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Abstract—Wall stress is a powerful tool to assist clinical
decisions in rupture risk assessment of abdominal aortic
aneurysms. Key modeling assumptions that influence wall
stress magnitude and distribution are the inclusion or
exclusion of the intraluminal thrombus in the model and
the assumption of a uniform wall thickness. We employed a
combined numerical-experimental approach to test the
hypothesis that abdominal aortic aneurysm (AAA) wall
tissues with different thickness as well as wall tissues covered
by different thrombus thickness, exhibit differences in the
mechanical behavior. Ultimate tissue strength was measured
from in vitro tensile testing of AAA specimens and material
properties of the wall were estimated by fitting the results of
the tensile tests to a histo-mechanical constitutive model.
Results showed a decrease in tissue strength and collagen
stiffness with increasing wall thickness, supporting the
hypothesis of wall thickening being mediated by accumula-
tion of non load-bearing components. Additionally, an
increase in thrombus deposition resulted in a reduction of
elastin content, collagen stiffness and tissue strength. Local
wall thickness and thrombus coverage may be used as
surrogate measures of local mechanical properties of the
tissue, and therefore, are possible candidates to improve the
specificity of AAA wall stress and rupture risk evaluations.
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INTRODUCTION

Abdominal aortic aneurysm (AAA) is defined as a
localized dilatation of the abdominal aorta resulting

from a multifactorial process that culminates in an
irreversible pathological remodeling of the aortic wall.
The overall result is a gradual imbalance between syn-
thesis and degradation of tissue constituents leading to
the loss of structural integrity of the aortic wall.7

Aneurysms are often asymptomatic and if left un-
treated may progress toward further enlargement and
rupture at any point in time regardless of their size or
age of the pathology, with high mortality risks.44 Cur-
rent clinical estimates of rupture risk are based on
measures of maximum diameter and diameter growth
rate. However, the use of size only as a guide to inform
decisions of elective repair has faced strong challenge
because of its inability to accurately predict rupture for
all AAAs.4,6,9,13,17,33,43 Mathematically derived
mechanics-based indices have been proposed as im-
proved predictors of AAA rupture, namely peak wall
stress (PWS; the maximum stress in the wall) and rup-
ture potential index (RPI; the local stress/strength ratio
in the wall).10,14,45,46 Computing these indexes involves
the use of finite element analysis (FEA) techniques and
requires several modeling assumptions that affect the
results of the analysis.14,29,39 Key modeling assump-
tions that influence AAA wall stress magnitude and
distribution are the inclusion or exclusion of the
intraluminal thrombus (ILT) and the assumption of a
uniform wall thickness.29 Pathology specimens dem-
onstrated that the aortic wall thickness vary signifi-
cantly across different patients, as well as within each
individual aneurysm.8,35 Due to the inability to mea-
sure thickness noninvasively, a uniform wall thickness
is typically assumed in the vast majority of biome-
chanical analyses.10,18,25 However, wall thickness sig-
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nificantly affect stress prediction and may provide a
better correlation between biomechanical based indices
and clinical outcomes.36,40 ILT is present in nearly all
AAA formations of clinically relevant size.16 The pre-
sence of ILT affects aortic wall degeneration as well as
wall stress.50 ILT is a source of proteolytic enzymes12

with ILT covered wall showing more signs of degraded
elastin,20 vascular smooth muscle cells apoptosis22 and
neovascularization from hypoxia47 than an ILT-free
wall. From a biomechanical perspective, an ILT-cov-
ered wall is thinner20 and may exhibit diminished
strength.48 With regards to wall rupture, there is no
consensus on the role of the ILT; does ILT increase the
risk of aneurysm rupture through increased proteolytic
activity21? Or is the risk diminished on account of a
buffer effect of the ILT against wall stress48? Within
this work we hypothesize that local wall thickness as
well as the amount of ILT coverage at each site provide
insight into the degree of disorganization of fibrous
proteins in the tissue and may be used as a surrogate
index to classify the local mechanical properties of the
wall. In order to test this hypothesis we measured
ultimate strength from ex vivo uniaxial tensile tests of
aortic samples with different wall thickness and ILT
coverage and we assessed the elastic material properties
of the wall by fitting the curves obtained from the
tensile tests to a histo-mechanical constitutive model.27

We obtained a classification of the local mechanical
properties and of the strength of the wall based on
thickness of the wall and of the adjacent ILT. Finally,
we applied our constitutive model to finite element
simulations of a patient-derived aneurysm model and
compared the results obtained with and without vari-
able material properties along the vascular geometry.

MATERIALS AND METHODS

Tensile Testing

Samples of AAA were obtained fresh from the
operating room from patients undergoing surgical re-
pair following an ethical protocol approved by the
institutional review board. The specimens were cut in
the circumferential orientation with respect to the in-
tact aorta from the area located across the midline on
the anterior surface of the aneurysm (Fig. 1). Aneu-
rysm diameter, age and sex as reported in the patient’s
clinical chart were collected for all specimens and the
ILT thickness in the anterior region was measured
from computer tomography-angiography (CT-A)
scans when available. No bias to AAA patient selec-
tion was made with respect to age or sex. All tissue
specimens were placed in saline, refrigerated at 4 �C,
and tested within 48 h of procurement. The samples

width and thickness were measured for each specimen
with a laser micrometer (Beta LaserMike, Inc, Dayton,
Ohio) while sample length was measured with a man-
ual caliper. For measuring the ILT thickness, a prolene
stitch was placed on the AAA wall sample to mark the
longitudinal level of the inferior mesenteric artery
(IMA) or a known distance from the IMA, which was
then used as a marker to link the location of the
specimen with the corresponding longitudinal slice on
CT images. ILT thickness was then measured directly
on the corresponding slice of the patient’s CT scan as
the orthogonal distance between the lumen and the
inner wall (Fig. 1). The tissue samples were cut to
obtain specimens of approximately 22 mm 9 4 mm
and placed in the uniaxial tensile testing system.8 After
a short thermal equilibration period, each tissue sam-
ple was preconditioned, to eliminate the effect of hys-
teresis of the tissue during the test, by loading it to 7%
strain and unloaded repeatedly for 10 cycles at a con-
stant strain rate of 8.5%/min, while being continuously
wetted with saline solution at 37 �C. Following pre-
conditioning, tissue specimens were stretched until
failure and load–displacement curves for each speci-
men were recorded. The first Piola–Kirchhoff stress
was calculated as the recorded force normalized by the
undeformed cross-sectional area, and the stretch was
computed as the deformed length normalized by the
original length of each specimen. The ultimate tensile
strength (UTS) was taken as the peak stress obtained
before specimen failure.

FIGURE 1. Schematic representation of the uniaxial speci-
men excised from the anterior region of the aneurysm. Right:
cross section of the aneurysm showing the intraluminal
thrombus thickness (ILT) measurement. The location of the
excised specimen was localized on the computer tomogra-
phy-angiography (CT-A) images using the distance between
the specimen and the inferior mesenteric artery (IMA) as
obtained in the operating room.
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Statistical Analysis

Statistical analysis was performed with SPSS 20.0
(SPSS Inc, Chicago, Ill). Correlations between UTS and
wall thickness and between ILT thickness andUTSwere
assessed using the Spearman’s rank correlation coeffi-
cient q. The entire data collected were first divided over
two equally sized groups based on the median of the
measured wall thickness (<2.6 and >2.6 mm). Then,
the subset of patients that had aCT-A scan available that
allowed accurate measurement of maximum ILT thick-
ness, were grouped based on themedian of themeasured
maximum ILT thickness (<17 and >17 mm). The cat-
egorization yielded four subgroups: thin wall-thin ILT,
thin wall-thick ILT, thick wall-thin ILT, and thick wall-
thick ILT. The Mann–Whitney U test was used to com-
pare differences inUTSbetween the different subgroups.
For the null hypothesis test a two-sided p value lower
than 0.05 was set to determine statistical significance.

Histo-Mechanical Constitutive Model of AAA Wall

The AAA wall was regarded as a fibrous collagenous
tissue, where collagen fibers reinforce an isotropic matrix
(composed mainly by elastin). At low strains collagen fi-
bers are mechanically inactive and the non-collagenous
material determines the vascular wall’s properties. The
matrix material was described by the isotropic Neo-
Hookean strain energy function wNH ¼ l=2 I1 � 3ð Þ,
where l>0 quantified the matrix shear modulus and de-
scribed the elastin-driven low stress response of the tissue,
and I1 denoteda strain invariant.

34Each collagenfiberwas
assembled from bundles of collagen fibrils with different
undulations mutually cross-linked by proteoglycans
(CFPG-complex). The constitution of theCFPG-complex
was defined by a virtually linear stress–strain response and
a triangular probability density function (PDF) that de-
fines the relative amount of engaged collagen fibrils when
exposing the collagen fiber to a stretch k.27 Consequently,
the limits of the triangular PDF kmin and kmax characterize
the degrees of waviness of the collagen fibrils and the
transition between low and high stress response. Elastin is
reduced and fragmented in AAA tissue20,38; therefore its
recoil effect decreases. This justified the settingof kmin ¼ 1,
such that kmax entirely characterizes the undulation of
collagen fibrils. Considering an incompressible collagen
fiber, these assumptions yield analytical expression for the
collagen fiber’s Cauchy stress27:

r kð Þ ¼

0; 0<k � 1
2k

3ðkmax�1Þ2 kðk� 1Þ3; 1<k � ðkmax þ 1Þ=2

kk k� 2 k�kmaxð Þ3

3ðkmax�1Þ2 �
kmaxþ1

2

h i
; ðkmax þ 1Þ=2<k � kmax

kk k� kmaxþ1
2

� �
; kmax<k<1

8
>>>>><
>>>>>:

ð1Þ

with k denoting the stiffness of the CFPG-complex and
characterizing the collagen-driven response at high
strain. Following the micro-fiber concept24 the macro-
scopic Cauchy stress was defined by a superposition of
individual collagen fiber contributions.27 The above-
outlined constitutivemodelwas implemented in the finite
element software FEAP (vs. 8.2, University of California
at Berkeley, CA, USA) at the integration points of ele-
ments using a Q1P0 mixed FE formulation.27 Details
regarding the model and its numerical implementation
are reported in Martufi and Gasser, 2011.27

Model Parameter Estimations

A single cubic tissue element was used to estimate
the model material parameters l, k and the structural
parameter kmax of the constitutive model from the re-
sults derived from the uniaxial tensile test. A constant
collagen fiber density q0 ¼ 1:35=4p sr�1 was prescribed
with the same density in all directions. The clear
physical meaning of the model parameters introduced
allowed their straightforward identification by manual
adjustments.27

Patient-Specific Case Study

Aneurysm Reconstruction

The geometry for a patient-specific AAA, obtained
following informed consent according to institutional
ethical guidelines, was reconstructed from CT-A data
between the renal arteries and 1.5 cm distal to the iliac
bifurcation (A4research, VASCOPS GmbH).

Wall Thickness and ILT Thickness Estimation

A suite of routines (MatLab, The MathWorks) was
used to segment the lumen, the outer and inner wall of
the vessel.26,41 AAA wall thickness was estimated as
minimum distance between the inner and outer wall,
while ILT thickness was estimated as minimum dis-
tance between inner wall and lumen. A set of 72
equally-spaced thickness values for each CT-A image
was extracted, resulting in a node-based wall thickness
and ILT thickness distribution illustrated in Fig. 7.
Details regarding the image segmentation process and
the accuracy of the wall thickness measurement are
given elsewhere.26,41

Finite Element Discretization

For the wall, a finite element discretization was
created with a constant thickness of 2 mm (5111 Q1P0
hexahedral elements). A single element across the
thickness was used; hence, the bending effects from
inhomogeneous stress across the wall were neglected.

AAA Wall and Intraluminal Thrombus Thickness 1761



For the ILT, a solid mesh with a total of 9167 Q1P0
hexahedral elements was used.

Wall Mesh Modification

The hexahedral elements obtained through seg-
mentation in VASCOPS were redefined to account for
the location-based wall thickness. To do so, the normal
to each surface defined by the outer face of the hexa-
hedral wall elements was computed.2 For every node, a
new normal was then estimated by multiplying the
normal unit vector by the corresponding element’s
thickness value, where a weight inverse to the distance
between the node and the center of the element was
used to obtain one representative thickness for each
node. Finally the new hexahedral elements with local
varying thickness were created based on the computed
local nodal wall thickness.

Wall Material Properties Assignment

A discrete categorization for material properties was
used where each element was considered as belonging

to one of the four categories detailed in Table 2. The
median of the wall thickness (1.35 mm) and ILT
thickness (6.17 mm) computed on the patient specific
model were used to identify the four categories.

Wall Strength Assignment

The same procedure as for the material properties
assignment was followed to assign local wall strength
using the mean values of the experimentally measured
UTS corresponding to four categories.

Finite Element Analysis

Five simulations were performed on the same geom-
etry considering: (a) the standard constant wall thick-
ness of 2 mm with homogeneous material properties
(average material properties were used as obtained from
our experiments: l = 40 kPa, k = 6800 kPa,
kmax = 1.12) with andwithout ILT; (b) the variable wall
thickness distribution as obtained from CT-A with
homogeneous material properties, with and without
ILT; and (c) the variable wall thickness distributionwith

TABLE 1. Summary of patient data and mean population constitutive model parameters for abdominal aortic aneurysm (AAA)
tissue samples grouped for wall and intraluminal thrombus thickness (ILT).

Patients data Mechanical parameters Structural

parameter

Age (years)

Diameter

(mm)

Wall thickness

(mm)

ILT thickness

(mm) Specimens Patients UTS (kPa) l (kPa) k (kPa) kmax

AAA tissue w/thin wall

76 ± 10 71 ± 21 2.1 ± 0.37 – 17 14 545 ± 280 50 ± 17.8 6700 ± 4039.1 1.10 ± 0.06

AAA tissue w/thick wall

72 ± 10 70 ± 21 3.31 ± 0.70 – 17 13 422 ± 237 10 ± 4.3 5800 ± 3699.9 1.12 ± 0.05

AAA tissue w/thin ILT

70 ± 12 62 ± 10 2.62 ± 0.83 19 ± 4 7 5 658 ± 325 50 ± 20.3 7500 ± 4405.7 1.07 ± 0.07

AAA tissue w/thick ILT

73 ± 7 63 ± 14 2.79 ± 1.00 32 ± 4 8 7 320 ± 141 5 ± 3.5 3500 ± 2477.9 1.07 ± 0.04

No difference (p> 0.05) in age or diameter was noted between the abdominal aortic aneurysm (AAA) tissue with thin and thick wall and

between the AAA tissue with thin and thick intraluminal thrombus (ILT). No difference (p>0.05) in wall thickness was measured between

AAA tissue with thin and thick ILT. Mean values with standard deviation are presented.

TABLE 2. Summary of patient data and mean population constitutive model parameters for the abdominal aortic aneurysm (AAA)
wall obtained considering the combined effect of wall and intraluminal thrombus (ILT) thickness.

Patients data Mechanical parameters Structural

parameter

Age (years)

Diameter

(mm)

Wall thickness

(mm)

ILT thickness

(mm) Specimens Patients UTS (kPa) l (kPa) k (kPa) kmax

AAA tissue w/thin wall and thin ILT

71 ± 15 68 ± 13 1.83 ± 0.38 17 ± 0.5 3 2 772 ± 295 50 ± 24.6 7800 ± 5745.4 1.04 ± 0.10

AAA tissue w/thin wall and thick ILT

73 ± 6 59 ± 11 2 ± 0.24 32 ± 5.0 4 3 388 ± 134 5 ± 10.0 3600 ± 1637.1 1.04 ± 0.03

AAA tissue w/thick wall and thin ILT

69 ± 11 58 ± 4 3.2 ± 0.45 21 ± 5.0 4 3 573 ± 361 40 ± 6.4 7400 ± 3890.7 1.12 ± 0.03

AAA tissue w/thick wall and thick ILT

74 ± 9 68 ± 18 3.6 ± 1.10 32 ± 4.0 4 4 334 ± 254 5 ± 2.0 3900 ± 3349.6 1.12 ± 0.04

Mean values with standard deviation are presented.
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non-homogeneous material properties with ILT. A
mean arterial blood pressure of 100 mmHg (13.33 kPa)
was applied to the luminal surface and the finite element
models were fixed at the bottom and top surfaces. No
contact with the surrounding organs was considered.
The arterial wall was modeled as described above and
the ILT tissue wasmodeled using one parameter Ogden-
like strain energy function with the constitutive param-
eter set to 2.11 kPa.15

Rupture Potential Index Calculation

The local RPI was evaluated as the ratio between
the local wall stress and the estimated local tissue
strength.14,45

Stress Predictions Comparison

A comparison of stress predictions using finite ele-
ment models with different complexities was made. In
details, the Wilcoxon signed rank test was used to

compare stress distributions computedwith andwithout
considering ILT. The Friedman’s test was used to
compare stress distributions predicted using homoge-
nous material properties with constant and patient-
specific wall thickness, and by using non-homogenous
material properties with patient-specific wall thickness.
For the null hypothesis test a two-sided p value lower
than 0.05 was set to determine statistical significance.

RESULTS

A total of thirty-four AAA specimens were obtained
from twenty-seven patients (aged 74 ± 10 years; AAA
diameter, 62 ± 21 mm). Fifteen AAA specimens were
harvested fromtwelvepatients (aged70 ± 12 years;AAA
diameter, 70 ± 12 mm),whichhadaCT-Ascan available
that allowed measurement of maximum ILT thickness.
Patient’s data, mean population mechanical and struc-
tural parameters are summarized in Tables 1 and 2.
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FIGURE 2. Differences in mechanical properties between Abdominal Aortic Aneurysm (AAA) samples with thin and thick wall. (a)
and (b) Ultimate tensile strength (UTS); (c) and (d) Macroscopic constitutive response of the AAA wall under simple tension. Best
fit finite element results (open circles) according to the multi-scale constitutive model are shown for each of the mean-population
data (lines) derived from the sample cohort. Error bars represent standard deviation at the stretch values of 1.05, 1.10, 1.15, and
1.20.
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Effect of Wall Thickness on AAA Wall Tissue

There was a significant negative correlation between
UTS and wall thickness (Spearman’s q = 20.41,
p = 0.016). The AAA tissue with thin wall (AAAtW)
exhibited higher values of UTS when compared to
AAA tissue with thick wall (AAATW), i.e., 545 ± 280
vs. 422 ± 237 kPa, respectively (Figs. 2a and 2b), al-
though the difference was not statistically significant
(p = 0.44). Figures 2c and 2d show the mean popula-
tion data for AAAtW and AAATW groups with the
finite element model best fit. The fitted values for the
matrix shear modulus l dramatically decrease from 50
to 10 kPa for the thin and thick wall respectively, while
the CFPG-complex stiffness for the AAATW group
was just slightly lower than the one for AAAtW spec-
imens (5800 vs. 6700 kPa). See Table 1 for the com-
plete data.
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FIGURE 3. Correlation between maximum intraluminal
thrombus (ILT) thickness and ultimate tensile strength (UTS).
The regression line is shown for all data in the plot.
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FIGURE 4. Differences in mechanical properties between wall samples adjacent to thin or thick Intraluminal thrombus (ILT). (a)
and (b) Ultimate tensile strength (UTS); (b) and (c) Macroscopic constitutive response of the abdominal aortic aneurysm (AAA) wall
under simple tension. Best fit finite element results (open circles) according to the multi-scale constitutive model are shown for
each of the mean-population data (lines) derived from the sample cohort. Error bars represent standard deviation at the stretch
values of 1.05, 1.10, 1.15, and 1.20.
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Effect of ILT Thickness on AAA Wall Tissue

UTS had a strong negative correlation with the maxi-
mum ILT thickness (Spearman’s q = 20.65, p = 0.009,
Fig. 3). The tensile strengthof theAAAtissue coveredwith
thick ILT (AAATI)was found tobe significantly lower than
that covered with thin ILT (AAAtI), i.e., 320 ± 141 vs.
658 ± 325 kPa, respectively (p = 0.037; Figs. 4a and 4b).
The mean population data for the AAAtI and AAATI

groupswith theFEmodel best fit are shown inFigs. 4c and
4d. The matrix shear modulus l was ten times lower for
AAATI samples as compared with the AAAtI group (5 vs.
50 kPa). A decrease of more than 50% in CFPG-complex
stiffness was recorded in the mean population data (3500
vs. 7500 kPa for AAATI and AAAtI respectively).

Combined Effect of Wall Thickness and ILT on AAA
Wall Tissue

The group with thin wall and thin ILT (AAAtWtI)
exhibited the highest UTS (772 ± 295 kPa). For AAA

tissues with thin wall, an increase in maximum ILT
thickness from 17 to 32 mm caused a 54% decrease in
tissue strength, with a measured UTS of
388 ± 134 kPa in the group with thin wall and thick
ILT (AAAtWTI). The l and k parameters of the con-
stitutive model were reduced from 50 to 5 kPa and
from 7800 to 3600 kPa, for the AAAtWtI and AAAtWTI

groups, respectively. The UTS of thick AAA wall
sample with thin ILT (AAATWtI) was found to be
lower than the one for the AAAtWtI group
(573 ± 361 kPa vs. 772 ± 295 kPa). The UTS reached
its minimum (334 ± 254 kPa) in tissue samples where
a thick ILT was deposited on a thick wall (AAATWTI

group). The fitted values for the l parameter were 40
and 5 kPa for the AAATWtI and AAATWTI, respec-
tively, with a decrease in CFPG-complex stiffness close
to 50% (7400 kPa for AAATWtI vs. 3900 for
AAATWTI). None of the differences in UTS reported
for the subgroups analysis of the combined effect
reached statistical significance, possibly due to the
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FIGURE 5. Combined effect of wall thickness and intraluminal thrombus (ILT) thickness on the mechanical properties of
abdominal aortic aneurysm (AAA) wall. (a) and (b) Ultimate tensile strength for AAA thin wall with thin (a) and thick (b) ILT.
Macroscopic constitutive response of the AAA thin wall with thin (c) and thick (d) ILT under simple tension. Best fit finite element
results (open circles) according to the multi-scale constitutive model are shown for each of the mean-population data (lines)
derived from the sample cohort. Error bars represent standard deviation at the stretch values of 1.05, 1.10, 1.15, and 1.20.
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small sample size. See Figs. 5 and 6 and Table 2 for the
complete data.

Patient-Specific Case Study

The maximum principal Cauchy stress distribution
obtained using locally varying wall thickness and non-
homogenous material properties as given in Table 2, is
plotted in Fig. 7. Areas with high stresses were located
at ILT-free regions corresponding with thin AAA wall
and at areas with thick wall covered with thin ILT
(Fig. 7). The measured PWS was of 311 kPa and was
located in the anterior part of AAA slightly above the
location of the maximum diameter, where a wall
thickness of 1.34 mm covered with a 4 mm ILT was
recorded. Concentrated spots of low ultimate strength
were localized in the anterior part of the AAA sac,
where both thin and thick wall were measured and a
medium-sized ILT was deposited (Fig. 7). A large area

of low UTS interested the posterior part of the AAA,
where most of the ILT was deposited (Fig. 7). The risk
of rupture was distributed in a complex manner with
large local variability. Multiple regions of high rupture
potential could be identified. The estimated maximum
RPI was 0.57 and was localized in correspondence with
the highest wall stress and low wall strength.

Effect of Modeling Assumptions on the Stress Prediction

The stress distribution computed using homogenous
material properties and a constant wall thickness of
2 mm (median 81.5 kPa, interquartile range (IQR),
from 50.9 to 116.8 kPa) as well as that obtained with
variable wall thickness (median 71.2 kPa, IQR, from
41.9 to 113.5 kPa) were found to be significantly dif-
ferent (Friedman test p< 0.001, Fig. 8) than that
computed using non-homogenous material properties
and variable wall thickness (median 68.5 kPa, IQR,

100

300

500

700

900

1100

AAA wall tissue w/thick wall and thin ILT

U
lti

m
at

e 
te

ns
ile

 s
tr

en
gt

h 
(k

Pa
)

(a)

100

300

500

700

900

1100

AAA wall tissue w/thick wall and thick ILT

U
lti

m
at

e 
te

ns
ile

 s
tr

en
gt

h 
(k

Pa
)

(b)

1 1.05 1.1 1.15 1.2
0

50

100

150

200

250

300

350

stretch λ 

fi
rs

t P
io

la
 K

ir
ch

ho
ff

 s
tr

es
s 

(k
Pa

)

Mean population data AAA tissue
w/thick wall and thin ILT

Finite element model best fit

(c)

1 1.05 1.1 1.15 1.2
0

50

100

150

200

250

300

350

stretch λ 

fi
rs

t P
io

la
 K

ir
ch

ho
ff

 s
tr

es
s 

(k
Pa

)

Mean population data AAA tissue
w/thick wall and thick ILT

Finite element model best fit

(d)

FIGURE 6. Combined effect of wall thickness and intraluminal thrombus (ILT) thickness on the mechanical properties of
abdominal aortic aneurysm (AAA) wall. Ultimate tensile strength (UTS) for AAA thick wall with thin (a) and thick (b) ILT. Macro-
scopic constitutive response of the AAA thick wall with thin (c) and thick (d) ILT under simple tension. Best fit finite element results
(open circles) according to the multi-scale constitutive model are shown for each of the mean-population data (lines) derived from
the sample cohort. Error bars represent standard deviation at the stretch values of 1.05, 1.10, 1.15, and 1.20.
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from 40.1 to 111.3 kPa). Additionally, modeling
regionally varying wall thickness but assuming
homogenous material properties throughout reduced
the magnitude and changed the location of the PWS.
In details, the PWS predicted by using homogenous
material properties and variable wall thickness was
280 kPa and was located in the anterior-lateral part of
AAA, where an ILT- free wall of 1.35 mm was mea-
sured. An ulterior decrease in PWS to the value of
260 kPa was recorded when the assumptions of con-
stant wall thickness and homogenous material prop-
erties were made (Fig. 8). Not including ILT in the
biomechanical model significantly increased (Wilcoxon
signed rank test p< 0.001) the median stress from 81.5
to 162.9 kPa (IQR, from 106.9 to 208.9 kPa) when

using constant wall thickness with homogenous mate-
rial properties (Fig. 8). Using patient-specific wall
thickness distribution with homogenous material
properties without including ILT in the biomechanical
model resulted in a stress increase (Wilcoxon signed
rank test p< 0.001) from 71.2 to 255.3 kPa (IQR,
from 154.2 to 329.4 kPa) with a PWS of 460 kPa lo-
cated in the posterior-lateral side of the AAA sac
where a thin wall of 1.24 mm was measured (Fig. 8).

DISCUSSION

Abdominal aortic aneurysms are traditionally con-
sidered to result from irreversible pathological remod-
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eling of the extracellular matrix and structural degra-
dation of the aortic wall. It is widely accepted that loss of
elastin triggers initial dilatation, while collagen turnover
promotes enlargement. If left untreated, AAAs may
progress toward further enlargement andwill eventually
rupture. Although it is unknown whether structural and
fluid-mechanical stresses directly influence biological

activity, a potential link between high wall stress and
acceleratedmetabolism in aortic aneurysmwall has been
shown.31 With increasing wall stress, more damage may
occur in the AAA wall, leading to disorganization of
fibrous proteins and strength reduction (weakening).
The presence of areas with high stress co-localized with
low tissues strength (see Fig. 7) recorded within this
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work leads further credibility to the hypothesis of a
stress mediated wall weakening process. This study
confirmed the reported decrease in tissue strength
(weakening) with increasing wall thickness8 and sug-
gested that AAA tissues with different wall thickness
may exhibit differences in their mechanical behavior.
The observed decrease of collagen stiffness with
increasingwall thickness supports the hypothesis of wall
thickening beingmediated by accumulation of non load-
bearing components rather than by production of load-
bearing collagenous fibers.37 The increased number of
inflammatory cells and macrophage infiltration, char-
acteristic of thickwall regions,11,23 suggests the existence
of high proteolytic activity that leads to thicker walls
being weaker.30,32 Conversely, thin wall adjacent to
thick ILT suggest an imbalance in the production-deg-
radation of tissue constituents, with more matrix being
degraded than new formed. Consequently, the thickness
of the aorta may be regarded as a surrogate index of
structural degeneration, with both thin aortas corre-
sponding to thick ILTand thickwalls exhibiting reduced
strength. An ILT is found in nearly 75% of all AAAs.16

ILT is an active and complex biological entity,1 which
creates a hypoxic environment47,49 and may lead to a
compensatory inflammatory response that increases the
proteolytic activity in the wall30,32 with subsequent local
wall weakening. Within our study an increase in ILT
deposition from 19 to 32 mm resulted in an AAA wall
50% weaker and in a reduction of elastin content and
collagen stiffness. Early studies have shown that mac-
rophages exposed to hypoxia exhibit enhanced biore-
activity,5 with subsequent increase in elastase
production3 consistent with our observed 90% decrease
in elastin content fromwalls covered by thin ILTand the
ones covered by thick ILT.Moreover, the availability of
oxygen affects both the quantity and quality of extra-
cellular matrix synthesis.19,42 In other words, collagen
synthetizedby fibroblasts exposed to hypoxic conditions
may be reduced19,42 or abnormal42 leading to a reduc-
tion of collagen ‘‘stiffness’’ which is consistent with our
findings, i.e., 7500 kPa for thin ILT and 3500 kPa for
thick ILT.

The greatest limitation of this study is the limited
number of specimens available for the different cate-
gories; the ongoing shift from open surgical to mini-
mally invasive aneurysm repair limits this tissue
source. The limited sample number may also be the
reason why we found a significant linear inverse cor-
relation between wall thickness and UTS, while at the
same time our two groups (thick and thin) failed to
reach statistical difference. This occurrence underlies
the importance of looking at other factors that influ-
ence wall properties (such as ILT thickness and bio-
logically mediated weakening). Second, the finite

element simulations did not account for anisotropy of
the aortic wall tissue and considered only the passive
response of vascular tissue, i.e., any tissue remodeling
has been suppressed.28 Third, the assignment of
material properties could be improved considering a
continuous distribution of material properties instead
of a discrete categorization. Fourth, the impact of
modeling variable wall thickness and ILT was assessed
only with regards to its effects on the stress and RPI
predictions, and not to its relationship with the clinical
outcome. A prospective clinical study would be
required to evaluate if the inclusion of locally variable
wall thickness and ILT into models of AAAs will im-
prove their ability to predict clinical outcomes. Finally,
histological and histochemical analysis should be per-
formed on the collected tissue samples and a correla-
tion between the mechanical environment, geometrical
measures and the underlying histological structure
should be made.

CONCLUSIONS

Quantifying the regional variations of wall thick-
ness as a simple geometric feature of the vessel36,40

may be a confounding factor when the objective is the
assessment of the AAA rupture risk. This study
clearly showed that wall thickness plays a dual role in
the evaluation of aneurysm wall stresses and rupture
risk. On the one hand, a thicker AAA wall may
suggest severe inflammation and accumulation of non
load-bearing tissue components that locally reduce the
wall strength predisposing the wall to high risk of
rupture. On the other hand, localized thin-walled
regions are expected to exhibit high stress concentra-
tion and therefore represent areas at high risk of
rupture. Additionally as ILT deposits, the stress-
shielding effect of the thrombus may be overcome by
the inflammatory process with the ultimate result of a
locally weak wall, prone to rupture. Local thickness
of the wall and local ILT coverage may be used as
surrogate measures of the local mechanical properties
of the wall, and therefore, are possible candidates to
improve the specificity of AAA wall stress and rup-
ture risk evaluations.
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