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Abstract
Aortic aneurysm is a leading cause of death in adults, often taking lives without any premonitory
signs or symptoms. Adverse clinical outcomes of aortic aneurysm are preventable by elective
surgical repair; however, identifying at-risk individuals is difficult. The objective of this study was
to perform a predictive biomechanical analysis of ascending aortic aneurysm (AsAA) tissue to
assess rupture risk on a patient-specific level. AsAA tissues, obtained intra-operatively from 50
patients, were subjected to biaxial mechanical and uniaxial failure tests to obtain their passive
elastic mechanical properties. A novel analytical method was developed to predict the AsAA
pressure-diameter response as well as the aortic wall yield and failure responses. Our results
indicated that the mean predicted AsAA diameter at rupture was 5.6 ± 0.7 cm, and the associated
blood pressure to induce rupture was 579.4 ± 214.8 mmHg. Statistical analysis showed significant
positive correlation between aneurysm tissue compliance and predicted risk of rupture, where
patients with a pressure-strain modulus ≥100 kPa may be nearly twice as likely to experience
rupture than patients with more compliant aortic tissue. The mechanical analysis of pre-dissection
patient tissue properties established in this study could predict the “future” onset of yielding and
rupture in AsAA patients. The analysis results implicate decreased tissue compliance as a risk
factor for AsAA rupture. The presented methods may serve as a basis for the development of a
pre-operative planning tool for AsAA evaluation, a tool currently unavailable.
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1. Introduction
Aortic aneurysm is a leading cause of death of adults [1], often claiming lives without any
premonitory signs or symptoms. Adverse clinical outcomes of aortic aneurysm are
preventable by elective surgical repair; however, identifying at-risk individuals is difficult
[2]. Currently the decision to repair an ascending aortic aneurysm (AsAA) lies
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predominantly on the aneurysm diameter: namely, patients with an AsAA dilated to 5.5 cm
or greater are recommended for surgery [3,4]. However, the reliability of the diameter
criterion to predict aneurysm rupture and dissection has been largely debated in the literature
[3,5,6]. Ruptured AsAAs at diameters less than 4.5 cm have been documented [3].

Recent studies have shown that the peak vessel wall stress in abdominal aortic aneurysms
may be a more reliable rupture criterion than the overall diameter, as the peak wall stress for
ruptured aneurysms is about 60% higher than for non-ruptured [7,8]. In a study by Koullias
et al. [4] the ascending aortic wall stress was estimated in vivo. They found that the
aneurismal wall stress in a hypertensive patient with an AsAA 6 cm in diameter may exceed
the strength of the tissue [4]. However, this conclusion may not be sufficient to assess
rupture risk on a patient-specific level, because the AsAA tissue elastic properties and
failure strength are different for each individual. The aortic tissue strength may be
compromised by underlying microstructural changes brought on by aging [9,10], disease
progression [11], or other factors [12,13]. Therefore, the patient-specific tissue strength and
the aortic wall stress are both critical for assessing AsAA rupture potential.

In this study, we performed a biomechanical analysis of the passive AsAA tissue elastic
properties and failure strength. A total of 50 AsAA patients were studied among 3 sub-
groups: AsAA – patients without a bicuspid aortic valve (BAV) or bovine aortic arch (BAA)
(n = 20), ASAA-BAV – patients with a BAV (n = 17), and ASAA-BAA – patients with
BAA and without a BAV (n = 13). We developed a novel analytical method to characterize
the experimental data and predict the in vivo failure criteria (aneurysm diameter and blood
pressure) on a patient specific level. We focus on AsAA patients with concomitant BAV and
BAA in this study, because BAV has long since been known as a risk factor of AsAA and
dissection [14], and a recent study by the Yale Aortic Institute [15] suggests a link between
BAA and dissection. The failure criteria for each patient group were compared to determine
whether the presence of BAV or BAA elevates rupture risk in patients with AsAA.

The details of the experimental methods, data and results are presented in part 1 [16] of this
study, while the focus of this paper (part 2) is the analytical methods and results to predict
AsAA rupture risk in different patient groups.

2. Methods
2.1. Patient selection

AsAA tissue specimens were collected perioperative from 50 patients undergoing elective
AsAA repair at Yale – New Haven hospital between December 2008 and September 2010
and stored fresh at −80 °C. Once the fresh frozen specimens were transported to our lab, the
samples were cryopreserved [17] and stored at −80 °C until they could be tested (refer to
Fig. 1 in [16]). The use of human tissues in this study was approved by the Research
Compliance Office of the University of Connecticut. The 50 AsAA patients studied were
divided among 3 sub-groups: AsAA – patients without a BAV or BAA (n = 20), AsAA-
BAV – patients with a BAV (n = 17), and AsAA-BAA – patients with BAA and without a
BAV (n = 13). The mean patient age was 58.2 ± 11.6 years and the ratio of male to female
patients was 38:12. The following clinical data were provided for each patient: the systolic/
diastolic blood pressure, age, gender, height, weight, aneurysm diameter, and presence of a
BAV or a BAA. The AsAA diameter provided by the Yale Aortic Institute for each patient
was assumed to correspond to the systolic condition, because the clinical practice is to
record the largest diameter observed. The patient characteristics are summarized in Table 1.
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2.2. Biomechanical testing
2.2.1. Planar biaxial mechanical test—The tissue specimens were defrosted via the
published method [17] and inspected for the presence of calcification and evidence of prior
dissection before undergoing mechanical testing. The biaxial tests were performed [16]
according to the methods of Sacks and Sun [18]. Briefly, specimens were submerged in a
bath of Ca2+-free and glucose-free Tyrode solution (mM: NaCl 136.9, KCl 2.7, MgCl2 1.05,
NaHCO3 11.9, NaHPO4 0.47, EGTA 2.0, and 0.1 M papaverine) at 37 °C for the duration of
each test, which consisted of preconditioning for at least 40 continuous cycles followed by
tension-controlled loading protocols at the following first Piola Kirchhoff tension, τ, ratios:
τ11:τ22 = 0.75:1, 0.5:1, 0.3:1, 0.1:1, 1:1, 1:0.75, 1:0.5, 1:0.3, and 1:0.1 (see Fig. 1a). An
illustrative set of biaxial data is given in Fig. 1b–c for one specimen. For a more complete
description of the biaxial mechanical testing, please refer to part 1 of this study [16].

2.2.2. Uniaxial tensile failure test—The uniaxial failure properties of the tissue
specimens were also quantified in part 1 of this study [16]. Briefly, thin strips of tissue
approximately 15 × 5 mm in size were cut along both the circumferential and longitudinal
directions of the biaxial test specimens. Each strip of tissue was loaded to failure with a
Tinius Olsen uniaxial test device (Horsham, PA). From the uniaxial test data, the yield (YT)
and ultimate tension (UT) were determined for each specimen in each anatomical direction.
The YT represents the points in the tension-strain curves where the slope decreases marking
the elastic limits of the tissue, while the UT represents the highest tension values in each
direction. Representative failure test data is presented for one AsAA patient in Fig. 2.
Further details on the uniaxial tensile failure test can be found in [16].

2.3. Predictive modeling
2.3.1. Constitutive modeling of biaxial testing data—The AsAA tissue specimens
were assumed to be anisotropic, incompressible, nonlinear hyperelastic materials. Therefore,
the second Piola Kirchhoff stress (S) can be expressed as

(1)

where E represents the Green-Lagrangian strain tensor and W is a strain energy function.
The experimental data was fitted with the generalized Fung-type strain energy function [19]
for the planar biaxial responses of soft biological tissues given by the following equations:

(2)

(3)

where c and A1–6 are the material constants. The Cauchy stress tensor, σ, can then be
calculated by

(4)

where F is the deformation gradient and J is the determinant of F. The tension tensor in the
spatial description, t, can be obtained by

(5)

where h is the deformed tissue thickness.
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To fit and extrapolate the 1:0.5 protocol biaxial testing data to higher loads, F was
incremented, and t was determined for each increment through Eqs. (1)–(5).

2.3.2. Extrapolation of the biaxial testing protocol—Several assumptions were made
in order to calculate the aortic wall tension. The AsAA tissue was assumed to be of a closed-
end, thin-walled cylinder as in previous studies [4,12,20,21]. The assumed cylindrical shape
may be valid for aneurysms of the ascending aorta proximal to the ligamentum arteriosum,
because unlike descending and abdominal aortic aneurysms, these are typically diffuse and
relatively homogenous, with no significant intraluminal thrombus [3]. According to the
Laplace law, the ratio of the circumferential to longitudinal Cauchy stress in the aortic wall
is 1:0.5. Thus, we utilized the 1:0.5 τ11: τ22 protocol of the biaxial testing data assuming that
this protocol most closely approximates the in vivo condition, and extrapolated the tissue
response to a level at which tensile failure could occur. Throughout the derivation, the
subscript “11” refers to the circumferential direction, while the subscript “22” refers to the
longitudinal direction of the tissue specimen.

In order to extrapolate the biaxial data, the deformation gradient, F, must be incremented in
each direction, and the increments of F11 and F22 are not arbitrary, rather they are dependent
on the material properties and the loading conditions. To extrapolate the raw biaxial test
data, given that the τ11: τ22 ratio is kept at 1:0.5, E12 = E21 = 0, and F11 is incremented, we
have

(6)

Using Eqs. (1)–(3), and (6), and , we get

(7)

and by reorganizing Eq. (7), we have

(8)

Therefore, F22 can be solved in terms of F11 and the Fung model coefficients by solving for
the roots of the cubic function in Eq. (8). Equation (8) was solved numerically using the
built-in “fzero” function in Matlab (Natick, MA), and the resulting, real-number, F22 value
for each F11 increment was used in subsequent calculations. Now, assuming tissue
incompressibility, i.e. λ11λ22λ33 = 1, t along each principal axis was then determined from
Eq. (9) for each F increment where T is the tension in the material description analogous to
S.

(9)

2.3.3. Calculation of the unloaded (0 mmHg) aneurysm diameter, D0—The
resected AsAA tissue specimens were not in intact tubular form; therefore, the unloaded
diameter was unknown and had to be calculated. The circumferential Cauchy wall tension,
t11sys, at the patient’s systolic blood pressure, psys, was calculated by the Laplace equation,
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(10)

where Dsys is the diameter of the aneurysmal vessel at psys, as measured preoperatively
through image analysis. From the extrapolated biaxial data, the circumferential strain, E11sys,
corresponding to t11sys, was determined (see Fig. 3a). From E11sys, the aneurysm stretch in
the circumferential direction, λ11sys, at psys can be determined as,

(11)

Since the Dsys at psys is known from the provided patient data, the aneurysm diameter at the
unloaded (0 mmHg) state can then be determined as,

(12)

2.3.4. Calculation of the specimen yield and failure criteria—Once D0 is known, it
is possible to generate the entire pressure vs. diameter curve. The diameter, D, at each strain
increment is calculated by Eq. (13), and is used to calculate the pressure, P, at each strain
increment by Eq. (14).

(13)

(14)

Aneurysm tissue yielding is assumed to occur when either the yield tension, determined by
uniaxial failure tests, in the circumferential direction, YTc, or the longitudinal direction, YTl,
are exceeded. The ultimate tension in each direction, UTc and UTl, are assumed to indicate
rupture. From the extrapolated biaxial data, the circumferential and longitudinal strains
leading to tissue yielding E11y , E22y and failure E11f , E22f were determined to satisfy the
following relations: t(E11y , E22y) = YT and t(E11f , E22f = UT, respectively (see Fig. 3b).
The circumferential stretches associated with yield and failure were obtained by replacing
E11sys in Eq. (11) with the yield and failure strains respectively, given explicitly as

(15)

The failure diameter and pressure associated with these stretches were then obtained through
Eqs. (16–18).

(16)

(17)
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(18)

The lower of the two yield pressure values (circumferential and longitudinal) was
considered to be the yield pressure and the lower rupture pressure value was considered to
be the rupture pressure. The corresponding aneurysm diameters were considered the yield
and rupture diameter respectively.

2.4. Data and statistical analysis
Risk of AsAA tissue yielding and rupture was assessed as the “diameter risk”, defined as the
ratio of the aneurysm diameter at systole to the predicted aneurysm yield (Dsys/Dy) and
failure diameter (Dsys/Df), as well as the “pressure risk”, defined as the ratio of the systolic
blood pressure to the predicted yield (Psys/Py) and failure pressure (Psys/Pf). Note that a
value of 1 indicates imminent yielding and rupture; therefore, as these ratios approach unity,
a patient’s risk increases. The aortic size index (ASI) [22] was calculated for each patient as
the aortic diameter normalized to the patient body surface area. The ASI has been shown to
be a significant indicator of thoracic aortic aneurysm rupture potential [22]. The pressure-
strain modulus, PSmod, [23–25] was also calculated as a measure of the physiological aortic
compliance given by

(19)

where the subscript “dias” refers to the diastolic condition.

The Spearman rank non-parametric test was used to determine correlation between the
following patient characteristics and the predicted yielding and rupture risk: systolic/
diastolic blood pressure, age, gender, ASI, PSmod, presence of calcification, presence of a
BAV, presence of a BAA, and systolic wall tension. For the binary parameter categories,
patients received a value of 1 for the presence of calcification, BAV, BAA, or male gender
and a 0 for an absence of these characteristics. The Mann–Whitney rank sum test was used
to compare the means between two groups. A p-value ≤0.05 was assumed to signify a
statistically significant difference between the means. Predicted values are presented as a
mean ± standard deviation.

3. Results
3.1. Predictive analysis

The Fung-type model of Eq. (2) was able to capture the biaxial mechanical testing data for
50 patients with a high degree of accuracy. The mean τ11: F22 = 1:0.5 biaxial test responses
for each patient group were fit with the Fung-type model of Eq. (2): the convex and
conditioned set of coefficients per Sun and Sacks [26] for each group are given in Table 2.
Note that the shear stresses and strains were included in the biaxial testing dataset for Fung-
model fitting, which is why parameters A4–A6 are non-zero values; however, neglecting the
shear terms for biaxial test data extrapolation in the principal directions had a negligible
effect on the model fit of the 1:0.5 protocol responses. The pressure-diameter response for
each patient was then extracted, and the mean curve for each patient group is shown in Fig.
4 with standard error bars. The aneurysm yielding and rupture criteria were also determined
for each patient. Briefly, AsAA, AsAA-BAV, and AsAA-BAA patients were predicted to
experience rupture at an aneurysm diameter of 5.5 ± 0.8 cm, 5.7 ± 0.6 cm, and 5.4 ± 0.6 cm,
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with 552.9 ± 234.0 mmHg, 557.3 ± 201.0 mmHg, and 649.1 ± 201.6 mmHg of pressure
respectively. There were no statistical differences between the mean predicted yielding and
rupture criteria among the three patient groups (Fig. 5). The complete table of results can be
found in Table A.1 of the Appendix.

3.2. Statistical analysis
The Spearman rank order correlation test was used to determine correlation between the
predicted patient tissue yielding and rupture risk with the clinically measured characteristics.
Several statistically significant trends were observed (Table 3). An elevated yield diameter
risk (Dsys/Dy) was significantly associated with increases in the systolic blood pressure
(hypertension), age, PSmod, and systolic wall tension, while an elevated rupture diameter
risk (Dsys/Df) was also significantly associated with these characteristics, and additionally
with increasing ASI. This indicates that an increase in blood pressure, age, PSmod, systolic
wall tension, or ASI may decrease the elastic capacity of AsAA tissue, i.e. Dsys/Df → 1. The
PSmod was the most significant predictor of both the Dsys/Dy and Dsys/Df with p-values of
2.0E-7 (Fig. 6a).

There were no observed correlations at the 5% significance level between the pressure risk
factors (Psys/Py and Psys/Pf) and the clinically measured parameters. Due to the strong
correlation between the diameter risk and the PSmod, the pressure risk factors were
compared between the patients with high tissue compliance (PSmod < 100 kPa) to those with
low tissue compliance (PSmod ≥ 100 kPa) (Fig. 6b). Note that a PSmod value of 100 kPa
represents a normal ascending aorta value for male patients between the ages of 30 and 79
years [27]. Patients with high compliance (PSmod < 100 kPa) had a mean Psys/Py of 0.22 ±
0.06, which was significantly lower (p = 0.0027) than those with low compliance (PSmod ≥
100 kPa) which had a mean Psys/Py of 0.39 ± 0.23. The rupture pressure risk, Psys/Pf, was
also lower among the PSmod < 100 kPa patients with a mean of 0.18 ± 0.06, than the PSmod
≥ 100 kPa patients with a mean of 0.28 ± 0.15, with a p-value of 0.0057.

4. Discussion
4.1. Rupture characteristics of AsAA

The mean aneurysm diameter at yield was determined to be 5.4 ± 0.8 cm for AsAA patients,
and 5.3 ± 0.6 cm for AsAA-BAA patients, which agree well with the clinically observed
value of 5.31 cm at dissection [3]. The mean yield diameter predicted for AsAA-BAV
patients (5.6 ± 0.5 cm) represents a slightly higher value than for AsAA and AsAA-BAA
patients, yet slightly lower than the mean diameter of 6.0 ± 1.5 cm at dissection reported by
Svensson et al. [28] in their study of 40 BAV patients. However, that value may be
somewhat overestimated due to rapid aortic expansion once dissection is initiated [28]. The
mean predicted aneurysm diameter at rupture was 5.5 ± 0.8 cm for AsAA patients, 5.7 ± 0.6
cm for AsAA-BAV patients, and 5.4 ± 0.6 cm for AsAA-BAA patients, which are consistent
with the clinical finding that a patient’s risk of AsAA rupture greatly increases when the
aneurysm has reached 6 cm in diameter [3], and reinforce the conclusion that such
aneurysms should be electively repaired by 5.5 cm [3].

The predicted yield and rupture pressures for most of the patients are much higher than the
physiological pressure range. The mean predicted yield/rupture pressure was 448.2 ± 226.3
mmHg/552.9 ± 234.0 mmHg for AsAA patients, 448.9 ± 171.0 mmHg/557.3 ± 201.0 mmHg
for AsAA-BAV patients, and 439.2 ± 196.7 mmHg/649.1 ± 201.6 mmHg for AsAA-BAA
patients, respectively. However, these values are reasonable considering it is estimated that
an intravascular pressure of approximately 2500 mmHg is required to rupture the healthy
human aorta [29,30]. Although clinically blood pressures are not seen above 300 mmHg,
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extreme blood pressures can be observed in emotionally or physically stressful situations. In
fact, dissections commonly occur during the winter months and in the early morning hours
when blood pressures are known to be highest [3]. In a retrospective study of patients treated
for acute aortic dissection at Yale University, 66% of patients recalled severe emotional
stress or physical exertion at the time of their dissection [31]. For example, in a follow-up
study the authors [32] reported 31 cases of aortic dissection of young men with no evidence
of aortic aneurysm during weightlifting, where blood pressures exceeding 300 mmHg have
been observed [31,32]. It is also important to note that the predicted AsAA rupture pressures
presented here are the pressure needed to rupture the tissue with its current material
properties (i.e., at the time of elective surgery). As disease progresses the strength of the
tissue may decline, and with it, the pressure to induce rupture.

For one patient, patient #AsAA6, the predicted yield pressure risk (Psys/Py) was 1.37 and
rupture pressure risk (Psys/Pf) was 0.98 (see Table A.1 in the Appendix). Thus, according to
our predictions, this patient should have experienced yielding already and possibly rupture at
even slightly elevated blood pressures, yet none of the patients included in the study were
known to have dissected/ruptured at the time of surgery. Examination of the resected
AsAA6 ascending aortic aneurysm specimen at the tissue and microstructure levels revealed
advanced aortic disease compared to the other samples (see Fig. 7a–c). There was evident
disruption between the medial and adventitial layers of the wall, which indicates the onset of
dissection (Fig. 7a). On the micro scale, the three layers of the aortic wall were severely
damaged with evidence of intimal thickening, disruption and disorganization of the elastin
network, and loss of smooth muscle cells with an accumulation of extracellular matrix
ground substance and collagen in the media (Fig. 7c)[14,33]. Therefore, although this
patient was not diagnosed with dissection, it appears that the tissue specimen tested was
severely degenerated, which may explain our overly high predicted risk factor.

4.2. Bicuspid aortic valve effect
Although there were no significant differences in the predicted failure characteristics among
the patient groups, the predicted yield and rupture diameters for AsAA-BAV patients were
slightly larger than for the AsAA and AsAA-BAA patients. These results suggest that
AsAAs dissect at smaller diameters in patients without BAV, which is in agreement with the
International Registry of Acute Aortic Dissections report that the proportion of dissections
occurring at smaller sizes (<5.5 cm) was actually higher among patients without BAV or
Marfan syndrome [34,35].

AsAA-BAV patients also had slightly lower mean Psys/Py and Psys/Pf ratios than AsAA
patients. Again, these differences were not significant. The clinical finding that BAV
patients are more likely to experience rupture and dissection than patients with a tricuspid
aortic valve [34], may be explained by the higher prevalence rate and younger onset age of
aortic dilation in BAV patients [34,36–39]. However, the difference between patient groups
may also be explained in part by the younger age of AsAA-BAV patients (53.9 ± 9.7 years)
compared to the AsAA patients (64.1 ± 8.3 years) analyzed in this study. It is well
documented that the mechanical properties of the human aorta undergo significant changes
with age, including dramatic stiffening beyond the age of 60 years [40,41]; therefore, the
differences in age between the AsAA and AsAA-BAV patients groups in this study may
explain the higher predicted pressures for adverse events in the AsAA-BAV patient group.

4.3. Bovine aortic arch effect
The mean pressure versus diameter curves for both AsAA-BAA and AsAA patients were
nearly identical (see Fig. 4). The predicted failure characteristics for AsAA-BAA patients
were also similar to those for the AsAA patients. AsAA-BAA patients had a slightly lower
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mean predicted rupture risk than AsAA patients, but were also younger on average (55.0 ±
14.8 years) than the AsAA patients. From this analysis, the presence of BAA does not
appear to affect a patient’s risk of ascending aortic rupture. A more thorough study
comparing ascending aorta tissue properties in BAA and non-BAA patients with and
without AsAA may be necessary for determining any association between BAA and AsAA.

4.4. Clinical indications of rupture potential
No correlation was determined between the aneurysm size and any of the yield and rupture
risk ratios; yet, this is what is currently used clinically. Our results suggest that patients with
stiff aortic aneurysm tissue are at higher risk for dissection and rupture, than those with
more compliant tissue; therefore, the PSmod may be a more appropriate metric for the
clinical in vivo and non-invasive evaluation of AsAA rupture risk. The patient risk
quantified as the diameter risk (Dsys/Dy and Dsys/Df) and pressure risk (Psys/Py and Psys/Pf)
increases dramatically when the PSmod exceeds 100 kPa. The mean Psys/Py and Psys/Pf ratios
for patients with low tissue compliance (PSmod ≥ 100 kPa) were 1.8 and 1.6 times larger
than the corresponding ratios for patients with high tissue compliance (PSmod < 100 kPa).

The statistical analysis also implicated elevated blood pressure, in addition to increased
pressure-strain modulus, as a risk factor for AsAA rupture. Hypertension has long been
known to be a risk factor for cardiovascular disease, and aortic stiffness has more recently
been implicated as an indicator of aortic disease [4,42]. These findings are in tune with what
we know about vessel mechanics. Blood vessels will burst when the stress acting on the wall
exceeds the strength of the wall. For an AsAA, the blood pressure induces stress on the
vessel wall, while the pressure-strain modulus depends on the wall tissue properties,
geometry, and loading conditions.

4.5. Limitations
This prediction approach is limited in part by the experimental data which was collected at a
relatively low load range, thus, requiring the extrapolation technique to predict the high-load
response. We assume that the analytical model can predict the tissue response up until the
rupture point. Ideally, we could collect the experimental data to higher loads. It is possible
that freezing the tissue specimens before testing may have affected the tissue mechanical
properties. This analysis also did not account for the time-dependent material property
changes of AsAAs. Therefore, the timing of adverse events cannot be predicted. Moreover,
the tensile strength of the aorta under in vivo conditions was assumed to be equivalent to the
uniaxial tensile strength in each principal direction, while a Von-Mises type yield criterion
may allow for a more accurate estimate of the tissue limits independent of the loading
condition.

The AsAAs were assumed to be thin-walled tubes with a circular cross-section in this study.
The tissue property around the circumference of the resected aneurysm was assumed to be
homogeneous; however, some studies [20,21,43–45] suggest that the properties of the
ascending aorta differ between the anterior and posterior regions. Although, a study by
Azadani et al. [46] show that the properties of healthy human ascending aorta do not differ
significantly around the aorta.

Because the in vivo tissue thickness was unknown, the vessel wall tension rather than the
stress was used. We also did not include the vessel residual stress for this reason. By
neglecting the in vivo wall thickness in the stress analyses we may be overestimating the true
stress state of the vessel. The layer-specific material properties of the aortic wall were also
not considered. Sokolis et al. [47] report differences in the uniaxial stress–strain and failure
responses for the three layers of the AsAA wall. In the future it may be necessary to test the
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biaxial mechanical properties of each layer of the aortic wall and model the entire wall as a
tri-layer composite, to enhance the accuracy of our risk assessment method.

5. Conclusions
In this study, the rupture potential of AsAAs was assessed in 50 patients, including patients
with concomitant BAV and BAA. The aneurysmal tissue was resected from these patients
prior to dissection or rupture, and through this biomechanical analysis, we predicted the
“future” yield and rupture criteria for each patient. Our main findings are as follows:

• No association could be made between the aneurysm diameter and rupture
potential.

• Aortic tissue stiffening and hypertension may increase a patient’s risk of rupture.

• BAV and BAA patients with AsAAs may have a similar risk of rupture as patients
without either of these conditions.

The close symmetry between our results and those observed clinically supports the potential
use of the analytical techniques developed in this study for future pre-operative evaluation of
AsAA. Our results indicate that the pressure-strain modulus may be a more reliable indicator
of rupture potential than the previously used maximum aneurysm diameter criteria, and can
also be easily obtained clinically, making it an attractive rupture potential metric.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
(a) τ11 vs. τ22 plot, (b) τ11 vs. E11 plot, and (c) τ22 vs. E22 plot with all biaxial test
protocols.
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Fig. 2.
Uniaxial failure test in the (a) circumferential and (b) longitudinal directions for a selected
patient with green triangles and red squares corresponding to the yield and ultimate tension
values respectively.
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Fig. 3.
(a) Extrapolated biaxial test data with raw test data represented by open circles and the
biaxial test data generated by the extrapolation method represented by the lines. The
circumferential strain, E11sys , at the systolic blood pressure is determined from the
extrapolated biaxial data. (b) Extrapolated data with the yield criteria (blue markers) and
rupture criteria (green markers). Only the yield strains are indicated on the figure for clarity.
In this case, the sample yields in the circumferential direction.
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Fig. 4.
The average aneurysm pressure versus diameter response for each patient group shown with
standard error bars (for clarity).
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Fig. 5.
The mean predicted (a) diameter and (b) blood pressure at yield (red) and rupture (gray).
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Fig. 6.
(a) Yield risk quantified as Dsys/Dy and rupture risk as Dsys/Df vs. the pressure-strain
modulus, shows strong correlation. (b) Yield risk as Psys/Py (gray) and rupture risk as Psys/Pf
(black) for patients with a pressure-strain modulus less than 100 kPa compared to those with
a pressure-strain modulus greater than or equal to 100 kPa.
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Fig. 7.
(a) AsAA6 biaxial test specimen with the (b) intimal surface and (c) adventitial surface on
top, and representative histological slice through the aortic wall with Verhoeff-VanGieson
stain rendering elastin purple-black and collagen pink-purple.
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Table 1

Summary of patients’ characteristics.

Patient group Age Gender (M:F) Pdias (mmHg) Psys (mmHg) Dsys (cm) Height (in) Weight (lbs)

AsAA 64.1 ± 8.33 15:5 76.4 ± 8.97 133.6 ± 16.9 4.92 ± 0.44 69.3 ± 4.52 203.0 ± 41.5

BAV 53.9 ± 9.66 13:4 73.4 ± 10.9 124.6 ± 18.7 5.02 ± 0.49 67.7 ± 3.33 186.3 ± 38.3

BAA 55.0 ± 14.8 3:10 73.2 ± 11.2 131.8 ± 15.8 4.91 ± 0.54 65.1 ± 15.8 194.3 ± 33.2

p-value 0.012 - 0.583 0.273 0.765 0.180 0.393
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Table 2

Fung coefficients for the mean 1:0.5 biaxial test response for the three patient groups.

Patient Group C A 1 A 2 A 3 A 4 A 5 A 6 R 2

AsAA 16.207 18.814 39.89 −17.73 11.67 0.1 0.15 0.997

BAV 42.725 2.802 2.000 0.993 11.110 −0.885 2.108 0.995

BAA 20.512 10.321 28.870 −10.520 38.586 −9.492 13.220 0.991
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