., M. L. Raghavan, et al. In vivo analysis of
mechanical wall stress and abdominal aortic aneurysm
rupture risk. J. Vasc. Surg. 36(3):589-597, 2002.
“Fillinger, M. F., M. L. Raghavan, et al. In vivo analysis of
mechanical wall stress and abdominal aortic aneurysm
rupture risk. J. Vasc. Surg. 36(3):589-597, 2002.

""Fung, Y. C. Biomechanics—Mechanical Properties of
Living Tissue, 2 edn. Springer, 1993.

"Hadlock, T. A., C. A. Sundback, er al. A new artificial
nerve graft containing rolled Schwann cell monolayers.
Microsurgery 21(3):96-101, 2001.

2Hua, J., and W. R. Mower. Simple geometric characteris-
tics fail to reliably predict abdominal aortic aneurysm wall
stress. J. Vasc. Surg. 34:308-315, 2001.

BInzoli, F., F. Boschetti, e al. Biomechanical factors in
abdominal aortic aneurysm rupture. Eur. J. Vasc. Surg.
7:667-674, 1993.

"“Kyriacou, S. K., and J. D. Humphrey. Influence of size,
shape and properties on the mechanics of axisymmetric
saccular aneurysms. J. Biomech. 29(8):1015-1022, 1996.

"“Marra, S. P, M. L. Raghavan, et al. Estimation of the zero-
pressure geometry of abdominal aortic aneurysms form
dynamic magnetic resonance imaging. In: 2005 Summer
Bioengineering Conference. Vail, CO: ASME, 2005.

"Mower, W. R., L. J. Baraff, e al. Stress distributions in
vascular aneurysms: factors affecting risk of aneurysm
rupture. J. Surg. Res. 55(2):155-161, 1993.

""Mower, W. R., W. J. Quinones, e¢ al. Effect of intraluminal
thrombus on abdominal aortic aneurysm wall stress.
J. Vasc. Sur. 26(4):602-608, 1997, Official Publication, the
Society For Vascular Surgery [and] International Society
For Cardiovascular Surgery, North American Chapter.

®Nicosia, M. A., J. S. Kasalko, es al. Biaxial mechanical
properties of porcine ascending aortic wall tissue. J. Heart
Valve Dis. 11(5):680-686, 2002: discussion 686-687.

YPatel, D. J., and D. L. Fry. Longitudinal tethering of
arteries in dogs. Circ. Res. 19(6):1011-1021, 1966.

2patel, D. J., and D. L. Fry. The elastic symmetry of arterial
segments in dogs. Circ. Res. 24(1):1-8, 1969.

2'Raghavan, M. L., J. Kratzberg, et al. Heterogeneous,
variable wall-thickness modeling of a ruptured abdominal
aortic aneurysm. In: 2004 ASME International Mechanical
Engineering Conference. Anaheim, CA, 2004.

2Raghavan, M. L., B. Ma, et al. Non-invasive determination
of zero-pressure geometry of arterial aneurysms. Ann.
Biomed. Eng. 34(9):1414-1419, 2006.

ZRaghavan, M. L., and D. A. Vorp. Toward a biomechan-
ical tool to evaluate rupture potential of abdominal aortic
aneurysm: identification of a finite strain constitutive model
and evaluation of its applicability. J. Biomech. 33:475-482,
2000.

24Raghavan, M.L.,D.A.Vorp, et al. Wall stress distribution on
three-dimensionally reconstructed models of human abdom-
inal aortic aneurysm. J. Vasc. Surg. 31(4):760-9, 2000.

%Sacks, M. S., C. J. Chuong, et al. In vivo 3-D reconstruc-
tion and geometric characterization of the right ventricular
free wall. Ann. Biomed. Eng. 21(3):263-275, 1993.

26Smith, D. B., M. S. Sacks, er al. A biquintic hermite finite
element for surface geometric analysis of abdominal aortic
aneurysms. In: Proc. 3rd World Congress for Biomechan-
ics. 1998.

2’Smith, D. B., M. S. Sacks, et al. Surface geometric analysis
of anatomic structures using biquintic finite element inter-
polation. Ann. Biomed. Eng. 28(6):598-611, 2000.

2Sonesson, B., T. Sandgren, et al. Abdominal aortic aneu-
rysm wall mechanics and their relation to risk of rupture.
Eur. J. Vasc. Endovasc. Surg. 18(6):487—493, 1999.

29Speelman, L., A. Bohra, et al. Effects of wall calcifications
in patient-specific wall stress analyses of abdominal aortic
aneurysms. J. Biomech. Eng. 129(1):105-109, 2007.

3(’Stringfellow, M. M., P. F. Lawrence, et al. The influence of
aorta-aneurysm geometry upon stress in the aneurysm wall.
J. Surg. Res. 42:425-433, 1987.

3 lTakagi, H., S. Yoshikawa, et al. Intrathrombotic pressure
of a thrombosed abdominal aortic aneurysm. Ann. Vasc.
Surg. 19(1):108-112, 2005.

Tanaka, T. T., and Y. C. Fung. Elastic and inelastic
properties of the canine aorta and their variation along the
aortic tree. J. Biomech. 7(4):357-370, 1974.

BThubrikar, M. J., J. Al-Soudi, e al. Wall stress studies of
abdominal aortic aneurysm in a clinical model. Ann. Vasc.
Surg. 15(3):355-366, 2001.

*Thubrikar, M. J., F. Robicsek, ez al. Effect of thrombus on
abdominal aortic aneurysm wall dilation and stress.
J. Cardiovasc. Surg. (Torino) 44(1):67-77, 2003.

3Vaishnav, R. N., and J. Vossoughi. Residual stress and
strain in aortic segments. J. Biomech. 20:235-239, 1987.

3Vande Geest, J. P., M. S. Sacks, er al. Age dependency of
the biaxial biomechanical behavior of human abdominal
aorta. J. Biomech. Eng. 126(6):815-822, 2004.

3Vande Geest, J. P., M. S. Sacks, er al. A planar biaxial

constitutive relation for the intraluminal thrombus in



932 VANDE GEEST ef al.

abdominal aortic aneurysms. In: Annual Fall Meeting of the
Biomedical Engineering Society. Philadelphia, PA, 2004.
3vande Geest, J. P., M. S. Sacks, et al. The effect of aneu-
rysm on the biaxial mechanical behavior of human
abdominal aorta. J. Biomech. 39(7):1324-1334, 2006.
¥Vande Geest, J. P., D. H. Wang, et al. Towards a nonin-
vasive method for determination of patient-specific wall
strength distribution in abdominal aortic aneurysms. Ann.
Biomed. Eng. 34(7):1098-1106, 2006.
YOyenkatasubramaniam, A. K., M. J. Fagan, et al. A com-
parative study of aortic wall stress using finite element
analysis for ruptured and non-ruptured abdominal aortic
aneurysms. Eur. J. Vasc. Endovasc. Surg. 28(2):168-176,
2004.
41Vorp, D. A., W. A. Mandarino, et al. Potential influence of
intraluminal thrombus on abdominal aortic aneurysm as
assessed by a new non-invasive method. Cardiovasc. Surg.
4(6):732-739, 1996.

42V0rp, D. A., M. L. Raghavan, et al. Mechanical wall stress
in abdominal aortic aneurysm: influence of diameter and
asymmetry. J. Vasc. Surg. 27(4):27, 1998.

43Vorp, D. A., and J. P. Vande Geest. Biomechanical
determinants of abdominal aortic aneurysm rupture.
Arterioscler. Thromb. Vasc. Biol. 25(8):1558-1566, 2005.

“Wang, D. H. Noninvasive biomechanical assessment of the
rutpure potential of abdominal aortic aneurysms. In: Bio-
engineering. Pittsburgh, PA: University of Pittsburgh,
2002, p. 244.

45Wang, D. H. J., M. S. Makaroun, et al. Mechanical
properties and microstructure of intraluminal thrombus
from abdominal aortic aneurysm. J. Biomech. Eng.
123:536-539, 2001.

46Wang, D. H. J., M. S. Makaroun, et al. Effect of intralu-
minal thrombus on wall stress in patient specific models of
abdominal aortic aneurysm. J. Vasc. Surg. 136(3):598-604,
2002.



	Outline placeholder
	Abs1
	Sec1
	Sec2
	Sec3
	Sec4
	Sec5
	Sec6

	Sec7
	Sec8
	Sec9

	Sec10
	Sec12
	Sec13

	Sec14
	Sec15
	Sec16
	Sec17
	Sec18

	Sec19
	Ack
	Bib1



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


