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Background. The prevalence for thoracic aortic aneu-
rysms (TAAs) is significantly increased in patients with a
bicuspid aortic valve (BAV) compared with patients who
have a normal tricuspid aortic valve (TAV). TAA rupture
is a life-threatening event, and biomechanics-based sim-
ulations of the aorta may help to disentangle the molec-
ular mechanism behind its development and progression.
The present study used polarized microscopy and mac-
roscopic in vitro tensile testing to explore collagen or-
ganization and mechanical properties of TAA wall
specimens from BAV and TAV patients.

Methods. Circumferential sections of aneurysmal
aortic tissue from BAV and TAV patients were obtained
during elective operations. The distribution of collagen
orientation was captured by a Bingham distribution, and
finite element models were used to estimate constitutive
model parameters from experimental load-displacement
curves.
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Results. Collagen orientation was almost identical in
BAV and TAV patients, with a highest probability of
alignment along the circumferential direction.The strength
was almost two times higher in BAV samples (0.834 MPa)
than in TAV samples (0.443 MPa; p < 0.001). The collagen-
related stiffness (Cf) was significantly increased in BAV
compared with TAV patients (Cf [ 7.45 MPa vs 3.40 MPa;
p [ 0.003), whereas the elastin-related stiffness was
similar in both groups. A trend toward a decreased wall
thickness was seen in BAV patients (p[ 0.058).
Conclusions. The aneurysmal aortas of BAV patients

show a higher macroscopic strength, mainly due to an
increased collagen-related stiffness, compared with TAV
patients. The increasedwall stiffness in BAV patients may
contribute to the higher prevalence for TAAs in this group.

(Ann Thorac Surg 2014;98:65–71)
� 2014 by The Society of Thoracic Surgeons
he ascending aorta is uniquely designed to cope with
Tthe large hemodynamic forces and tissue stresses that
are created in the left ventricular outflow tract as the heart
contracts, and a proper function of its biomechanical
properties is of great importance not only for its own
structural and functional integrity but also for the entire
vascular system. Biomechanical properties of the aortic
wall are mainly determined by the ratio between elastin
and collagen, the two major structural proteins of the
extracellular matrix [1]. Functional and structural modi-
fications of these proteins contribute to loss of aortic wall
integrity and progressive dilatation of the vessel segment.
Dilatation may eventually lead to aneurysm formation,
aortic dissection, or rupture of the ascending aorta, and is
the most frequent aortic condition requiring surgical
intervention.

Interestingly, dilatation, and consequently, aneurysm
formation and aortic dissection, is more common in in-
dividuals with a bicuspid aortic valve (BAV), which by
itself is the most common congenital cardiac malforma-
tion, with a prevalence of 0.5% to 2% in the general
population, than in individuals with a normal tricuspid
aortic valve (TAV) [2]. The reason for this still remains to
be elucidated, although a genetic defect [3] giving rise to
aortic fragility or an altered hemodynamic burden caused
by the BAV itself have been discussed as causal factors
[3, 4]. Nevertheless, several lines of evidence, including
work by our group [5–9], suggests that the mechanism
behind aneurysm development is clearly distinct between
the two patient groups and involves, among other things,
differences in collagen turnover and composition [9, 10].
The biomechanical properties of a vessel (ie, the com-

position and organization of extracellular matrix proteins)
and their relative influence to vascular stiffness and,
hence, vascular dysfunction, can be investigated using
biomechanics-based computer simulations. However,
these biomechanical simulations critically depend on
The Appendix can be viewed in the online version of
this article [http://dx.doi.org/10.1016/j.athoracsur.2014.
04.042] on http://www.annalsthoracicsurgery.org.
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realistic constitutive models of the aortic tissue (ie, re-
levant mathematical descriptions of the tissue’s biome-
chanical properties). Specifically, in vitro aortic tissue
testing [11–14], together with mechanically relevant
histologic information [15, 16], provides valuable input
information to develop constitutive descriptions for the
(pseudo)elastic [17, 18] and failure properties of aortic
tissue [19]. In addition, integration of microstructural
information, such as collagen organization, further
complements the biomechanical data and markedly
improves the development of histomechanical consti-
tutive models. Likewise, microstructural information
may help to explore the mechanisms that link wall
histology to wall mechanics and, thus, disease suscep-
tibility and development. To date and to the best
of our knowledge, no constitutive model for the tho-
racic aorta has integrated measured microstructural
information.

In the present study, we investigated wall samples from
the aneurysmal ascending aortas of BAV and TAV pa-
tients to explore differences and similarities in biome-
chanical properties, potentially contributing/explaining
the increased aneurysm susceptibility seen in BAV pa-
tients. Wall mechanical data obtained using uniaxial
failure testing were combined with polarized light mi-
croscopy examinations of collagen fiber organization and
used as input in a finite element (FE) model. From the FE
model, which was equipped with our recently proposed
inelastic constitutive description for the vessel wall [19],
material parameters from the experimental recordings
were identified. Correlation of mechanical and structural
properties in relation to general patient parameters was
also investigated.
Material and Methods

The local Ethical Committee of the Karolinska Institutet
approved the study protocol, and informed consent was
obtained from each participant. The study was conducted
in accordance with the Declaration of Helsinki. Detailed
experimental protocols are described in the Appendix
(available online).

Cohort and Tissue Harvesting
Tissue specimens were taken from the ascending aorta, at
a distance of 4 to 5 cm from the aortic annulus, from
Fig 1. (A) Position and alignment of wall
specimen taken from the aneurysmal
ascending aorta during an open heart opera-
tion. (B) Dimension (mm) of the pattern
blades used for the punch out test. (C)
Photograph shows a representative specimen
used for the tensile test.
patients undergoing elective open heart operations
because of aortic or valve disease, or both. The specimen
was aligned in circumferential direction of the aneurysm,
as illustrated in Figure 1A. In total, 27 specimens from
24 patients (13 BAV and 11 TAV) were collected. Basic
characteristics of the study participants are presented in
Appendix Table 1 (available online).

Mechanical Testing
Bone-shaped specimens (12 � 30 mm) were punched out
from the isolated tissue sample using two different
pattern blades (Fig 1B). Initially, a pattern blade II was
used to punch out sample specimens (n ¼ 5); however,
because this blade failed to reliable introduce failure in
the middle section of the specimen when mechanical
testing was performed, a switch to pattern blade I was
made (n ¼ 22). Figure 1C shows a prepared tensile test
specimen.

Histology
Collagen organization was quantified in a portion (5 � 10
mm) of each isolated aortic wall sample used for mechan-
ical testing. Stained sections were investigated under a
BX50 polarized light microscope (Olympus, Melville, NY).
Results

Characteristics of the Study Population
Basic characteristics of the study participants are reported
in Table 1. The study population consisted of 13 BAV and
11 TAV patients, matched for ascending aortic diameter
(59.2 � 4.1 and 52.8 � 5.6 mm for BAV and TAV,
respectively; p ¼ 0.067) and age (60.4 � 14.1 and 59.2 � 9.4
years for BAV and TAV, respectively; p ¼ 0.796). More
specimens were from men than women in the BAV group
(12 men; 4 women) than in the TAV group (4 men; 8
women), thus resulting in a higher male-to-female ratio
in the BAV group (p ¼ 0.031). A tendency toward an
increased wall thickness in TAV patients was observed
(p ¼ 0.058; Table 1).

Collagen Organization
The measured collagen fiber orientation in azimuthal q
and elevation F angles is summarized in Table 2. Mean
and standard deviation were computed according to



Table 1. General, Anatomical, and Mechanical Properties of Ascending Aortic Wall Samples From Bicuspid and Tricuspid Aortic
Valve Patientsa

Specimen Age
Max Diameter

(mm)
Wall Thickness

(mm)

First PK Stress in
the Neck At Failure

(Ma)
Average Specimen

at Failure

BAV
Median 59.5 50 1.7 0.834 1.561
Quantile (25%, 75%) 52.0, 65.0 47.0, 52.0 1.60, 1.95 0.623, 1.390 1.408, 1.614

TAV
Median 61.5 52.5 1.99 0.443 1.443
Quantile (25%, 75%) 50.0, 71.5 48.5, 58.0 1.93, 2.32 0.440, 0.671 1.434, 1.617

a A detailed Table 1 is shown in the Appendix (available online).

BAV ¼ bicuspid aortic valve; PL ¼ Piola-Kirchhoff; TAV ¼ tricuspid aortic valve.
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circular statistics. The results showed that most of the
fibers were aligned along the circumferential direction of
the vessel. There was, however, no difference in collagen
organization (neither for q nor F) between BAV (p ¼
0.715) and TAV (p ¼ 0.974) patients. Bingham parameters
for the analytical representation of the collagen organi-
zation are also presented in Table 2, and a representative
fit is shown in Figure 2.

FE Model Simulations
The FE model adequately captured all samples, with an
average fitting error of e ¼ 0.0225. Identified constitutive
parameters are listed in Table 3. Of note, the data repre-
sent only the part of the stress-strain curve along which the
First Piola-Kirchhoff stress increases with the stretch (ie,
strain-softening was excluded). Cauchy stress sult at failure
was evaluated at the center of the neck in the FE model. A
representative sample fit of First Piola-Kirchhoff stress vs
average stretch response is shown in Fig 3. This illustrates
that the applied constitutive model nicely captures the
smooth transition from the convex to the concave part of
the stress-stretch curves, highlighting the continuous
evolution of irreversible deformation and tissue damage.

Increased Strength and Collagen-Related Stiffness in the
BAV Aneurysmal Aorta
Because the male-to-female ratio was significantly dif-
ferent in the BAV and TAV groups, the influence of
gender on the First Piola-Kirchhoff stress at failure
Table 2. Collagen Orientation of the Thoracic Aortic
Aneurysmal Walla

Specimen
q deg

(Mean � SD)
F deg

(Mean � SD)

BAV 9.7 � 21.6 1.4 � 8.1
TAV 10.7 � 24.6 1.4 � 8.6

a Values are mean of azimuthal q and elevation F. Angles are based on
circular statistics. The parameters k1 and k2 are presented in the full
Table 2 in the Appendix (online only). Zero elevation and zero azimuthal
are defined by the luminal surface as well as the direction along which the
wall specimen was cut out by the surgeon (see Fig 1).

BAV ¼ bicuspid aortic valve; SD ¼ standard deviation; TAV ¼
tricuspid aortic valve.
(strength of the aorta) was evaluated using a Welch t test.
This analysis showed that gender does not influence the
aortic strength in BAV (p ¼ 0.295) or TAV (p ¼ 0.911)
patients, implying that men and women can be analyzed
together.
The strength of the aneurysmal BAV aorta was about

two times higher than the strength of the TAV aneu-
rysmal aorta (0.989 � 0.456 [BAV] vs 0.486 � 0.21 MPa
[TAV]; p < 0.001; Fig 4A). However, the two groups did
not differ in the average specimen stretch at failure
(p ¼ 0.819; Fig 4B) or in the stretch in the neck at failure
(p ¼ 0.348). The observed difference in aortic wall strength
was primarily explained by differences in collagen stiff-
ness, as reflected by significantly higher collagen stiffness
(cf) in BAV (cf ¼ 8.88 � 5.15 MPa) compared with TAV
(cf ¼3.92 � 2.34 MPa; p ¼ 0.003) but similar elastin-related
stiffness (cm) in BAV (cm ¼ 0.11 � 0.11 MPa) and in TAV
(cm ¼ 0.07 � 0.03 MPa; p ¼ 0.162; Figs 4C, 4D). There was
no difference in the initial collagen fiber engagement
stretch (lst0) between BAV (lst0 ¼ 1.22 � 0.11) and TAV
(lst0 ¼ 1.18 � 0.06; p ¼ 0.232) patients.
A trend toward an inverse relation between wall

strength and wall thickness was observed (Spearman
coefficient [SC] ¼ –0.46, p ¼ 0.016; Fig 5). This correlation
improved (SC ¼ –0.61, p < 0.001) when the data point
marked by a star in Fig 5 was regarded as an outlier. Wall
thickness was also inversely correlated with Bingham
parameter k1 (SC ¼ –0.541, p ¼ 0.004).
Finally, the collagen stiffness cf correlated with the

elastic limit Yo (SC ¼ 0.857, p < 0.001), and stretch at
failure in the neck correlated with the initial collagen fiber
engagement stretch lst0 (SC ¼ 0.619, p ¼ 0.001).
Comment

To shed light on the possible mechanism behind the
increased aneurysm susceptibility in BAV patients, the
present study investigated collagen organization and
macroscopic biomechanical properties of the aneurysmal
thoracic aorta from BAV and TAV patients. The results
show an increased strength, due to an increased collagen-
related stiffness, of the BAV aneurysmal aorta compared
with TAV patients. In addition, the BAV aneurysmal aorta



Fig 2. Bingham distribution function (red area) fitted to experimen-
tally measured fiber orientation function (purple area) of a thoracic
aortic aneurysm wall sample (PaBAV9).
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showed a tendency toward being thinner than the TAV
aneurysmal aorta.

The biomechanical properties of the ascending aorta
depend largely on the composition and content of the
extracellular matrix. The two main structural components
responsible for aortic compliance are elastin and collagen,
the ratio between the two being an important determi-
nant. Structural as well as functional modifications of
these proteins may hence lead to altered mechanical
properties of the vessel, contributing to aortic dilatation
and aneurysm development. This may potentially lead to
the life-threatening event of aortic rupture.

Biomechanical predictions of vessel wall properties
critically depend on realistic constitutive models of the
aortic wall. Ex vivo tissue testing, together with me-
chanically histologic information, provides valuable input
to develop constitutive descriptions [17]. In addition,
integration of microstructural information, such as collagen
organization, nicely complements the biomechanical
data and improves biomechanical simulations. Integrat-
ing microstructural information also helps to explore the
mechanisms by which wall histology is linked to wall
mechanics and to test the predictability of reported aortic
adaptation models [20, 21]. To the best of our knowledge,
Table 3. Numerically Predicted Parameters of Thoracic Aortic Ane

Specimen
cm

(MPa) lst0
cf

(MPa)
Yo

(MPa)

BAV
Median 0.09 1.23 7.45 2.65
Quantile (25%, 75%) 0.06, 0.13 1.12, 1.31 4.95, 10.00 1.65, 3.24

TAV
Median 0.07 1.17 3.4 0.85
Quantile (25%, 75%) 0.04, 0.10 1.13, 1.21 2.03, 4.88 0.66, 1.75

a Columns show the elastin stiffness cm, the collagen fibers’ initial straighten
parameter a that relates plastic deformation and the state of damage. The seven
model representation. The last two columns show the tensile Cauchy stress su
Appendix (available online).

BAV ¼ bicuspid aortic valve; TAV ¼ tricuspid aortic valve.
this kind of combined analysis has not yet been per-
formed for the thoracic aorta. In the present study, we
combined microstructural information of collagen orga-
nization with measured biomechanical data in a FE model
simulation. This allowed us to investigate the contribu-
tions of both constituents to the macroscopic mechanical
wall properties and thus vascular function.
The result showed that the BAV aneurysmal aorta was

about twice as strong as the TAV aneurysmal aorta (0.989
� 0.456 [BAV] vs 0.486 � 0.21 MPa [TAV]), findings that
are in agreement with previous studies [22]. The protein
that has the greatest effect on vessel strength is likely to
be collagen, because collagen is the main load-bearing
protein at higher strains and pressures. Indeed, a higher
collagen-related stiffness was seen in BAV patients (Cf ¼
8.88 � 5.15 MPa) compared with TAV patients (Cf ¼ 3.92
� 2.34 MPa), whereas there was no difference in the
elastin-related stiffness (ie, the tissue stiffness at lower
pressures or strains). This is in accordance with previous
studies showing a decreased distensibility [23] and an
increased stiffness in the BAV ascending aorta compared
with the TAV ascending aorta [22–26].
Collagen fibrils can be regarded as the basic building

blocks of fibrous collagenous tissue, and their organiza-
tion into suprafibrillar structures strongly influences the
macroscopic biomechanical property of the tissues. In the
present study, collagen organization in isolated tissue
samples was captured using Bingham distribution den-
sity function and showed that most of the collagen fibers
were aligned with the circumferential direction. This is
in agreement with other studies showing the TAA wall
is stiffer and stronger in the circumferential than in the
axial direction [22]. This link between histologic and
mechanical properties was, however, independent of
valve type given that samples taken from BAV and TAV
aneurysmal aorta showed almost identical distribution of
collagen orientation. This suggests that collagen level,
composition, or interaction with other extracellular matrix
proteins (or a combination of these), rather than collagen
orientation, has a greater effect on tissue strength.
Elevated levels of collagen have previously been
demonstrated in BAV patients [25], although others could
urysm Wall Specimena

a
Fitting Error

e

sult in the
Neck at Failure

(MPa)
Stretch in the
Neck at Failure

6 0.0066 1.31 1.614
4.00, 10.00 0.0046, 0.0153 0.890, 2.050 1.445, 1.666

7 0.0099 0.878 1.547
4.00, 15.25 0.0055, 0.0380 0.539, 0.960 1.515, 1.661

ing stretch lst0, their stiffness cf, their elastic limit Yo, and their damage
th column shows the fitting error equation that represents the quality of the
lt and stretch in the neck at tissue failure. A detailed Table is shown in the



Fig 3. First Piola-Kirchhoff (PK) stress vs stretch response is shown
for a thoracic aortic aneurysm wall sample (PaBAV6). The black lines
denote finite element (FE) model prediction, and the gray lines denote
in vitro laboratory experimental data. The curve shows typical
nonlinear and irreversible features of vascular tissue. As an example,
the definitions of failure stress and stretch are included for the FE model
prediction. Similar definitions are used for the experimental data.
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not confirm this association [24, 27] or even show opposite
results (ie, decreased levels of collagen in the BAV dilated
aorta) [9, 10]. The two main types of collagens found in
the aortic wall are collagen I and III [1], and that the two
forms contribute to vessel flexibility differently has been
reported [28, 29]. It is thus possible that the relative
amount of collagen I and III, rather than the total amount,
has a greater effect on arterial compliance. Interestingly,
as shown by Wågs€ater and colleagues [10], the ratio of
collagen I to collagen III is significantly changed between
BAV and TAV aneurysmal samples.
Previous work by our group has shown differences in

collagen turnover and crosslinking between BAV and
TAV patients [10]. Specifically, unlike aneurysm forma-
tion in TAV patients, aneurysm formation in BAV pa-
tients was not associated with an increased collagen
turnover. Further, a defective collagen crosslinking was
also observed in the BAV aneurysmal aorta, suggesting
that posttranslational modifications of collagen might
play an important role for its structural integrity.
Impairment of collagen biosynthesis or collagen cross-
linking, or both, could potentially explain the observed
differences in collagen-related stiffness between BAV and
TAV patients, contributing to an increased stiffness in
BAV aorta and thus increased aneurysm susceptibility.
Whether the BAV aorta is already stiffer at a macroscopic
level before dilatation remains to be elucidated. However,
pulse wave velocity measurements have shown a trend
toward increased stiffness of the BAV compared with the
TAV nondilated aorta [30], and ultrasound-based mea-
surements showed an increased stiffness and decreased
distensibility in the BAV nondilated aorta [23].
Apart from the influence of collagen, the altered me-

chanical properties reported in this study may in part also
be explained by other differences in the underlying
microstructure. Although no difference in elastin-related
stiffness was shown between BAV and TAV patients,
previous work has shown lower levels of elastin in the
BAV aneurysmal aorta [24]. The extent to which the
Fig 4. Mechanical properties of the thoracic
aortic aneurysm (TAA) wall are shown for
patients with a bicuspid aortic valve (BAV;
gray) and tricuspid aortic valve (TAV; white).
(A) First Piola-Kirchhoff (FPK) stress at
specimen neck at failure. (B) Average test
specimen stretch at failure. (C) Collagen-
related stiffness parameter cf of test speci-
mens. (D) Elastin-related stiffness parameter
cm of test specimens. Box-and-whisker plots
show median (horizontal line), 25% and 75%
quantiles (top and bottom borders), minimal
and maximal values (whiskers); and the þ
denotes outliers. The difference between the
two patient groups is denoted by the two-
sided p value; with n representing the number
of samples in the group.



Fig 5. Correlation is shown between the First Piola-Kirchhoff (PK)
stress at the specimen neck at failure with the wall thickness of
thoracic aortic aneurysm samples. Data from patients with bicuspid
aortic valves (BAV) and tricuspid aortic valves (TAV) are pooled. The
* indicates an outlier.
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potentially reduced elastin levels in aneurysmal aorta
contribute to the biomechanical properties measured
here are possibly masked by other modifications already
manifested in the medial layer. Further, previous mor-
phometric analysis has shown that the elastic lamellae of
the BAV aorta are thinner, with a greater distance be-
tween them, than those in the TAV aorta [31]. How this
influences vessel stiffness remains to be investigate.

Moreover, the wall thickness of the BAV aorta was
smaller than TAV samples, and also, wall thickness
correlated with the Bingham parameter k1. This means
that a thinner wall has more aligned collagen orientation;
that is, the collagen fibers are more coherently aligned
with the circumferential direction. This may contribute to
the increased aortic stiffness seen in BAV samples. Pham
and colleagues [24] demonstrated that the aneurysmal
BAV and TAV aorta show clear structural differences,
especially with regards to vascular smooth muscle cell
degradation. More specifically, the BAV aorta showed
vascular smooth muscle cell reorientation rather than
loss. Previous studies have similarly reported the in-
volvement of fibrosis in the TAV but not in the BAV-
associated ascending aortic aneurysms [5, 10].

The main limitation to the presented data is the small
sample size, and more work is needed to confirm these
observations. The small sample size also made it impos-
sible to evaluate the potential influence of valve disease,
such as aortic stenosis vs aortic insufficiency, on the
observed result. In addition, because ascending aortic
wall properties seem to be anisotropic [22], meaning that
they may differ depending on in which direction they
are measured, our study only provides circumferential
information in relation to wall mechanics. To characterize
the inherent anisotropic properties of a vessel, and hence
more precisely mimic the in vivo loading conditions of
the vascular wall, planar biaxial testing would be needed.
However, in our constitutive model we integrated also the
organization of the collagen fibers, meaning that more
information than from a standard uniaxial tensile test can
be evaluated. To what extent this substitutes for biaxial
testing, however, remains to be elucidated.
In conclusion, the BAV aorta was stiffer, due to an

increased collagen-related stiffness, than the TAV aorta.
In addition, the BAV aneurysmal aorta showed a ten-
dency toward being thinner than the TAV aneurysmal
aorta. Arterial stiffness is considered an independent risk
factor for all sorts of cardiovascular morbidity and mor-
tality and consequently, increased ascending aortic stiff-
ness, due to altered collagen biology, in BAV patients
could possibly explain the higher prevalence of TAA in
these patients.

This work was financially supported by the Swedish Research
Council (project Grants No. 2007-4514, K2012-64X-12660-15-5),
the Swedish Heart-Lung Foundation, and The Leducq Founda-
tion (MIBAVA).
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INVITED COMMENTARY
Using the combined analysis of the mechanical data from
the aorta wall andmicrostructural information, Forsell and
colleagues [1] revealed increased collagen-related stiffness
in the ascending aneurysmal aorta of patients with
bicuspid aortic valve (BAV) compared with patients with
tricuspid aortic valve (TAV). For the first time, the finite
element model was used to assess these parameters of the
ascending aneurysm. The mechanical properties of
ascending aneurysmal aorta from TAV patients compared
with BAV patients are also in line with previous reports.

Even though the physiologic mechanism of aneurysm
of BAV patients is still unknown, emerging evidence
suggest that the cause might be multifactorial, including a
generic defect and altered hemodynamics. As discussed
by the authors, the increased collagen-related stiffness
could be associated with collagen biosynthesis, collagen
crosslinking, the ratio of collagen subtypes, or a combi-
nation of these conditions. This is supported by the work
of Wågs€ater and colleagues [2], which demonstrated that
lysyl hydroxylase mRNA and protein expression were
lower in the medial layer of dilated aortas of BAV patients
than in TAV patients.

Relative benefits or risks, and the timing of operative
intervention, are still clinically equivocal. Given that
the evidence is still limited regarding the cutoff point of
operative intervention in patients who do not fulfill the
criteria for AVR on the basis of severe aortic stenosis or
aortic regurgitation, surgical repair is now recommend
with aortic dilation of 5.5 cm except when there is a family
history of aortic dissection or rapid progression of dila-
tion (Classification of Recommendations I; Level of Evi-
dence B). The data presented by the authors, together
with clinical studies, will help us optimize treatment for
each individual patient. It would be more individualized
to develop related biomarkers to accurately survey the
collagen change in the ascending aorta of BAV patients,
which can be envisioned as useful data to guide surgical
intervention. Despite the weaknesses of the sample size
and uniaxial testing, further studies will improve our
understanding of the pathology of BAV and the care of
BAV patients.
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