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Abstract

Accurately estimating patient-specific rupture risk remains a primary challenge in timing
interventions for abdominal aortic aneurysms (AAAs). By re-analyzing published biaxial
mechanical testing data from surgically repaired human AAAs, material anisotropy emerged as a
potentially important determinant of patient-specific lesion progression. That is, based on a new
classification scheme, we discovered that anisotropic aneurysmal specimens correlated with
increased patient age at surgery when compared with more isotropic specimens (79.7 vs. 70.9
years, p<0.002), despite no significant difference in maximum diameter. Furthermore, using an
idealized axisymmetric, finite-element growth and remodeling model of AAA progression, we
found that both the initial axial extent of elastin loss and ongoing damage to elastin in the shoulder
region of the AAA directly affected the degree of anisotropy as the lesion evolved, with more
extensive insults increasing the anisotropy. This effect appeared to be mediated by alterations in
axial loading and subsequent differences in orientation of deposited collagen fibers. While the
observed increased age before surgical intervention may suggest a potential benefit of anisotropic
remodeling, future biaxial tests coupled with pre-surgical data on expansion rates and detailed
theoretical analyses of the biostability of a lesion as a function of anisotropy will be required to
verify its clinical relevance to patient-specific rupture risk.
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Introduction

Methods

Abdominal aortic aneurysms (AAAS) represent a significant cause of mortality in older
populations (WISQARS, 1999-2007). While medical imaging allows prompt diagnosis of
an AAA, either as an incidental finding or upon ultrasound screening, accurate prognosis has
proven more challenging. This limitation is especially relevant to the surgeon who must
weigh the risk of surgical repair against the risk of rupture for a given patient. Current
clinical guidelines generally use maximum diameter or expansion rate to estimate rupture
risk; yet, small lesions can rupture, and there is a pressing need to identify more robust,
patient-specific risk assessments to improve clinical outcomes.

Following the seminal paper by Fillinger et al. (2003), which suggested that patient-specific
estimates of wall stress may better indicate rupture risk than maximum diameter alone,
increasingly sophisticated computational models have been pursued to assess AAA
mechanics. Of these models, a unique class has arisen that aims to capture not only a static
representation of the wall mechanics, but also the dynamic turnover of intramural
constituents that govern the evolving geometry and properties, and hence rupture risk. Such
“growth and remodeling” (G&R) models have investigated, amongst other aspects, roles of
collagen recruitment (Watton et al., 2004), spatial losses of elastin (Zeinali-Davarani et al.,
2011), effects of wall shear stress (Sheidaei et al., 2011), importance of initial aortic
properties (Wilson et al., 2012), and collagen undulation (Martufi and Gasser, 2012). While
these and other complexities, such as intraluminal thrombus, are being incorporated into
G&R frameworks, we emphasize the importance of continuing to explore fundamental
relationships amongst the myriad parameters that control the G&R process and how they
may ultimately influence patient-specific outcomes.

Along these lines, we recently developed an idealized, axisymmetric, G&R membrane
model to evaluate parametrically four key aspects of collagen remodeling in AAAs:
production rates, half-life, deposition stretch, and stiffness (Wilson et al., 2013a). Here, we
build on these results, and evaluate roles of anisotropy revealed by biaxially tested human
AAA specimens (Vande Geest et al., 2006). In particular, we introduce a novel classification
system and demonstrate potential patient-specific causes of this anisotropy by evaluating
parametrically the effects of the axial extent of the initial elastolytic insult and ongoing
elastic damage on the development of AAAs.

Using multiple tension-controlled protocols, Vande Geest et al. (2006) biaxially tested 26
non-ruptured human AAA samples excised near the maximum diameter of the lesion during
surgical repair. Using equibiaxial data from those 25 samples for which patient age and
maximum lesion diameter were reported, we classified anisotropy by comparing the “elbow
stretch” (or, transition point) for each stress-stretch curve. Similar to Holzapfel (2006), this
elbow was represented by the value of stretch associated with the maximum perpendicular
line segment connecting this point to a secant defined by the first and last data points where
the Cauchy stress was less than or equal to 80 kPa. This cutoff value of stress allowed a
more equal comparison amongst patients given the large range of maximum stresses. For the
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few curves not reaching 80 kPa, the final data point was used for the secant. Statistical
comparisons were performed using a t-test between two groups with assumed unequal
variances. Significance was assumed for p<0.05.

For the parametric studies, we used a prior finite element membrane model of the growth
and remodeling of axisymmetric aneurysms (Baek et al., 2006; Wilson et al., 2012, 2013a).
Briefly, classical linear momentum balance is enforced quasi-statically in weak form using a
virtual work approach while a rule-of-mixtures relation describes the overall stored energy
of the wall as the sum of energy contributions from six families of load-bearing constituents:
an isotropic elastin-dominated matrix, circumferentially oriented smooth muscle, and four
collagen-dominated families of fibers oriented circumferentially, axially, and symmetric
diagonally. The Cauchy membrane stress at any position (r,2) in the wall and each G&R
time sis

7# Owp(s) T
_detFQD (s) Eyp () ac,, (s) F, (s) +T,(5)es ® €9, (1)

T(s)
where F,p(s) and Cyp(s) are 2-D deformation gradient and right Cauchy-Green tensors
describing the motion from a computationally convenient reference configuration to the in
vivo configuration at time s, wg () is the sum of the energy stored in all load-bearing
constituents, T (S) is the magnitude of the active component of tension, and e 4 represents
the unit vector in the circumferential direction. Cauchy stress is calculated in post-
processing by dividing the membrane stress by the current wall thickness h(s), where

_ A‘{R (5)
A WEWEPC

MR () is the referential areal mass density for the wall, 11(s) and A,(s) are the
circumferential and axial stretches from reference to current configurations, respectively,
and p is the total mass density of the wall (assumed constant at 1050 kg/m3).

Of particular importance herein, the stored energy for elastin, defined per unit reference area
at each position and time s, is

w, (5)=M (0)Q°(5)¥° (C) (), @

where M, (0) is the referential areal mass density at time 0, Q® (s) € [0,1] is the survival

fraction for elastin from time 0 to s, ¥° (CE(O) (S)) is the stored energy for elastin per unit

mass at s (neo-Hookean), and C, o) (s) is the right Cauchy-Green tensor describing the
deformation of elastin from its native (i.e., stress-free) configuration to its current
configuration at time s. Q&(s) is a spatially non-uniform survival function that includes a
prescribed initial elastolytic insult ( Q¢ .) and further losses due to stretch-induced damage

(QGmg), such that
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Q)= (9)Qig (I () s @

where I?, (s) is the first invariant of C;, o) (s). For illustrative purposes, we let (Wilson et al.,
2012),

Qfnit (5)=1—[1—exp (—ks)] foo(Z), (5)

where k =1/40 d~1 is a rate parameter, and at each referential axial position Z,

}- (6)

Zy is the fixed axial length from the end of the aorta to its midpoint, ry, is the initial
(homeostatic) radius, d is the maximum percent loss of elastin, and d; and dy control the
initial spatial distribution of elastolysis. To explore various axial extents of initial
elastolysis, we let d; =[0.007, 0.7, 70, 700] while Zg=15cm, ro,=1cm, d=0.99, and d, =
6. Note that the larger the value of d, the more focal the elastolytic insult. In addition, we
compared equivalent amounts (as opposed to axial extents) of initial elastolysis by varying d
and d; in Equation 6 such that [f. (Z)dZ was constant over the entire length. Specifically,
we let d = [0.99, 0.75, 0.50] and d; = [0.700, 0.132, 0.012].

Z—Zo)d2
Th

foo(Z)=d {exp {—d1<

For elastin damage (Wilson et al., 2012), we let Qg,,, (I¢,)=0for I >I¢,  and

Qimg (16 () =1=exp [ Koy (I -15,)] @
for I, < I7 ., where I7,  is the first invariant calculated for an ultimate uniaxial stretch of
A%, =2.2 (cf. Lillie and Gosline, 2007), such that

Ig L =( Eult)2+2()\eult)7l, )

Cult

and I7, is a generalized first invariant, which for our 2D model is

12:< 2,1)2+( 2,2)2‘?()‘3},1)\2,2)727 )

where A7, ; and A7, , represent stretches from the natural configuration of elastin in
circumferential and axial directions, respectively. kg,,,, is prescribed as a 99% survival at a
uniaxial elastin stretch of ( \¢,,—0.2) from its natural configuration. For simulations
parametrically exploring the ultimate stretch of elastin, we let \,=[1.8, 2.0, 2.2] while

maintaining d; =0.7.
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Results

Load-bearing elastin is thus lost, not produced, during the G&R process. In contrast,
collagen and smooth muscle are produced and degraded according to local deviations from
homeostatic stress, with deposition angles of newly deposited diagonal collagen fibers
evolving to align with the current orientations of the symmetric diagonal families. Details
can be found in Wilson et al. (2012, 2013a).

The reference configuration (s=0) was chosen as the in-vivo, loaded, “homeostatic”

configuration; hence, ¥* (Cﬁ(()) (0)) >0; that is, elastin is pre-stressed in the reference
configuration. Key G&R parameters and properties of the non-aneurysmal vessel were first
prescribed for a single, aged, subject-specific (66 year-old male) aorta studied by Vande
Geest et al. (2004), as reported in Wilson et al. (2012). In this way, all initial parametric
results related to the same baseline conditions. Indeed, note that these baseline values cannot
be varied independently without causing an a priori deviation from homeostasis, which
would complicate interpretation of the parametric study. To explore the effect of different
baseline conditions (e.g., pre-stretch of elastin or stiffness of collagen), additional
simulations were performed using parameters for four subject-specific aortas (ages 47-69)
reported in Wilson et al. (2012) (Table 1).

The equibiaxial stress-stretch data for the 25 AAA samples tested by Vande Geest et al.
(2006) reveal significant patient-to-patient variability (Figure 1a). Yet, the circumferential
data appeared to separate into two groups (note the gap at A=1.05). A histogram of “elbow
stretches” for both the circumferential (black) and axial (gray) data (Figure 1b) further
suggested a possible bimodal distribution, with a few outliers at stretches greater than 1.10.
By defining three ranges of behavior based on extensibility (“stiff” for A<1.04, “moderate”
for 1.04<)A<1.10, “compliant” for A>1.10), each AAA sample was assigned to one of four
subgroups based on its paired circumferential-axial elbow stretches: stiff-stiff, stiff-mod,
mod-mod, or mod-compliant (Figure 1c). Table 2 lists averages for each subgroup and
shows statistical comparisons between AAAs with stiff (stiff-stiff and stiff-mod) or
moderate (mod-mod and mod-compliant) circumferential behaviors as well as comparisons
between nearly “isotropic” (stiff-stiff and mod-mod) and “anisotropic” (stiff-mod and mod-
compliant) AAAs. Of note, the average age of the anisotropic group was statistically greater
than that of the isotropic group (79.7 vs. 70.9 years, p<0.002) despite their average diameter
being smaller, albeit not statistically so (6.2 vs. 6.7 cm, p<0.26). No statistical difference
was observed in age or maximum diameters between the circumferentially stiff and
moderate groups.

Despite prescribing four different initial axial extents of elastolytic insult, the G&R model
predicted a qualitatively similar evolution of the lesions (Figure 2a—d) as well as similar
final geometries (Figure 2e) when each simulation was stopped at a maximum diameter of
~6.5 cm, consistent with the average diameter of the AAAs tested by Vande Geest et al.
(2006). Nevertheless, the final apical wall thickness and axial stress varied by more than
50% amongst the four trials. Simulated equibiaxial tension tests at the apex of each lesion
revealed that the final paired equibiaxial behavior became more isotropic the more focal the
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insult, that is, as d; increased (Figure 3). This effect was verified for the other three subject-
specific starting conditions (Figure 4). In addition, assessment of the evolving lesion at a
fixed dqy =0.7 (Figure 5, showing results at 0, 100, 2000, and 4200 days) suggested that the
significant stiffening that followed elastolytic insult and aneurysmal formation resulted in
progressively increasing anisotropy due to diverging circumferential and axial behaviors.
Parametric studies investigating effects of equal amounts of initial elastolysis and damage
criteria for elastin (via ultimate stretch) similarly demonstrated that an increased loss of
elastin in the neck and shoulder regions augmented anisotropic remodeling (Figure 6).
Finally, Figure 7 shows the time course and final spatial distribution of the deposition angle
of the first diagonal family of collagen fibers (with respect to the axial direction) and of the
ratio of axial to circumferential Cauchy stresses, highlighting a likely cause of the observed
evolving anisotropy via compensatory, stress-mediated deposition of collagen at evolving
orientations.

Discussion

AAA:s are characterized histologically by loss of functional elastin and smooth muscle and
altered turnover of collagen (Eberlova et al., 2013; He and Roach, 1994). These changes not
only lead to geometric dilatation, but also a “stiffening” of the aortic wall that can be
appreciated as a leftward shift of a standard stress-stretch curve (i.e., a loss of extensibility).
Classically, the stress-stretch behavior of an elastic artery, such as the aorta, is highly
nonlinear and qualitatively represents two mechanical behaviors: an elastin-dominated
portion characterized by high extensibility and a collagen-dominated portion characterized
by increasing resistance to stretch as collagen fibers become engaged. The approximate
transition between these two sections is often referred to as the “elbow” of the curve. When
the elastic fibers and smooth muscle are severely compromised, such as in an AAA, the
collagen may no longer be compressed when the artery is unloaded for mechanical testing
(cf. Ferruzzi et al., 2011a). As a result, collagen engages at a lower stretch relative to the
unloaded configuration, and the overall behavior of the wall appears stiffer. Whereas such
stiffening results from the loss of elastic fibers and smooth muscle and their effects on the
collagen, stiffening may also occur by altering the inherent stiffness of the collagen itself
(e.g., through increased cross-linking), its orientation, or the pre-stretch of newly deposited
fibers (cf. Wilson et al., 2013a).

Clinical experience and previous evaluations of aneurysmal and control aortic samples
consistently suggest that AAASs are generally stiffer than non-dilated control aortas, even if
aged (Ferruzzi et al., 2011b). The present results further suggest two potential subgroups of
AAAs based on relative circumferential stiffness in available equibiaxial data (solid lines,
Figure 1a). The underlying reason for this observation is unknown due to a lack of
associated histological information. We hypothesize, however, that this grouping may reflect
the final loss of functional elastin and smooth muscle in the stiffest group, leaving primarily
collagen to determine the material behavior. While the moderate group is stiffer than non-
dilated, age-matched aorta, remnant elastin and/or smooth muscle may still place collagen in
compression upon unloading, thus extending the elbow stretch. Because the pre-stretch of
smooth muscle (~1.10) is greater than that of collagen (~1.05), its partial presence may be
the difference between the two groups, with the fragmentation/loss of elastin (pre-stretch
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~1.2-1.3 depending on age, health, and risk factors) accounting for the dramatic stiffening
from the healthy to aneurysmal state as seen in our simulations (Figure 5). Alternatively,
competing hypotheses that may contribute to this grouping include the possibility of cross-
linking increasing the stiffness of collagen in compression (effectively shifting the origin of
the stress-stretch curve to the right), an increased dispersion of values of current stretch for
individual collagen fibers (e.g., due to rapid expansion or preservation of older collagen
fibers due to increased thickness or cross-linking), or weakening of previously deposited or
new collagen fibers. Nevertheless, the discrete nature of these two groups (as opposed to a
single continuous spectrum) suggests the potential of a discrete cause. Larger sample sizes
and histology will be useful to confirm the nature of these groups.

Using the histogram of elbow stretches in Figure 1b to define cutoffs of 1.04 and 1.10, four
novel subgroups of AAAs emerged. Visual inspection of Figure 1c suggests that this
estimation of elbow stretch provided a reasonable separation of groups, with the possible
exception of one patient in the mod-mod group (axial plot indicated by an asterisk).
Although comparing samples with increased circumferential stiffness to those with moderate
stiffness did not reveal significant differences in diameter or patient age (Table 2),
comparing the more anisotropic with isotropic samples revealed a significantly higher age of
the former (79.7 vs. 70.9 years, p<0.002); even a reassignment of the one patient in question
to the mod-compliant group preserved this significant difference (78.1 vs. 71.6 years,
p<0.03).

This difference in age may represent a potentially important clinical finding as the data are
from tissue collected during open repair of non-ruptured AAAs. For example, if one
assumed a similar average age of onset of all lesions and noted the lack of statistical
difference in AAA diameter, the anisotropic group potentially experienced slower expansion
(on average). The older age may suggest a further benefit, in that patients with less stable
lesions would have ruptured or undergone repair at a younger age. Of note, the isotropic
group also possessed the six largest AAAs (7.6-9.0 cm), though the difference in average
diameter did not reach significance. Interestingly, Tong et al. (2011) reported that increased
anisotropy of the aortic wall associates with increased histological age and anisotropy of the
luminal layer of the intraluminal thrombus, which is present in most AAAs. For this layer of
the thrombus to remain luminal, newly deposited fresh thrombus cannot bury it, such as
might occur in expanding lesions with increasingly disturbed blood flow (Basciano et al.,
2011; Wilson et al., 2013b). Thus, aged luminal thrombus may also reflect slower
expansion. Should the degree of anisotropy prove to predict aneurysmal expansion or
rupture risk, one would need to determine how to classify anisotropy non-invasively for
clinical usefulness. We note, therefore, that 13/15 (87%) of the isotropic group and 10/10
(100%) of the anisotropic group can be correctly categorized for this small data set by
assigning to the isotropic group any AAA patient of age less than 74 years or diameter
greater than 7.5 cm.

On the other hand, caution is warranted since the time of onset of a given AAA is almost
always unknown and neither expansion rates nor histology were reported with this data set.
Additionally, the biostability of a given AAA’s classification is unclear. For example,
Kurvers et al. (2004) report that many AAAs expand intermittently, not continuously. One
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might question, therefore, whether the anisotropy of these lesions would change if measured
during a period of expansion versus arrest. The less stiff axial behavior of the anisotropic
lesions could also associate with decreased strength, as suggested by Tong et al. (2011).
While such remodeling could reflect decreased loading due to a shielding effect from a
stiffer, mature luminal thrombus, a rupture through the luminal layer of thrombus
(sometimes visualized as a crescent sign on CT scans — a negative prognostic indicator)
could expose the remodeled wall to a rapid increase in load as well as renewed proteolytic
activity from fresh blood and thrombus (cf. Wilson et al., 2013b), thus increasing rupture
risk. Finally, this data set from repaired AAAs may be subject to selection bias as the
decision to operate was based on the surgeon’s discretion. For example, an increased risk of
surgery in the oldest patients may have influenced a decision to operate only on those
lesions thought to be at highest risk. Clearly, further clinical and experimental investigation
is required; nevertheless, the possibility of material anisotropy being related to expansion
rate and/or rupture risk is intriguing.

Having identified anisotropy as a potentially important factor in aneurysmal progression, we
turned to our computational model to explore potential causes of its development. The
predicted time of progression of material anisotropy following initiation of an AAA (Figure
5) suggested an interesting divergence of the circumferential and axial mechanical behavior
at the apex of the lesion over time. Circumferentially, the stiffness increased rapidly as
elastin and smooth muscle were lost, even before significant dilatation; yet, there was little
further stiffening of the remaining collagenous wall after 2000 days when no elastin or
smooth muscle remained (due to elastin reaching its mechanical failure and the assumed loss
of smooth muscle cells via anoikis). Axially, there was also a rapid initial stiffening, but this
was followed by a gradual increase in compliance due, at least in part, to a reorientation of
the deposition angle of newly deposited diagonal collagen fibers toward the circumferential
direction in response to a decreasing axial:circumferential stress ratio (Figure 7), as well as a
decreased axial versus circumferential stress-mediated deposition of collagen. As a result,
anisotropy increased, at least at the apex in this example with a representative elastolytic
insult for the given G&R parameters.

Comparing G&R outcomes for various axial extents of elastolytic insult (Figures 2-3),
greater insults produced a more rapid dilatation and a greater degree of anisotropy. The
greater rate of expansion is logical given the larger initial loss of elastin (i.e., a greater axial
extent of the aorta was affected). This insult resulted in a greater initial increase in
circumferential Cauchy stress, which induced a more robust stress-mediated G&R response.
Interestingly, the greater axial extent of elastolysis also resulted in a smaller increase in axial
stress at the apex and a greater decrease in axial stress over baseline near the fixed ends (not
shown). As a result, the axial:circumferential stress ratio was lower, and the diagonal
collagen fibers rotated circumferentially to a greater degree (Figure 7), which along with a
decreased axial versus circumferential stress-mediated deposition of collagen, likely
contributed to the increased anisotropy. The decreased axial load and increased stress-
mediated deposition of collagen (due to the larger initial change in stress) also increased
wall thickness (Figure 2b) via their effects on 15(s) and Mg(s), respectively, in Equation 2.
Interestingly, additional G&R simulations (not shown) revealed that by increasing the
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robustness of the stress-mediated collagen deposition (that is, increasing x¢ from 0.05 to
0.075 - cf. Wilson et al., 2013a), the aneurysmal expansion arrested first in the case of
greatest elastin loss (d,=0.007) with the most anisotropy. Thus, in AAAs experiencing
intermittent expansion, periods of relatively rapid expansion followed by arrest could lead to
slower average expansion rates than for lesions with steady but continuous expansion.
Clearly, increased understanding of causes of this intermittent expansion and how to capture
its effect in a G&R framework need to be explored.

Performing similar simulations using a range of subject-specific starting conditions (e.g.,
ages 45-69 with pre-stretches of elastin ranging from 1.18-1.34 — see Table 2) demonstrated
a consistent anisotropic remodeling as a function of axial extent of elastin loss (Figure 4),
though the time for the lesion to develop depended on the initial properties (cf. Wilson et al.,
2012). Additionally, a comparison of equivalent amounts of initial elastolysis (i.e., varying d
and d; in Equation 6 while keeping [f,,(Z)dZ constant), also resulted in increased anisotropy
with wider insults (Figure 6a). That is, for the values considered, decreasing the percent
initial loss of elastin at a given location in exchange for a more widely distributed insult,
resulted in increased anisotropy once the aneurysm fully formed. Finally, decreasing the
ultimate stretch of elastin (see Equation 8) was also evaluated as a method of increasing the
axial extent of elastin loss during AAA progression. Lower values led to more rapid damage
of elastin in the shoulder region and mildly increased anisotropic remodeling (Figure 6b).

Together, these results suggest that an increased loss of load-bearing elastic fibers in the
neck and shoulder regions of developing AAAs, whether by initial elastolysis or ongoing
elastic damage, may reduce axial tension throughout the artery and increase the anisotropy
via fiber reorientation and changes in collagen turnover (deposition versus degradation)
secondary to a decreasing axial:circumferential stress ratio. For this set of simulations,
anisotropic remodeling appeared to be most sensitive to changes in the axial extent of initial
elastolysis. Clinically, a relative reduction of axial stress may lead not only to anisotropic
remodeling but also an increased likelihood of tortuosity of the aorta, which may
independently affect rupture risk (Fillinger et al., 2004; Pappu et al., 2008). Generalizing
this observation, varying the extent of circumferential damage to elastin may also affect
anisotropy; however, a non-axisymmetric implementation of the G&R model will be
required to confirm this hypothesis.

Conclusions

Identifying and predicting underlying causes of aneurysmal expansion and rupture remain an
active area of research clinically, experimentally, and computationally. Each approach
promises to increase our understanding of this complex, evolving pathology. Herein, we
highlighted two key findings. First, a re-analysis of biaxial data from mechanical tests on
human AAAs suggested a novel and potentially useful means of classifying AAAs based on
relative degrees of material stiffness and anisotropy. Interestingly, patients with increased
anisotropy were significantly older despite no significant difference in aneurysmal diameter,
though the isotropic group possessed the six largest AAAs. While increased age in the
anisotropic group may suggest a potential clinical benefit, conclusive evidence requires
further investigation. Specifically, future biaxial testing of AAAs should attempt to correlate
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anisotropy with measured expansion rates and regional heterogeneities in mechanical and
histological properties. Second, through the use of an idealized G&R model of AAA
progression, we found that anisotropy within an AAA may be influenced by the axial extent
of the elastolytic insult that initiated the lesion, as well as ongoing elastic damage in the
neck and shoulder region of the lesion, and that this effect was likely mediated by G&R
responses to changes in relative axial loading. Future experiments in animal models may be
useful to confirm this computational prediction.
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Figure 1.

1
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(a) Equibiaxial stress-stretch data for 25 AAAs (Vande-Geest et al., 2006): circumferential
(black), axial (gray). (b) Histogram of elbow stretches for all data. (c) Subgroups of paired
circumferential-axial behaviors using the following cutoffs for elbow stretch: stiff (A<1.04),
moderate (1.04<\<1.10), compliant (A>1.10). The * denotes a potential outlier.
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Evolution of (a) radius, (b) thickness, and (c—d) circumferential and axial Cauchy stresses at

the apex of four simulated AAAs from the 66 year-old initial aorta using values of

elastolytic parameter d; of 0.007 (solid), 0.7 (dashed), 70 (dash-dotted), and 700 (dotted),
where increasing d; represents a more focal insult. (e) Final geometry of each simulated
AAA when maximum diameter was approximately 6.5 cm. Horizontal gray line represents

the homeostatic pre-aneurysmal value.
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Figure 3.

Final equibiaxial stress-stretch curves (circumferential — black, axial — gray) at the apex of
each of four simulated AAAs from the 66 year-old initial aorta using values of elastolytic
parameter d; of 0.007 (solid), 0.7 (dashed), 70 (dash-dotted), and 700 (dotted). Arrows show
a trend toward isotropy as dy increases (i.e., the insult is more focal).
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Figure 4.
Final equibiaxial stress-stretch curves (circumferential — black, axial — gray) at the apex of

simulated AAAs from the (a) 47 year-old, (b) 50 year-old, and (c) 69 year-old initial aortas
using values of elastolytic parameter d; of 0.007 (solid) and 700 (dotted). Note the
consistent trend toward isotropy as d; increases (i.e., the insult is more focal).
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110 1145 120 1.25
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Figure 5.
Evolution of stress-stretch behavior at the apex of a simulated AAA (66 year-old, d;=0.7)

after 0 days (solid), 100 days (dashed), 2000 days (dash-dotted), and 4200 days (dotted).
Note the progressive circumferential stiffening (black arrow) but initial stiffening followed
by gradual softening axially (gray arrow), which tends to increase the anisotropy over time.
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Figure 6.
Final equibiaxial stress-stretch curves (circumferential — black, axial — gray) at the apex of

simulated AAAs from the 66 year-old initial aorta by parametrically varying (a) the
elastolytic parameters d and d; (Equation 6) to allow equal amounts of initial elastolysis
(where for [d,dq]: solid — [0.99,0.700], dashed — [0.75,0.132], dotted — [0.50,0.012]), and (b)
the ultimate stretch of elastin \¢,, (Equation 8) to alter the degree of elastin damage (where
for \¢,,: solid — 2.2, dashed - 2.0, dotted — 1.8).
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Figure 7.
Evolution at the apex (a) and final spatial distribution (b) of the angle of the first diagonal

collagen family and the axial/circumferential stress ratios (c—d) of four simulated AAAs
from the 66 year-old initial aorta using values of elastolytic parameter d; of 0.007 (solid),
0.7 (dashed), 70 (dash-dotted), and 700 (dotted).
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