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a b s t r a c t

Advances in modeling vascular tissue growth and remodeling (G&R) as well as medical imaging usher
in a great potential for integrative computational mechanics to revolutionize the clinical treatment of
cardiovascular diseases. A computational model of abdominal aortic aneurysm (AAA) enlargement has
been previously developed based on realistic geometric models. In this work, we couple the computa-
tional simulation of AAA growth with the hemodynamics simulation in a stepwise, iterative manner and
study the interrelation between the changes in wall shear stress (WSS) and arterial wall evolution. The
G&R simulation computes a long-term vascular adaptation with constant hemodynamic loads, derived
from the previous hemodynamics simulation, while the subsequent hemodynamics simulation com-
putes hemodynamic loads on the vessel wall during the cardiac cycle using the evolved geometry. We
hypothesize that low WSS promotes degradation of elastin during the progression of an AAA. It is shown
that shear stress-induced degradation of elastin elevates wall stress and accelerates AAA enlargement.

Regions of higher expansion correlate with regions of low WSS. Our results show that despite the crucial
role of stress-mediated collagen turnover in compensating the loss of elastin, AAA enlargement can be
accelerated through the effect of WSS. The present study is able to account for computational models
of image-based AAA growth as well as important hemodynamic parameters with relatively low com-
putational expense. We suggest that the present computational framework, in spite of its limitations,

tion f
provides a useful founda
and rupture.

. Introduction

Understanding of the underlying processes that lead to the
rowth and structural weakening of an abdominal aortic aneurysm
AAA) is of critical importance in both diagnosis of the lesion pro-
ression and design of the patient-specific intervention. AAAs have
een associated with local and systemic alterations of the aorta,

nfluenced by age as well as genetic factors [1–3]. Marked reduc-
ion of the elastin content in AAA tissues has been reported in
everal studies [4–7]. It has been suggested that elastin degrada-
ion is attributed to the elevated activation of proteolytic matrix

etalloproteinases (MMPs) that can be induced by various factors

uch as the abnormal distribution of wall shear stress (WSS) [8–11],
nflammatory responses [12–14], and intraluminal thrombus for-

ation [15,16]. Although it has been suggested that aneurysm
rowth is likely to occur in regions where the vessel wall is exposed
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or future studies which may yield new insight into how aneurysms grow
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to abnormally high/low WSS, the effect of WSS on the expan-
sion rate of aneurysms is poorly understood. High WSS has been
related to the initiation of cerebral aneurysms [17,18], whereas low
shear has been associated with aneurysm progression [19], throm-
bus formation [20] and its rupture [18,21]. In this study, we test
the hypothesis that an adverse decrease in WSS promotes elastin
degeneration, and use computational simulations to track the pos-
sible time course of changes in the mechanical state of the aortic
wall and its effects on processes governing the aneurysm expan-
sion.

Although an AAA is often characterized by a thinning media
with marked reduction of elastin, increasing evidence suggests that
AAA formation is predominantly due to the growth and remodel-
ing (G&R) of the aortic wall by collagen turnover [12,22,3]. Based
on understandings of the ubiquitous role of mechano-regulated
G&R of collagen in vascular adaptations, a number of computational
models of (cerebral/aortic) aneurysm expansion have been devel-

oped where the stress/strain-mediated collagen turnover governs
the expansion rate [23–29]. The previous computational mod-
els have been promising in improving our understanding of the
underlying mechanisms involved in aneurysm enlargement. In the
cerebral aneurysm model proposed in [24], collagen was assumed

d.
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Fig. 1. Iterative loop and information transfer in the c

o be the only structural constituent responsible for the aneurysm
nlargement [30,31]. However, elastin and smooth muscle (SM)
ells are major components in abdominal aorta, and their continu-
us degradations and coupled interactions with stress-mediated
ollagen turnover are speculated to be the main cause for AAA
nlargement. We employed a similar stress-mediated adaptation
odel and extended it to aortic aneurysms using an anatomically

ealistic geometry and studied the effect of spatial and temporal
ariations of elastin degradation on the intramural stress distribu-
ion and the subsequent aneurysm enlargement [32]. For clinical
pplications of these models, however, it is strongly desired to
ntegrate the computational models of G&R with hemodynamics
imulations to account for the role of hemodynamics variations.
ecently, new computational frameworks that loosely couple vas-
ular G&R simulation with hemodynamics simulation have been
ndependently presented by Figueroa et al. [33] and Watton et al.
29], demonstrating their utility in modeling cerebral aneurysms
sing idealized geometries. In the present study, we employ the
oupled framework by extending our previous AAA model [32] to
imulate the evolution of an AAA while updating hemodynamic
oads.

. Methods

.1. General computational framework
Following [33], we employ a fluid–solid-growth (FSG) simula-
ion framework that utilizes loosely coupled iterations between
hort-term hemodynamics simulations and long-term G&R simula-
ions, i.e., the hemodynamic loads on the vascular wall are updated
g between the hemodynamics and G&R simulations.

in a stepwise manner as the AAA grows (Fig. 1). More specifically, in
the iterative loop, the hemodynamics simulation computes blood
flow during the cardiac cycle at a given time and the mechanical
stimuli that affect vascular wall G&R (e.g., mean WSS and mean
pressure) are extracted and transferred to the G&R simulations.
The G&R simulation then simulates the evolution of the arterial
wall over multiple time steps. When the shape of an AAA changes,
the new shape is combined with extended (proximal and distal)
regions and fed back to the hemodynamics simulation.

To simulate AAA enlargement, the central region of the
abdominal aorta is used, and in order to obtain more accurate
hemodynamic loads, the computational domain for the hemody-
namics simulation is extended to the upper part of abdominal aorta
(proximal side) and iliac branches (distal side). To characterize the
hemodynamics within the blood vessel, unsteady blood flow is sim-
ulated within the reconstructed geometry using Fluent (Fluent Inc.,
Lebanon, NH, USA). A periodic velocity field corresponding to a
prescribed inlet flow rate is used as an inlet boundary condition,
and a periodic outlet back pressure is used as the outlet boundary
condition. Lastly, the blood vessel is treated as having a rigid and
impermeable wall.

Mean (time-averaged) WSS and the mean pressure are calcu-
lated for all nodes on the aneurysm wall over one cardiac cycle
and transferred to the G&R simulation. The G&R part simulates
the vessel wall adaptation accounting for elastin degradation and

stress-mediated collagen turnover, both of which depend on the
mechanical stimuli calculated from the hemodynamics simula-
tion. For the G&R simulation, we use the finite element model of
AAA enlargement developed by Zeinali-Davarani et al. [32], briefly
described in the next section.
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the inlet, the left and right common iliac arteries are measured to
be roughly 14.5 mm, 8.6 mm and 7.6 mm, respectively.

The geometric model is then imported into Gambit (Lebanon,
NH, USA). Using Boolean operations, the aneurysm region in the
middle section of the 3-D model is isolated from the rest of the
2 A. Sheidaei et al. / Medical Eng

.2. Constrained mixture model of arterial wall G&R

The arterial wall is assumed to be a thin membrane consisting of
lastin, multiple families of collagen, and SM cells. Each constituent
s produced and removed according to its turnover rate, which
mplies that constituents added at later times can have different
tress-free configurations than those produced at earlier times [34].
t is assumed that the evolution of the mean configuration during
he cardiac cycle is slow enough to be considered as a quasi-static
rocess. Details of the finite element model of an AAA have been
resented in [32]. Briefly, the strain energy wR is postulated by

R(s) =
∑

i=k,e,m

Mi
R(0)Q i(s)� i(Fi

n(0)(s))

+
∫ s

0

mi
R(�)qi(s, �)� i(Fi

n(�)(s))d�, (1)

here the superscripts k, e, and m represent the kth collagen fiber
amily, elastin, and SM, respectively. Mi

R(0) is the areal mass den-

ity of constituent i in the healthy artery at time 0, Fi
n(�)(s) is the

eformation gradient of constituent i that is produced at time �
orresponding to the mapping from its natural configuration to
he current configuration at time s, Qi(s) is the fraction of the con-
tituent i that was present at time 0 and still remains at time s, mi

R(�)
s the true production rate of the constituent i at time � per unit ref-
rence area, and qi(s, �) is its survival function, i.e., the fraction of
onstituent i produced at time � that remains at time s. The strain
nergy functions for elastin, collagen, and passive SM are given as
33,32]

e(Fe
n) = c1

2

(
ce

n[11] + ce
n[22] + 1

ce
n[11]c

e
n[22] − ce

n[12]
2

− 3

)
(2)

c(Fk
n) = c2

4c3
{exp[c3(�k

n(�)
2 − 1)

2
] − 1} (3)

m(Fm
n(�)) = c4

4c5
{exp[c5(�m

n(�)
2 − 1)

2
] − 1} (4)

here Ce
n = Fe

n
T Fe

n, Ce
n[11], Ce

n[12], and Ce
n[22] are the components of

e
n · �k

n(�) and �m
n(�) are the stretches of the fiber family k and SM

roduced at time �. Even though the form of the strain energy
unction for SM is the same as collagen, its contribution to the pas-
ive mechanical properties of the wall is small [35]. The Cauchy
embrane stress T is given by

(s) = 2
J(s)

F(s)
∂wR(s)

∂C
F(s)T + Tact(s). (5)

The membrane stress due to the active SM tone is given as
36,37]

act(s) = hm(s)SM�̄2

{
1 −

(
�̄M − �̄2

�̄M − �̄0

)2
}

e2 ⊗ e2 (6)

here hm is the current thickness of SM, SM is the parameter for the
asoactive stress of SM, �̄2 is the stretch of the SM cell, and �̄M and

¯ 0 are the stretches corresponding to the maximum contraction
nd the active force generation limits, respectively.

.3. Kinetics of elastin degradation and vascular adaptation in an
AA
It has been suggested that in AAAs, elastin degradation due
o the activation of proteolytic enzymes [3] is likely to occur
n regions where WSS is abnormally low [19,18]. However, the
ose-dependence of elastin degradation kinetics with WSS is still
nknown. For illustration purposes, similar to [29], we postulate
g & Physics 33 (2011) 80–88

a first order reaction equation for WSS (�w) where the survival
fraction is given by

Q e(s) = exp(−
∫ s

0

Ke
d(�)d�), (7)

where

Ke
d =

⎧⎨
⎩

0 �w ≥ 0.8
1
2

Kmax

[
1 − sin

�

4
(�w − 0.6)

]
0.4 ≤ �w < 0.8

Kmax �w ≤ 0.4

(8)

The functional form of elastin degradation is basically motivated
by previous studies [18,29]. To date, no experimental studies have
suggested the quantitative relationship between low WSS (e.g.,
<0.5 Pa) and elastin degradation, thus the range of values in Eq. (8)
accounts for the possible variations with qualitatively reasonable
outcome. We assume no elastin production during AAA evolution
[38], whereas the production rates of collagen and SM depend on
the intramural stress experienced by the resident cells given as [24]

mi(s) = MR(s)
MR(0)

(
Ki

�

(
�i(s)
�h

− 1

)
+ mi

basal

)
, (9)

where

�k(s) = ||(
∑

k

�k�k(s))nk||, and �m(s) = ||�m(s)nm||. (10)

�i(s) is a scalar measure of intramural stress, �h is the homeostatic
stress value, Ki

� is the parameter that controls stress-mediated G&R,
and mi

basal
is the basal rate of mass production for the constituent

i. � i, �i and ni are the mass fraction, Cauchy stress and unit vector
in the direction of the constituent i. The survival function for the
constituent i is given as

qi(s, �) = exp(−
∫ s

�

Kc
d(�̃)d�̃), (11)

where Kc
d
(�̃) is the rate of degradation at time �̃. The new collagen

is deposited with a preferred alignment. Here, we assume that the
alignment of the newly produced collagen is influenced by the ori-
entation of the existing collagen and it consequently aligns towards
the direction of the existing collagen family [39].

3. Computer simulations

3.1. Geometric model reconstruction and mesh generation

For patient-specific simulations, a 3-D model of a healthy
aorta is constructed from MRI data of a healthy subject (image
source: http://pubimage.hcuge.ch:8080/). SimVascular (Cardiovas-
cular lab, Stanford University) software is used to construct a 3-D
computational geometry from the MRI data (Fig. 2). Diameters for
model. The fluid domain is meshed using tetrahedral/hybrid ele-
ments and the wall of the aneurysm section is meshed using
triangular elements. The model consists of 37424 elements in the
fluid domain and 4927 elements in the wall, of which 2744 are in
the aneurysm section.

http://pubimage.hcuge.ch%3a8080/
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the mass of SM in the constitutive relation affects the contribu-
tion of SM to the overall mechanical properties although its direct
mechanical effect is comparatively smaller than other constituents
[35].
ig. 2. Construction of a 3-D model of the aorta: (a) obtaining a magnetic resonance
f the vessel lumens in each 2-D slice using level set methods; (d) combining the 2

.2. Hemodynamics simulation

A time-dependent velocity profile at the inlet and pressure
aves at the outlets are prescribed in hemodynamics simulations

ased on data presented by Olufsen et al. [40] (Fig. 3). The cardiac
ycle period is 0.94 s, with peak flow occurring at 0.24 s. Blood is
reated as a homogenous, incompressible, Newtonian fluid [41,42].
ther properties are chosen based on standard values cited in the

iterature [43]; a dynamic viscosity of 0.0035 Pa·s, and a density
f 1060 kg/m3. Blood flow has been found to be laminar in AAAs,
ven during exercise [44]; thus, we assume laminar flow with a
ime-averaged Reynolds number as 563.

Fluent (ANSYS Inc., Lebanon, NH, USA) is used as a computational
uid dynamics (CFD) solver to solve the Navier–Stokes equations
ith specified boundary conditions. Each simulation runs for 7 car-
iac cycles with a time step of 0.001 s, and then the CFD results for
he last three cardiac cycles are averaged for each node. Finally, the

ean WSS and pressure on the aneurysm wall are calculated to be
sed in the G&R simulation.

.3. Simulation of a small AAA

Prior to AAA growth simulation, the vessel is assumed to be a
ealthy aorta, which represents an ideal maintenance state. In the

deal state, the rates of mass production and removal are balanced
nd the mechanical state for each constituent should be in homeo-
tatic state. Hence, we need to prescribe the thickness and material
roperties such that homeostatic condition is satisfied for all con-
tituents. As an initializing step, we approximate wall thickness
nd use the G&R simulation as an optimization tool to adapt into
n equilibrium homeostatic state assuming four discrete collagen
ber families with alignments of 0◦, 45◦, 90◦, −45◦ (see [33,32] for
etails). Immediately after initialization, the G&R simulation is ini-
iated by introducing damage to the central section of the aorta on
he concave side, where a fraction of elastin is removed instanta-
eously using an exponential distribution function (see Fig. 5, 300
ays). In an iterative manner, values of mean WSS and pressure are
pdated and fed to the G&R simulation every 200 days, while the

ew shape after 200 days of G&R is combined with the extended
egions and returned back into the hemodynamics simulation. The
imulation period of 200 days is chosen based on comparatively
low observed changes in hemodynamic loads (mean pressure and

SS) when using 100-day periods, both of which result in the same
AA shapes observed in this work.
e of the abdominal aorta; (b) determination of vessel centerlines; (c) segmentation
mentations into a complete 3-D solid model of the aorta.

As stated earlier, in addition to the initial elastin damage, it
is assumed that further degradation occurs during the G&R sim-
ulation and its rate is a function of WSS (namely “pressure–shear
induced G&R”). To clearly show the contribution of WSS to AAA pro-
gression, we also simulate the G&R without WSS-induced elastin
degradation (namely “pressure induced G&R”) and compare the
AAA growth rates over a total period of 2000 days of G&R. Table 1
summarizes the material parameters for each constituent used in
our G&R simulation.

The absence of structurally significant elastin along with fewer
SM cells has been widely observed in AAA tissues [45]. Moreover,
the role of elastin in regulating SM migration, proliferation [46,47],
apoptosis [48,49], and phenotype modulation [50] is recognized
as well. To apply the same idea in our G&R model, the same form
of damage considered for elastin is also applied to SM. Reducing
Fig. 3. Boundary conditions for the hemodynamics simulations: inlet velocity (top),
outlet pressure (bottom) adapted from Olufsen et al. [40].
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Fig. 4. Stream line, shear stress, and pressure at three differen

. Results

Fig. 4 shows the streamlines, WSS, and intramural pressure in
small AAA after 1200 days of G&R, at three different instances

uring the cardiac cycle, i.e., peak systole (a), end systole (b), and
id-diastole (c). The streamlines plots show areas of high velocity

n branches of the distal aorta and low velocity in the region of

reatest diameter in the AAA. Also, secondary flow is visible at (b)
nd (c) in the concavities of the aneurysm, while no recirculation
s observed at (a), suggesting that in the early stages of an AAA,
lood flow is still able to wash platelets away from the arterial
all.
nces of the cardiac cycle (a–c in Fig. 3) after 1200 days of G&R.

As shown in Fig. 5, introducing an initial damage on the concave
side causes a small bulge at this location, altering the hemody-
namics, and leading to the gradual expansion of the vessel wall on
the opposite side (i.e., convex side), where more reduction in WSS
occurs. Similar to Watton et al. [29], elastin concentration correlates
well with the WSS distribution as the lesion expands. The range of
mean WSS on the aneurysmal wall is from 0 to 2.2 Pa, similar to the

range found in [41].

Fig. 6 shows the distribution of maximum principal stress for
pressure–shear induced G&R and pressure induced G&R at differ-
ent times. For pressure–shear induced G&R, the maximum principal
stress is observed to be slightly higher than that for pressure
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Fig. 5. Distribution of the wall shear stress (top) and elastin concentration (bottom) within an enlarging aneurysm during G&R process.

Table 1
Constitutive and kinetics parameters for each constituents used in G&R simulations.

Elastin c1 = 112 Pa/kg, Kmax = 0.02
Collagen c2 = 917 Pa/kg, c3 = 25.0, �h = 135 kPa, Kc

d
= 0.02, Kk

� /mk
basal

= 0.05
Smooth muscle c4 = 26.9 Pa/kg, c5 = 8.5, SM = 42 kPa, �̄M = 1.2, �̄0 = 0.7, Km

� /mm
basal

= 0.05

F gemen
G

i
b
a
t

w
s

F

ig. 6. Distribution of the maximum principal stress (kPa) during aneurysm enlar
&R (bottom).

nduced G&R during the aneurysm development. Also note that in
oth simulations, the peak value of the maximum principal stress

pparently decreases until 900 days of G&R after which it mono-
onically increases.

The results of the pressure induced G&R simulations with or
ithout updated pressure were similar. In other words, mean pres-

ure did not change significantly during the aneurysm growth (<1%

ig. 7. Distribution of collagen density (kg/m2) during aneurysm enlargement; compariso
t; Comparison between pressure induced G&R (top) and pressure–shear induced

change in the mean pressure after 1500 days of G&R). In Fig. 7, the
collagen (areal) densities are compared between pressure induced

G&R and pressure–shear induced G&R. Because we assume that
collagen production is a function of stress, areas with high prin-
cipal stress correspond to areas of high collagen densities, as can
be observed when comparing Figs. 6 and 7. To supplement this
observation, the collagen densities around the midsection of the

n between pressure induced G&R (top) and pressure–shear induced G&R (bottom).
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Fig. 8. Distribution of collagen density around the AAA midsection during aneurysm
enlargement; Comparison between pressure induced G&R and pressure–shear
induced G&R.
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ig. 9. Expansion rates of the simulated AAA; comparison between pressure induced
&R and pressure–shear induced G&R.

essel for pressure–shear induced G&R and pressure induced G&R
re plotted in Fig. 8. The difference between the pressure induced
rowth and the pressure–shear induced growth appears negligible
p until 500 days of aneurysm growth, after which significant dif-
erences can be observed as time further progresses (Fig. 8). The
istribution trend of collagen, elastin, and WSS along the vessel
ith respect to time is consistent with Watton et al. [29].

Fig. 9 shows the aneurysm expansion rates for both pressure
nduced and pressure–shear induced G&R simulations. Pressure
nduced G&R follows a linear trend with an expansion rate of
.25 mm/year, while pressure–shear induced enlargement devi-
tes from this linear trend after 3 years. These results are well
ithin the range of reported expansion rates for small AAAs in clin-

cal follow-up studies, e.g., 2.2–5.7 mm/year [51], 2.6–3.2 mm/year
52], 2.1 mm/year [53], 3 mm/year [54].

. Discussion

In this study, we presented a framework that iteratively com-
utes stress-mediated vascular G&R and blood flow based on a
ealistic geometry. Using coupled simulations the solid module
ccounted for altered hemodynamic loads during vascular G&R
nd simulated the gradual expansion of a lesion during the early
eriod of an AAA (<3 cm), while the fluid module simulated blood
ow with updated geometries. We found that mean WSS gradu-

lly decreases in the lesion during the expansion, as expected, and
ypothesized that low WSS augments the pathological condition
f the aneurysmal region [55,56]. The present study demonstrated
he effects of low WSS induced elastin degradation on AAA pro-
ression through increasing its expansion rate, consistent with
g & Physics 33 (2011) 80–88

suggestions from hemodynamics studies using patient-specific
models [19,57]. Platt et al. [58] demonstrated that elastinolytic pro-
teases such as cathespin L are inhibited at WSS values of 1.5 Pa
under laminar shear flow, whereas areas of low, oscillatory WSS
(±5 dynes/cm2 = 0.5 Pa) enhance the activity of cathespin L, result-
ing in elastin degradation. This is consistent with other hypotheses
that low WSS (<1.5 Pa) leads to the apoptosis of the endothe-
lial cells and promote aneurysm growth [29]. Nevertheless, our
pressure–shear induced G&R simulation showed that when most
of the elastin is degraded (e.g., after 1900 days), the AAA expansion
is only about 10% greater than that of the pressure induced G&R
(Fig. 9). Despite the possibility of exponential enlargement due to
additional elastin degradation, the results imply that collagen can
play a significant role in compensating for the loss of elastin [27] and
controlling the expansion rate of aneurysms [24,32]. It is endorsed
by marked increase of collagen content in the belly of aneurysm
(Figs. 7 and 8), consistent with clinical observations by Menashi
et al. [6]. Typically, AAAs enlarge continuously, implying that the
stress-mediated collagen turnover may compensate for a local ele-
vation of intramural stress, but not enough to stabilize growth. Our
results support this claim by showing that the peak stress induced
by the elastin damage gradually decreases, but the average stress
level increases as the aneurysm expands (Fig. 6).

Similar to Watton and Hill [27], our preliminary tests showed
that the expansion rate of the aneurysm is sensitive to the collagen
half-life. That is, an aneurysm expands more quickly with a shorter
collagen half-life and expands more slowly with a longer collagen
half-life. The collagen half-life in an arterial wall is 60–70 days
under normal physiological conditions, but can be reduced to 17
days in pathological conditions [59]. In our simulation, the collagen
half-life was set to about 35 days. Variation of the stress-mediation
parameter, K� , has a direct impact on the aneurysm expansion rate
[32] via competition between local thickening and overall radial
expansion of the lesion [23,24]. However, the collagen half-life and
stress-mediation parameters were taken as constant values during
the evolution of aneurysms, whereas they may change between
individuals as well as during growth of an AAA, depending on
physiological and pathological conditions. To account for multifac-
torial and dynamic changes of turnover parameters, more studies
are needed to quantify these pathological changes during an AAA
evolution.

Although we did not directly relate the kinetics of collagen
turnover to WSS, findings from this study advocate further inves-
tigation of the influence of WSS on the collagen turnover during
aneurysm expansion. It has been observed that endothelin-1 (ET-
1) is upregulated in response to decreased shear [60], prompting
collagen synthesis by SM cells [61]. Although these events imply
an increase in collagen production during aneurysm expansion,
proteolytic activities may also increase by low WSS through
macrophage adhesion and inflammation [62,11]. Apparently, the
imbalance between collagen production and removal is conducive
to the growth and rupture of the lesion. It also appears that the
interactions between SM and endothelial cells may influence the
endothelial response to WSS [62], whereas the role of SM cells
can be altered by apoptosis [48,49] and phenotype modulation
[50]. Although overall contribution of SM cells to the arterial
wall mechanical properties is not significant relative to other
components [35], they indeed play a crucial role in regulating
extracellular matrix turnover through its mechanosensitive char-
acteristics [63–67] as well as its interaction with endothelial cells
in shear-modulated collagen production [61]. There is a pressing

need for supplementary clinical data to enhance our understand-
ing of these combined effects and build better models that account
for multifaceted and multiscale processes.

In their function form of elastin degradation, Watton et al. [29]
assumed 0.5 Pa and 2 Pa as the critical values of WSS, consistent
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ith observations by [18]. Instead, we postulated a first order
inetic equation along with a sinusoidal function of WSS where
.6 is assumed to be the midpoint (Eqs. (7) and (8)). The outcome
f the specific form of elastin degradation considered in this study
as consistent with [29] as they assumed full elastin degradation

or WSS values of 0.5 Pa and lower. Fig. 5 demonstrates that after
100 days of G&R a considerable region of the wall is experienc-

ng low WSS (≤0.6 Pa), resulting in a relatively large area of elastin
egradation around the circumference (Fig. 5). This corresponds
ell with the time that the lesion enlargement starts to accelerate

3 years in Fig. 9). As the lesion grows further (e.g., at 1900 days
f G&R), the region of low WSS (≤0.6 Pa) spreads out resulting in a
omplete removal of elastin along the lesion (Fig. 5). These results
re consistent with [18] who found low WSS values (<0.5 Pa) at the
ip of ruptured aneurysms. To the author’s knowledge, no study
as suggested a specific functional form for the relation between
SS and elastin degradation. The form considered in this study,

onetheless, showed reasonable simulation results.
There are several limitations associated with the current model.

he geometric model in our simulation used images from a healthy
orta. When the image is obtained from an AAA patient in advanced
tages, however, one requires more information about the in vivo
roperties and pathological conditions to be incorporated in the
urrent computational model. In this study, the initial damage of
lastin represents the initial weakening of the aortic wall due to
athogenesis which is not yet completely understood. Understand-

ng the extent of damage to elastin and SM required for an aneurysm
o be initiated in pathogenic conditions needs more studies with
xperimental validations. The shape of the damage was relatively
imple, whereas Zeinali-Davarani et al. [32] simulated the evolu-
ion of AAAs without considering hemodynamics variations and
ompared different spatial and temporal shapes of elastin damage.
nterestingly, they also found that aneurysms enlarged on the con-
ex side although damage was introduced on the concave side of
he artery, which was attributed to the changes in intramural stress
uring the G&R process. It appears that the geometry of the artery
ffects AAA enlargement through both alteration of hemodynam-
cs [17] and intramural stress distribution [68,69], reiterating the
mportance of patient-specific geometric models of AAAs.

We did not account for oscillatory effects of WSS, whereas the
SS reversal has been shown to correlate with aneurysm formation

70]. Himburg et al. [71] suggested that endothelial proinflamma-
ory gene expression is most sensitive to oscillatory shear with low

ean and reversing conditions, an observation supported by other
tudies [72–74]. Moreover, coexisting high and low shear regions,
resent in aneurysms [41,18] can also activate platelets and allow
heir deposition on the endothelial surface, leading to thrombosis
ormation [20].

Finally, the most challenging task in patient-specific models of
AA expansion will be incorporating the effects of intraluminal

hrombus and perivascular tissues. It has been suggested that the
ntraluminal thrombus layer plays an important role in expansion
nd rupture of advanced aneurysms through direct mechanical [75]
s well as indirect chemomechanical effects [15,16]. Hence, the cur-
ent study represents the early stages of AAA expansion without
he intraluminal thrombus layer. In spite of its limitations, we sug-
est that the present computational framework provides a useful
oundation for future studies towards further understanding of the
neurysm growth and rupture.
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