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Abstract
Objectives—Studies have shown that patients harboring bicuspid aortic valve (BAV) or bovine
aortic arch (BAA) are more likely to develop ascending aortic aneurysm (AsAA) than the general
population. A thorough quantification of the AsAA tissue properties for these patient groups may
offer insight into the underlying mechanisms of AsAA development in these patients. Thus, the
objective of this study was to investigate and compare the mechanical and microstructural
properties of aortic tissues from AsAA patients with and without concomitant BAV or BAA.

Materials and methods—AsAA (n = 20), BAV (n = 20) and BAA (n = 15) human tissues were
obtained from patients who underwent elective AsAA surgery. Planar biaxial and uniaxial failure
tests were used to characterize the mechanical and failure properties of the tissues, respectively.
Histological analysis was performed to detect the medial degenerative characteristics of aortic
aneurysm. Individual layer thickness and composition were quantified for each patient group.

Results—The circumferential (CIRC) response of the BAV samples was stiffer than both AsAA
(p = 0.473) and BAA (p = 0.152) tissues at low load. The BAV tissues were nearly isotropic while
AsAA and BAA tissues were anisotropic. The areal strain of BAV samples were significantly less
than AsAA (p = 0.041) and BAA (p = 0.004) tissues at a low load. The BAA samples were similar
to the AsAA samples in both mechanical and failure properties. On the microstructural level, all
samples displayed moderate medial degeneration characterized by elastin fragmentation, cell loss,
mucoid accumulation and fibrosis. The ultimate tensile strength of BAV and BAA tissues were
also found to decrease with age.

Conclusions—The BAV tissues were stiffer than both AsAA and BAA tissues, and the BAA
tissues were similar to the AsAA tissues. The BAV samples were thinnest with less elastin than
AsAA and BAA samples, which may attribute to the loss of extensibility at low load of these
tissues. No apparent difference in failure mechanics among the tissue groups suggests that each of
the patient groups may have a similar risk of rupture.
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INTRODUCTION
Thoracic aorta aneurysms represent the 18th most common cause of death in adults [1].
Approximately 6–9% of people age 65 and older in the Western world have an aortic
aneurysm [2]. There are a number of conditions that have been linked to aortic dilation
including Marfan syndrome, Loeys-Dietz syndrome, Ehlers-Danlos syndrome type IV,
arterial tortuosity syndrome, autosomal dominant polycystic kidney disease, and autosomal
recessive cutis laxa type 1 [3]. In addition to these disorders there appears to be a strong
genetic link associated with aortic aneurysms, as up to 20% of patients referred for thoracic
aortic aneurysm or dissection have family members with the same condition [1].

The development of ascending aortic aneurysms (AsAA) may also be linked to anatomical
anomalies. It is well known that patients with a bicuspid aortic valve (BAV, a condition in
which two of the three aortic leaflets fuse together) are more likely to develop AsAA than
patients with a normal, tricuspid aortic valve. In the United States, approximately four
million people harbor a BAV, making BAV the most common congenital malformation [4].
Approximately 50% of BAV patients will develop an AsAA and 5% will experience aortic
dissection in their lifetime [5]. There is some debate on whether the high prevalence of
ascending aortic aneurysms in BAV patients is due to abnormal aortic hemodynamic
stresses or intrinsic material property differences rendering the aortic wall weaker than in
normal patients [6–8].

More recently, a link between bovine aortic arch anatomy and thoracic aortic aneurysms has
also been suggested [9]. In the majority of patients (74%), there are three great vessels
branching from the aortic arch: the innominate artery, the left carotid artery, and the left
subclavian artery [10]. However, there are many other possible anatomic configurations of
the aortic arch – the most common being the “bovine aortic arch” (BAA) configuration, in
which the innominate and the left carotid arteries originate from a common stem off the
aortic arch [10]. Although, BAA is generally thought to be a benign anatomical difference,
recent research shows the incidence of BAA dissection is significantly higher among
patients with an AsAA than among the general population [9]. Again, it is unclear why BAA
patients may be more susceptible to AsAA formation. This may be due to altered
hemodynamics or possible innate aortic tissue property differences in these patients.

Rupture of the aortic wall is generally accepted as mechanical failure of the vessel due to a
combination of excessive hemodynamic forces [3, 11–13] and degeneration of the medial
wall [6, 8, 14–17]. The microstructural components, mainly elastin, collagen fibers and
smooth muscle cells (SMCs) play an important role in maintaining proper structure and
function of the aortic wall. Damage to the elastic fibers and aortic dilation might cause
increased wall stiffness and stress. Eventually, acute aortic dissection and rupture can occur
in response to certain dramatic events such as a spike in blood pressure during intense
physical or emotional exertion [1]. Therefore, an understanding of the elastic properties and
the microstructure of the vessel wall is important in predicting the risk of wall rupture.

Studies have shown that patients harboring BAV or BAA are more likely to develop
ascending aortic aneurysm than the general population, however, a thorough quantification
and comparison of the AsAA tissue properties for these patient groups, to our knowledge,
has not been reported in the literature. Such information may offer insight into the
underlying mechanisms of AsAA development in these patients. Thus, the objective of this
study was to investigate and compare the mechanical and microstructural properties of aortic
tissues from AsAA patients with and without concomitant BAV or BAA.
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MATERIALS AND METHODS
Clinical data and aortic specimens

Aortic specimens were obtained from a total of 55 patients who underwent elective
ascending aortic aneurysm surgery at Yale-New Haven Hospital between December 2008
and September 2010. Patients who experienced aortic dissection prior to surgery were
excluded from the study. The use of human tissues in this study was approved by the
Research Compliance Office of the University of Connecticut. The patients were divided
into three groups: AsAA - patients without BAV or BAA (n = 20), BAV – AsAA patients
with BAV but without BAA (n = 20), and BAA – AsAA patients without BAV but with
BAA (n = 15). The dilated aortic section from the patients was excised during surgery, from
which a small sample size was removed and preserved in a −80°C freezer, see Fig. 1. All
samples were then transported to the laboratory and cryopreserved [18] at −80°C until
mechanical testing.

Mechanical Tests
1) Planar biaxial mechanical test—Frozen samples were submerged in a 37°C water
bath until totally defrosted, following the two-stage slow thawing method to remove the
cryopreserving agent [18]. The tissue thickness was measured at six regions with a thickness
gauge (Mitutoyo, Model 7301) and the average value was recorded. Each specimen was then
biaxially tested according to the methods previously presented [19]. Briefly, all specimens
were trimmed into square specimens with a side length of ~20 – 25 mm and mounted in a
trampoline fashion, with the specimen circumferential (CIRC) and longitudinal (LONG)
directions aligned with the primary axes of the biaxial test fixture. All specimens were tested
in a 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 0.1M papaverine) at 37°C. A stress-controlled
test protocol was utilized [20] and converted to the first Piola Kirchhoff stress, P, wherein
the ratio of CIRC (11) to LONG (22) that is P11 : P22 was kept constant with the shear terms
P12 = P21 = 0. All specimens were stretched to a maximum membrane tension value of 120
N/m (or ~300g) [21], above which samples might be torn in biaxial testing experiments.
Preconditioning was performed to minimize tissue hysteresis. Each tissue specimen was
preconditioned for at least 40 continuous cycles with P11 : P22 = 1 : 1. Seven successive
protocols were performed using ratios P11 : P22 = 1 : 0.3, 1 : 0.5, 1 : 0.75, 1 : 1, 0.75 : 1, 0.5 :
1, and 0.3 : 1. This range was chosen for extensive coverage of the in-plane stress state [20].
The in-plane Green strain tensor E was calculated from the deformation gradient, F, using E
= ½(FTF – 1). The tensor P was calculated using P = f/(TL) where f are the current
measured loads in each direction, T is the initial thickness of the specimen, and L are the
unloaded reference specimen dimensions in the CIRC and LONG directions. The second
Piola-Kirchhoff stress tensor S was obtained using S = F−1P.

The tissue stiffness was quantified by means of the secant modulus at both the low (60 N/m)
and high membrane tension (120 N/m) regions under the equibiaxial loading protocol (P11 :
P22 = 1 : 1). The extensibility of the samples was calculated via the areal strain equation, e =
λ11,max λ22,max – 1, where λ11,max and λ22,max are the circumferential and longitudinal
peak stretch values from the equi-biaxial protocol, respectively. The degree of anisotropy
(DA) was analyzed using the ratio of peak Green strains DA = E11,max/E22,max. A DA value
of 1 indicates an isotropic tissue response, whereas other values represent various degrees of
anisotropy.

2) Uniaxial failure test—Following the biaxial test, each specimen was cut into strips
about 15 mm × 5 mm in both the circumferential and longitudinal directions. In some cases
only one uniaxial specimen was prepared in either the circumferential or the longitudinal
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direction due to limited tissue size. The specimens were tested with a Tinius Olsen uniaxial
machine (Horsham, PA). The force and deformation in terms of stretch were measured
continuously as the specimen was loaded to failure. The ultimate tensile strain (UTE) and
strength (UTS) were determined from the maximum tension which correlated to the
complete rupture of the specimen.

Histological analysis
A total of 10 samples in each group were selected for qualitative histological analysis of the
medial degenerative characteristics of aortic aneurysm. The central region of each specimen
was cut out and fixed in 10% formalin for 24 hours prior to histological processing. After a
series of dehydration steps by varying alcohol concentrations, samples were embedded in
paraffin, sectioned at 5 μm in thickness and then mounted on microscope slides. After
deparaffinization, slides were stained with Verhoeff Van-Gieson (VVG) and Movat
pentachrome stains. The VVG stain distinguishes elastic fibers as black, collagen fibers as
red, and muscle fibers as a duller red or light brown color, and Movat stain is for
visualization of blue mucoid material. The hematoxyline and eosin (H&E) stain was also
used to visualize the nuclei of SMCs. Qualitative analysis of degenerative features of the
aneurysmal tissues was performed through images obtained from an Olympus U-TVO.5xC
digital camera coupled to an Olympus BX40 light microscope.

The tissue microstructure was quantitatively assessed from a histological section from the
central testing region. The thickness measurements of each layer and the area fractions of
elastin and collagen fibers were measured from the 2D images of histological slides using
ImageJ software (Bethesda, MD). The intima, media and adventitial layer thicknesses were
measured at 5 locations along the specimen length and the average values were obtained.
The percent thickness of each layer was calculated relative to the overall wall thickness. The
elastin, collagen and SMC/matrix components of the media layer were quantified using the
color segmentation method by splitting the color channels and thresholds. The three fields of
view (FOV) with equivalent area across the media thickness were selected (per 2D image).
The area fractions of each component were then obtained by averaging the relative content
measured from the three selected FOVs.

Statistical analyses
All measurements are presented as a mean ± standard deviation. The analysis of variance
(ANOVA) test followed by the Holm-Sidak test and the Dunn's Method test were used to
compare between groups. The Student's t-test was used to determine significant differences
between the mean values for two variables. For comparison between circumferential and
longitudinal responses, the paired Student's t-test was employed. Non-parametric tests,
including the Wilcoxon signed-rank test and Mann-Whitney rank sum test, were utilized for
non-normally distributed sample groups. Outliers were identified and removed when
necessary for comparison across groups. Correlation was determined using the Pearson's
correlation coefficient (r) and the non-parametric Spearman Rank Order. A probability, p-
value, less than 0.05 was considered to indicate a statistically significant difference between
the groups, with a p < 0.001 indicating high statistical significance. Statistical analyses were
performed using SigmaPlot (V11.0, Systat Software Inc., San Jose, CA).

RESULTS
Sample characteristics

Table 1 summarizes the clinical patient data. There were no significant differences in age (p
= 0.417), diameter (p = 0.877) or Aortic Size Index (ASI) [1] (p = 0.402) between the three
patient groups. On average, the diameters were below 5.5 mm, and the ASI values were
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below the moderate risk level for all groups (see [1] for the ASI risk level classification).
The percentages of hypertensive patients (systolic pressure higher than 140 mmHg) for
AsAA patients was 20% (n = 4), 25% (n = 5) for BAV patients and 13% (n = 2) for BAA
patients. The mean thickness of the BAV samples (1.88 ± 0.20 mm) was significantly lower
than that of the AsAA samples (2.09 ± 0.35 mm, p = 0.021), but there was no difference
with respect to the BAA samples (2.18 ± 0.55 mm, p = 0.072). The mean thickness of the
ASAA and BAA samples were not significantly different, p = 0.566. Significant positive
correlation between thickness and diameter was observed in the BAV group, r = 0.52, p =
0.023 (Fig. 2-a). No strong correlation was found in the AsAA and BAA patient groups.
From Fig. 2-b, it appears that thickness and ASI increase with age, however, the correlation
coefficients were not significant.

Biaxial responses
The mean equibiaxial tension-strain curves in the CIRC and LONG directions for the three
patient groups are shown in Fig. 3. The mean AsAA and BAA curves exhibited a somewhat
nonlinear characteristic upon a peak tension of 120 N/m, with the CIRC direction being
stiffer than the LONG direction, while the BAV response was more isotropic and linear.
Both directional responses of the BAV group were stiffer than those of the AsAA and BAA
groups. The LONG directional responses of AsAA and BAA groups were similar.

A significant difference in tissue stiffness was observed in the LONG direction at 60 N/m
membrane tension where the BAV group was significantly stiffer than the AsAA group (p =
0.024) and the BAA group (p < 0.001), see Fig. 4. A similar trend was observed at 120 N/m
between the BAV and AsAA groups (p = 0.072) and between the BAV and BAA groups (p
= 0.072). For the CIRC tissue stiffness, the BAV group showed the highest stiffness
compared to the AsAA (p = 0.473) and BAA (p = 0.152) groups at 60 N/m, but the stiffness
values at 120 N/m were similar among all the groups (p = 0.890, one-way ANOVA). The
CIRC direction was stiffer than the LONG direction for the AsAA (p = 0.012 at 60 N/m, p =
0.068 at 120 N/m) and BAA (p = 0.004 at 60 N/m, p = 0.025 at 120 N/m) samples, but not
for the BAV samples (p = 0.407 at 60 N/m, p = 0.744 at 120 N/m).

The mean areal strain of the BAV samples was significantly less than the AsAA (p = 0.041)
and BAA (p = 0.004) tissues at a low membrane tension, see Fig. 4-c. The mean DA values
of AsAA, BAV, and BAA samples indicated that the BAV specimens were more isotropic
than the AsAA and BAA tissue samples, see Fig. 4-d.

Uniaxial mechanical responses
No significant difference in the mean UTE was found between the CIRC and LONG
directions or across the groups (Fig. 5-a). The mean CIRC UTS values were larger than the
mean LONG UTS in all sample groups, but the difference was significant only in the AsAA
group (p = 0.016). The mean LONG UTS of the BAV group was significantly higher than
the AsAA group (p = 0.006) (Fig. 5-b).

Age and mechanical data correlation
No significant correlation was found between age and biaxial mechanical data in all three
groups; however, a trend was observed in all groups where the areal strain decreased with
age (Fig. 6-a). There was no strong correlation between age and uniaxial data for the AsAA
group. However, for the BAV group, the ultimate CIRC UTE significantly decreased with
age, r = −0.630, p = 0.003 (Fig. 6-b). For the BAA group, the UTE decreased significantly
with age in the LONG direction (r = −0.622, p = 0.048) but not in the CIRC direction (p =
0.060).
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Hypertension
The LONG stiffness of the AsAA hypertensive group was significantly higher than that of
the normotensive, with p = 0.017 at 60 N/m (see Table 2). Similarly, a significant difference
between hypertensive and normotensive BAA groups was only observed in the LONG
stiffness at 60 N/m (p = 0.049). Although statistical significance was not achieved, in
general, the mean directional stiffness of hypertensive groups was greater than the
normotensive groups (see Table 2) for both the AsAA and BAA groups. Although BAV
samples did have on average the highest stiffness at both low and high membrane tensions,
there was no significant difference between hypertensive and normotensive properties. This
could be due to the highly variable data and small sample sizes. Comparison between the
hypertensive and normotensive failure properties were not conducted due to small sample
sizes.

Histology
The microstructure of the aneurysmal aortic tissues from 10 samples in each group was
qualitatively analyzed from the two-dimensional images. Histologic changes including
cystic medial necrosis (CMN) or medial degeneration often occur in the AsAA medial wall.
Within the degenerated region, disruption and disorganization of the elastic lamella resulting
in collapsed lamella and elastic fiber fragmentation, focal loss of smooth muscle cell (SMC)
and accumulation of mucoid material and/or the presence of cysts within basophilic
substances are typically found [22–25]. Figure 7-a shows the circumferential cross section of
the aortic wall from a 58-year-old patient with AsAA only. This sample exhibited the
histopathologic features of tissue degeneration. According to the grading system by de Sa et
al. [26], the sample had a grade 2 or a moderate degree of SMC loss, resulting in several
collapsed elastic lamella (Fig. 7-a, as arrows). Loss of SMCs, indicated by the absence of the
cell nuclei (see Fig. 7-b), were noted in all samples analyzed. A representative BAV sample
from a 56-year-old patient is shown in Fig. 7-c, where Movat pentachrome stain revealed
mucoid accumulation (grade 1 according to [26] or mild) between the elastic lamella (yellow
arrows) and smooth muscle cell reorientation (double-head arrow). The most severe (or
grade 3 [26]) samples for each group were displayed in Fig. 8. These samples exhibited
extensive medial damages including fragmentation and focal loss of elastin fibers and
SMCs, increase of ground substances or mucoid materials. Intimal and adventitial
thickening of the aorta wall due to fibrosis characterized by an increase in collagen, were
also observed. In summary, 20% of both AsAA and BAA samples exhibited severe
degeneration, while the remaining samples displayed mild to moderate degeneration. Only
one BAV sample (see Fig. 8) displayed signs of severe damage while the majority of
samples had only mild to moderate damage. None of the hypertensive AsAA and BAA
aortas had any severe medial wall damage, while the severely damaged BAV sample was
from a hypertensive patient. No conclusion could be drawn for the hypertension effect since
only a small number of hypertensive patients were histologically analyzed.

Figure 9-a displays the percentiles of each layer thickness for AsAA, BAV and BAA
groups. The BAV specimens displayed a larger media thickness than AsAA and BAA (p =
0.024) samples. Conversely, the intima thickness of BAV specimens was significantly
thinner than that of the AsAA specimens (p = 0.045). Strong correlations between the
dilated diameter and BAA media thickness (r = −0.736, p = 0.02) and BAA intima thickness
(r = 0.728, p = 0.02) were found. The adventitial thickness was similar in all sample groups.
Differences between the elastin, collagen and SMC and matrix contents between sample
groups were not significant. However, a higher area density of elastin was found in BAA
samples compared to AsAA and BAV samples. Less SMC and matrix contents were found
in BAA samples.
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DISCUSSION
In this study, we investigated the mechanical and microstructural properties of aortic tissues
from patients harboring ascending aortic aneurysm (AsAA) with and without concomitant
bicuspid aortic valve (BAV) or bovine aortic arch (BAA) for comparison across patient
groups.

Tissue properties of AsAA
There is limited data on the mechanical properties of the dilated ascending aorta subjected to
planar biaxial testing. Choudhury et al. [27] performed biaxial mechanical tested in five
AsAA samples but only in the circumferential direction. Their mean strain modulus at high
stress of about 0.45 MPa was similar to our circumferential AsAA stiffness. Another study
was done by Okamoto et al. [28] who showed biaxial stress-strain responses for one of their
65 year old AsAA patients from which the moduli were approximately 0.5 MPa in both
directions.

The tensile strengths for AsAA samples obtained from uniaxial tensile test were previously
reported in the literature. Vorp et al. [11] reported the mean tensile strength of their AsAA
samples in the CIRC and LONG directions as 1.18 ± 0.12 and 1.21 ± 0.09 MPa,
respectively. Garcia-Herrera et al. [29] found the tensile strengths of their AsAA samples to
be 1.19 ± 0.13 MPa circumferentially and 0.88 ± 0.12 MPa longitudinally. The mean failure
stresses of AsAA specimens found by Iliopoulos et al. [30] were about 1.70 and 1.00 MPa in
the CIRC and LONG directions, respectively. The mean tensile strengths of our AsAA
samples (2.27 and 1.47 MN/m, respectively) demonstrated that the tissues were stronger in
the CIRC direction but similar in the LONG direction compared to other studies.

Bicuspid aortic valve effect
Overall, our study indicates that aneurysmal BAV tissues were different in both mechanical
and structural properties compared to the AsAA and BAA groups. BAV samples were stiffer
than the AsAA and BAA samples in both directions. Similarly, Choudhury et al. [27]
reported in their study that BAV tissues were significantly stiffer than AsAA tissues at low
strain, and Duprey et al. [31] also found significantly higher stiffness in the CIRC BAV
response compared to their AsAA group.

BAV samples were also found to be isotropic than AsAA and BAA samples with a mean
degree of anisotropy approaching 1 (0.99 ± 0.37 and 1.10 ± 0.47, p = 0.756, at low and high
membrane tensions, respectively). Our findings are in agreement with Choudhury et al. and
Okamoto et al. [28] who report no significant anisotropy in BAV samples. However, Duprey
et al. [31] found anisotropy in the uniaxial responses of BAV tissues with the CIRC being
stiffer than the LONG direction, and Garcia-Herrera et al. [29] reported a statistically
significant difference in the directional responses in their BAV samples. Note that both
Duprey et al. and Garcia-Herrera et al. determined BAV tissue anisotropy from uniaxial
tensile tests rather than biaxial tests.

The altered mechanical properties of the BAV tissues may also be explained in part by
differences in the underlying microstructure. The overall thickness of the BAV samples was
found to be smallest compared to other groups, which could possibly contribute to its
relatively high stiffness. However, the BAV media was thicker than that of AsAA and BAA
samples. We found positive correlation between diameter and thickness in BAV tissues,
which may indicate tissue remodeling to reduce the wall stress. Despite having the highest
medial thickness among the sample groups, the BAV samples had the lowest elastin content,
which correlates well with other reports of less elastin in the BAV aortic wall compared to
that associated with normal tricuspid valves [23, 27]. The lower elastin content along with
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the evidence of elastin fragmentation in the BAV samples may be the result of an underlying
pathology in BAV aortas and may explain the loss of extensibility at low load.

Interestingly, the tensile failure properties of BAV samples were similar to those of the
AsAA and BAA groups despite the differences in mechanical properties and tissue structure.
Although, patients with BAV are more likely to experience aortic dissection and rupture
during their lifetimes [32], our tensile failure test results suggest that the strength of AsAA
tissue is comparable in patients with and without BAV. This is in line with the conclusion of
Tadros et al. [23] that BAV-associated ascending aortic aneurysms dissect and rupture at a
size comparable to that of aneurysms due to other etiologies. Hence, higher risk of
dissection and rupture in BAV patients may be due to the higher prevalence and earlier onset
age of aortic dilation in these patients [23].

Bovine aortic arch effect
The epidemiological linkage between aneurysm and BAA was investigated by Malone et al
[33] who found a statistically strong association between BAA and AsAA in patients over
70 years old and concluded that BAA should be considered a potential risk factor for
thoracic aortic aneurysm. To our knowledge, this is the first study aimed to characterize the
mechanical properties of aneurysmal aortic tissues in BAA patients. The BAA tissues were
anisotropic with the CIRC direction being significantly stiffer than the LONG direction. We
found similar mechanical and failure properties between the AsAA and BAA samples.
However, the underlying trigger for ascending aortic dilation in BAA patients remains
unknown.

The quantitative histological analyses showed no significant differences in medial thickness
and fiber composition between BAA and AsAA tissues; however, the BAA samples had the
highest elastin and collagen contents. The BAA samples also had the highest intimal and
adventitial thicknesses. The medial layer, in contrast, was smallest among the groups.
Moreover, there was a strong negative correlation between the medial thickness and the
overall diameter, and a strong positive correlation between the intimal thickness and
diameter. It may be necessary to test and compare the non-aneurysmal ascending aorta
tissues in BAA and healthy patients to determine whether BAA tissues are innately different
than normal.

Aging effect
Aging arteries progressively stiffen and dilate [34]. As expected, we found a consistent trend
of decreasing areal strain with increasing patient age across the groups. The ultimate tensile
strength of BAV and BAA tissues were also found to decrease with age. Note that the
comparatively narrow age range of the AsAA patient group may have prevented us from
determining an age-related decline in strength.

Hypertension effect
Prolonged hypertension generally provokes medial degeneration [35, 36] and worsen
mechanical properties of the vessel wall [37, 38]. We did not see a distinct difference in the
medial wall of hypertensive patients in any group. However, there was a significant increase
in tissue stiffness in the longitudinal direction in hypertensive AsAA and BAA patients
compared to normotensive AsAA and BAA patients. There was no difference in stiffness
between the hypertensive and normotensive BAV patients. Currently there is some debate
on the relationship between increased aortic stiffness and blood pressure: it may be a
positive feedback relationship. It is suggested that the stiffening and dilation of the aorta act
to increase systolic and decrease diastolic blood pressure; however, the initial cause of tissue
stiffening may be increased systolic pressure [39]. There seems to be a linkage between
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severity of aortic stenosis and hypertension [40] but it cannot be determined in this study
because only a small number of patients in each group acquired aortic stenosis (n < 3). There
was no difference in stiffness between the hypertensive and normotensive BAV patients.
Again, larger sample sizes are needed to achieve a desired level of statistical power for
detecting any pathological effect on the aortic mechanical properties.

Limitation and future study
The comparison between aneurysmal tissues would be more accurate if the tissue was tested
fresh, however, fresh human aneurysmal tissue is difficult to obtain. In this study, we
utilized the cryopreservation technique for tissue storage which has been shown to minimize
damage to the elastic components of blood vessels [18]. Our results were comparable to the
results reported in the literature for tissue mechanics and strength as mentioned earlier. A
dog-bone shaped sample is recommended for minimizing the boundary effect and
homogenizing stress at the middle section. However, due to limited sample size, we were
not able to cut the samples into a dog-bone shape, which might affect the failure stress.
Other limitations of this study include the small sample sizes. Degenerative changes in the
aortic wall involve complex and variable processes, and thus a larger sample size is required
to determine the mechanisms of disease and its correlation with various clinical entities. A
larger sample size and an extended age range could possibly demonstrate some age related
differences between the groups. Other methods have been implemented for studying
aneurysmal aorta tissues [41–43] where an initial tear was created in the intima layer and
either force or pressure was applied to study the dissection propagation as hemodynamic
forces increased. However, we did not focus on the initial tear or the dissection parameter in
this study; instead we compared the tissue ultimate tensile strength between the three
groups. Additionally, the quantitative analyses of specific layer thickness did not account for
shrinkage after histological processing. The fiber contents were approximated based on the
2-D cross section areas at the central testing regions, thus did not represent the volume
content.

We did see subtle differences in the structural layers and fiber composition between groups.
Future work may include mechanical tests of each layer of the aortic wall which could
possibly reveal some differences between the patient groups. Moreover, the linkages
between the extracellular matrix proteins, wall remodeling and tissue mechanics in these
samples require a parallel comprehensive bio-molecular study, which may help to provide a
better understanding of the underlying pathologies responsible for weakening the aortic
wall.

CONCLUSION
In this study, we investigated the biomechanical properties of ascending aorta aneurysmal
tissues with and without bicuspid valve and bovine aortic arch conditions. We found that the
BAV tissues were stiffer than both AsAA and BAA tissues, and the BAA tissues were
similar to the AsAA tissues. Tissue anisotropy was found in AsAA and BAA tissues but not
BAV tissues. Our histological analyses showed local aortic wall abnormalities characterized
by elastin fragmentation, cystic medial necrosis, loss of smooth muscle cells and
accumulation of mucoid ground substances within the medial layer. The BAV samples were
thinnest with less elastin than AsAA and BAA samples, which may have attributed to the
altered mechanical properties of these tissues, i.e. loss of extensibility at low load. Despite
these differences, there was no apparent difference in the tissue strength found between the
groups, which suggest that each of the patient groups may have a similar risk of rupture. The
present findings might help to better understand the underlying mechanisms of dilation in
BAV and BAA patients and aid in developing numerical and computational models for
improved assessment and prediction of thoracic aortic aneurysmal rupture potential.
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Figure 1.
Illustration of a representative testing sample and its orientation with respect to the excising
region of the ascending aortic aneurysm. C – circumferential, L – longitudinal.
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Figure 2.
(a) Diameter and thickness relationship of ASAA, BAV and BAA patient groups, the BAV
group showed a strong correlation (p = 0.02); (b) a consistent trend of increasing thickness
and ASI with increasing age in all groups, the ASAA group showed a near significant
correlation between thickness and age (p = 0.052).
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Figure 3.
Mean and standard error equibiaxial responses of ASAA, BAV and BAA patient groups in
the circumferential (CIRC) and longitudinal (LONG) directions.
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Figure 4.
Comparison of the mean circumferential (CIRC) and longitudinal (LONG) stiffnesses at (a)
low (60 N/m) and (b) high (120 N/m) membrane tensions between ASAA, BAV and BAA
patient groups; (c) mean extensibility and (d) mean degree of anisotropy (DA) of ASAA,
BAV and BAA tissue samples at low and high membrane tensions. (*) indicates a statistical
significance with p < 0.05, (**) indicates a highly statistical significance with p < 0.001.
Data presented as mean and standard deviation.
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Figure 5.
Ultimate tensile (a) strain and (b) tension for ASAA, BAV and BAA patient groups. (*)
indicates a statistical significance with p < 0.05. Data presented as mean and standard
deviation.
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Figure 6.
(a) The relationship between age and areal strain at 60 and 120 N/m for AsAA, BAV and
BAA patient groups, and (b) a significant negative correlation between ultimate tensile
strain and age was observed in the circumferential (CIRC) direction of BAV samples and
longitudinal (LONG) direction of BAA samples.
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Figure 7.
(a) A circumferential cross section of the aortic wall from a 58-year-old patient with AsAA
only. Note the changes in the elastic lamella including collapsed lamella (yellow arrows)
and fragmentation of elastic fibers (white arrow). Image was stained with Verhoeff Van-
Gieson stain. (b) Evidence of focal loss of SMC cells through loss of cell nuclei (asterisks)
in the media layer from an 80-year-old AsAA only patient. (c) A cross section of the aortic
wall from a 56-year-old patient with BAV and aortic stenosis. There are evidences of
mucoid accumulation in between the elastic lamella (yellow arrow) throughout the media
layer and the disorientation of the smooth muscle cells (double-head arrow). Image was
stained with Movat pentachrome. (Bar = 200μm)
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Figure 8.
A circumferential cross section through the thickness of aortic walls from (a) a 52-year-old
AsAA patient (b) a 61-year-old BAV patient and (c) a 75-year-old BAA patient. Severe
damages of the elastic lamella and intima thickening due to fibrosis were observed in these
images. Image was stained with Verhoeff Van-Gieson stain. (Bar = 200μm).
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Figure 9.
(a) The percentiles of intima, media and adventitial layers in the AsAA (n = 10), BAV (n =
10) and BAA (n = 9) patient groups, (b) the percentiles of elastin, collagen and SMCs and
ground substances in the media layer of each patient group.
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Table 1

Summary of patients' information.

ASAA BAV BAA p-value

All age (n) 59.45 ± 7.86 (20) 55 ± 9.65 (20) 58.07 ± 14.70 (15) 0.417

M:F 3:1 3:1 11:4 -

Diameter (mm) 4.94 ± 0.48 5.01 ± 0.50 4.93 ± 0.53 0.877

ASI 2.51 ± 0.58 2.54 ± 0.35 2.39 ± 0.37 0.402

Hypertension (n,%) 4 (20%) 5 (25%) 2 (13%) -
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Table 2

Comparison of stiffness at 60 N/m tension between hypertensive and normotensive patients among AsAA,
BAV and BAA patient groups.

Stiffness at 60 N/m

n HTN n NTN p

ASAA Circ 3 453.45 ± 193.78 17 269.54 ± 96.30 0.427

Long 3 467.65 ± 275.42 17 369.89 ± 89.00 0.017*

BAV Circ 5 375.88 ± 117.39 15 422.16 ± 121.27 0.466

Long 5 316.96 ± 294.62 15 345.62 ± 305.16 0.513

BAA Circ 2 379.42 ± 55.56 13 344.48 ± 136.12 0.732

Long 2 339.94 ± 43.60 13 250.15 ± 55.19 0.049*

CIRC – Circumferential, LONG – Longitudinal, HTN – Hypertensive, NTN – Normotensive.

*
indicates a statistical significance.
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