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Abstract—The bicuspid aortic valve (AV) is themost common
cardiac congenital anomaly and has been found to be a
significant risk factor for developing calcific AV disease.
However, the mechanisms of disease development remain
unclear. In this study we quantified the structure of human
normal and bicuspid leaflets in the early disease stage. From
these individual leaflet maps average fiber structure maps were
generated using a novel spline based technique. Interestingly,
we found statistically different and consistent regional struc-
tures between thenormal andbicuspid valves. The regularity in
the observed microstructure was a surprising finding, espe-
cially for the pathological BAV leaflets and is an essential
cornerstone of any predictive mathematical models of valve
disease. In contrast, we determined that isolated valve inter-
stitial cells from BAV leaflets show the same in vitro calcifi-
cation pathways as those from the normal AV leaflets. This
result suggests the VICs are not intrinsically different when
isolated, and that external features, such as abnormal micro-
structure and altered flow may be the primary contributors in
the accelerated calcification experienced by BAV patients.

Keywords—Microstructure, Aortic stenosis, Calcific aortic

valve disease, Early disease stage, Fiber structure, Valve
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NOMENCLATURE

AV Aortic valve
TAV Tricuspid aortic valve

BAV Bicuspid aortic valve
AS Aortic stenosis
AVSc Aortic valve sclerosis
CAVD Calcific aortic valve disease
VIC Valve interstitial cell
AVA Aortic valve area
ECM Extra cellular matrix
SALS Small angle light scattering
H&E Hematoxylin and Eosin
MMP Modified Movat Pentachrome
DMEM Dulbecco’s modified Eagle’s medium
SMA Smooth muscle actin
GAPDH Glyceraldehyde 3-phosphate dehydroge-

nase
RMSD Root mean square distance
MRI Magnetic resonance imaging
OI Orientation index

INTRODUCTION

The aortic heart valve (AV) normally consists of
three cuspal shaped leaflets (‘‘tricuspid,’’ or TAV) that
regulate blood flow from left ventricle to the aorta.
However, there exist congenital anomalies wherein two
of the leaflets are fused to form a bicuspid aortic valve
(BAV). BAV defects occur in about 1–2% of the
population, making it the most prevalent congenital
cardiac anomaly. Growing clinical and scientific data
indicate that BAV is an exceptionally strong risk factor
for life threatening aortic valve and/or ascending aortic
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pathology.6,8,11,24 Accelerated valve calcification pro-
ducing aortic stenosis (AS) before the sixth decade of
life is the most common clinical manifestation of BAV.
Previous studies have indicated that the biological
mechanism of calcium deposition in BAV patients is
similar to the calcification process that occurs in
patients with a TAV; however the process is greatly
accelerated for reasons that are not clearly understood.
It should be noted that BAV is part of a larger spec-
trum of AV structural anomalies that range from sin-
gle to quad leaflet forms.5,16,17,23

Progression of calcific aortic valve disease (CAVD)
starts with asymptomatic stages that include mild thick-
ening of the leaflets without affecting valvular func-
tion—a condition called aortic valve sclerosis (AVSc). In
some cases, AVSc progresses to severe calcification, loss
of leaflet mobility and symptomatic AS. At the micro-
structural level, CAVD is characterized by extensive
remodeling of the cusps with biomineralization of the
fibrosa layer as valve interstitial cells (VICs) adopt an
osteogenic like phenotype.4 Once osteogenic nodules
form, epitaxial deposition of amorphous calcium phos-
phate can occur without cell mediated regulation.28 The
early identification of patients who are at the greatest risk
of developing AS would be of great clinical value.28

Overall, little quantitative knowledge is available
about the structural differences between the TAV and
BAV at different length scales, especially regards to
population based trends, and how these differences
might contribute to accelerated calcification. Past
research efforts have aimed at understanding the struc-
tural BAV anomaly and its effect on heart valve disease
have been primarily focused on genetics,9 along with
blood hemodynamics and flow patterns resulting in al-
tered shear stresses being seen as contributors to the
CAVD pathogenesis.2 The latter has been supported by
recent evidence in ex vivo studies that altered wall shear
stresses do not change the leaflet structure and cell via-
bility but promote fibrosa endothelial activation.26

While these studies suggest a relation to BAV disease

development, the exact pathways in which the endo-
thelial cells communicate with the interstitial cells re-
mains to be determined. Moreover, these factors may
not be the entire story about the onset andprogression of
the disease process. We speculate that, in addition to
current identified pathways, tissue and organ structural
features unique to the BAV also contribute to the onset
and progression of CAVD. However, tissue structural
features of the BAV, especially the presence of any
consistent trends, are currently unknown.

Based on these considerations, we compared the
structural properties of human explanted pre-diseased
bicuspid and normal aortic valve leaflets at the cellular,
tissue, and organ levels. We analyzed explanted AV
tissues to obtain their microstructural properties using
several techniques, and developed a novel spline tech-
nique to develop population-based average valve
architectures. We discuss the role of current findings in
the accelerated development of CAVD among BAV
patients and their potential use in prediction of the
onset of calcification.

MATERIALS AND METHODS

Human Sample Collection

After approval by University of Pennsylvania Insti-
tutional Review Board human aortic valve tissue was
obtained at the timeof cardiac surgery. The presence of a
BAV or TAV morphology was confirmed by preopera-
tive transesophageal echocardiology and direct inspec-
tion. Calcified valve leaflets were obtained from the
patients undergoing aortic valve replacement. Non-
calcified tissues (i.e., from patients with non-calcified
healthy valves) were obtained from hearts excised at the
time of heart transplantation or from donor hearts that
were not used for transplantation. Patients were
grouped as TAV (non calcified and calcified) and BAV
(non calcified and calcified), and demographical infor-
mation of the patients recorded (Table 1).

TABLE 1. Patient demographics.

TAV BAV

p valueNon calcified Calcified Non calcified Calcified

No. of samples 12 10 13 12

Age (in years ± SE) 62.9 ± 2.2 76.2 ± 1.1 48 ± 3.0 61.7 ± 8.5 0.005

Male 6 5 5 7 0.052

Smokers 4 4 4 6 0.132

Diabetes 2 3 – 1 0.001

Hypertension 9 7 3 5 0.031

Hyperlipidemia 7 6 2 7 0.022

CAD 4 3 0 2 0.003

Aortic annulus (in cm) _ – 3.1 ± 0.6 2.5 ± 0.5. <0.001

AVA >2.5 0.82 ± 0.2 2.8 ± 0.9 0.8 ± 0.2 –
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All patients underwent a comprehensive echocardio-
graphic assessment including, M-mode, two-dimensional
and Color Doppler, conducted by a certified echo-cardi-
ographer using commercially available ultrasound sys-
tems. All measurements were performed according to the
American Society of Echocardiography recommenda-
tions. Aortic stenosis was defined as an aortic valve area
(AVA)< 2.0 cm2.Aortic valve calcificationwasassessed,
and a calcium score of 1–4 was assigned by a single car-
diologist based on the method described earlier.18

Subjects with any of the following conditions were
excluded: patients with serum creatinine ‡1.5 mg/dl,
premature menopause and/or osteoporosis, prior aor-
tic valve surgery, rheumatic heart disease, endocarditis,
active malignancy, chronic liver failure, calcium regu-
lation disorders (known primary hyperparathyroidism,
hyperthyroidism, and hypothyroidism), and chronic or
acute inflammatory states (sepsis, autoimmune disease,
and inflammatory bowel disease).

Tissue Preparation

Tissue and organ level analyses were performed at
Center for Cardiovascular Simulation Biomechanical
Experimental Laboratory. AV leaflets were randomly
selected from non-, right, and left-coronary position
(Fig. 1). BAV and TAV leaflets (acquired for SALS
and histological analysis described next) were placed in
19 phosphate buffer saline (PBS), transported to CCS
on ice and frozen at 280 �C for later use. At the time
of testing, samples were quickly thawed, laid flat and
fixed with 0.5% glutaraldehyde in PBS. Samples were
then washed with PBS three times for 15 min each, and
dehydrated in graded solutions of glycerol/PBS of 50,
75, 87 and 100% for an hour each.

Fiber Architecture Quantification

Small angle light scattering (SALS) system was used
to determine the collagen fiber distributions in valve
leaflets as previously described.10 Briefly, 4 mW HeNe
continuous non-polarized laser (k = 632.8 nm) was

passed through the tissue and scattered by the fibrous
tissue onto a projection screen. The scattering pattern
represents the angular distribution of collagen fibers
within the light beam envelope. The preferred fiber ori-
entation and orientation index (OI) were calculated
from the pattern as previously described.21 Scanning an
entire leaflet with this procedure gives a fiber struc-
ture map of a single leaflet using 0.25 mm spaced
points, which resulted in a very high density data
(Figs. 2, 3, and 4).

Histology and Western Blotting

Histological analyses were performed by first
embedding the samples in paraffin. Then, transverse
sections were cut from both commissure and belly
regions of the leaflets, with sections aligned such that
the long axis was parallel to the preferred fiber direc-
tion. Section were stained with Picro Sirius Red and
analyzed under polarized light to examine collagen fi-
bers, or stained with Movat Pentachrome and analyzed
with white field to examine extra cellular matrix
(ECM) organization. In a different set of experiments
at UPenn, histological analysis of all the tissues was
performed by Hematoxylin and Eosin (H&E) and
Modified Movat Pentachrome staining (for proteo-
glycans, elastin and collagen) according to the protocol
of the Histology Laboratory of the UPenn School Of
Medicine. Protein expression was carried out by using
western blotting methods using specific antibodies.

Spline Mapping

Population-averaged microstructural maps for AV
leaflets have not been obtained before. SALS experi-
mental setup (‘‘Fiber Architecture Quantification’’
section) gives the fiber structure for each individual
leaflet. However, different leaflet samples had varied
shapes. Therefore, the results from SALS could not be
used directly to perform a statistical analysis in order
to find average maps and variations among different
AV groups. To solve this problem, fiber structure from

FIGURE 1. From left: in vivo non-calcified TAV, explanted calcified TAV, explanted non-calcified and calcified BAV leaflets.
Calcification is usually coupled with strong inflammation and thickening.
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each sample had to be parametrically mapped to a
common template structure. There are no standard
methods available for such mapping. To this end, we
developed a novel spline based mapping technique.

We fitted a spline surface to all sample data and
calculated an equivalent fiber structure over the tem-
plate through a mapping calculated via spline space.
For such a mapping to be possible the parameter space

FIGURE 2. (a) Collagen architecture visible in TAV and BAV leaflets under polarized light and (b) quantified fiber architecture for
representative TAV and BAV leaflets using SALS setup.

FIGURE 3. Method of spline flitting: Parameter space is specialized for the aortic valve by degenerating two of its edges. This
gives a physical relation between the two configurations of the valve (2D and 3D) and a mapping in between them.
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needed to be global and, thus, the spline surface was
parameterized globally in the knot space with (u,
v) = [0,1] 9 [0,1]. Along with a global parameter
space, splines were chosen because of their flexibility in
setting desired continuity and ability to represent
complex geometries with small number of control
points. Usually, a spline surface has four edges whereas
the aortic valve has only two (Fig. 1). Therefore, for
mapping purposes two edges of the spline space (u = 0
and u = 1) were degenerated into two commissure
points of the valve (top row in Fig. 3).

Directly fitting a surface to given point cloud data
led to oscillations at the boundary. This was observed
because of the lack of constraints on boundary control
points. To avoid this problem, instead of direct surface
fitting, a closed C1-continuous spline curve with two
C0-continuous points (representing the commissures)
was first fitted to the boundary. This closed curve was
then converted into an open C1-continuous spline
surface (Fig. 4). Then the spline surface was fitted to
the valve geometry while the boundary control points
were kept fixed—thus eliminating the oscillation
problem. For fitting, norm of the distance between the
input points xi and their projection on the spline sur-
face xi

p was minimized to find the control points Cj:

FðxiÞ ¼ min
Cj

X
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where C is a vector of the control points Cj and A is the
matrix of shape functions with the (i, j)th term =

Nj(ui
p, vi

p). Details of splines can be found in any
standard computer aided design book, for example
Bartels et al.3 Briefly, in one dimension, the spline
shape functions were calculated starting from zeroth
order shape functions (which are step functions)
recursively as follows

Ni;0ðuÞ ¼
1 if ui � u<uiþ1

0 otherwise

�
;

Ni;pðuÞ ¼
u� ui

uiþp � ui
Ni;p�1ðuÞ þ

uiþpþ1 � u

uiþpþ1 � uiþ1
Niþ1;p�1ðuÞ

ð2Þ

where Ni,p(u) is the p-order spline shape function at u
(Cp21-continuous unless knots are repeated) and ui is
the ith component in the knot vector. For two
dimensions, the shape functions were constructed from
2 one-dimensional shape functions (one in direction u
and other in v) by an outer product Nði�jÞðu; vÞ ¼
NiðuÞ �NjðvÞ: The minimization problem (Eq. (1)) can

be easily shown to be equivalent to solving a linear
system C = (ATA)21 ATx when the projection coor-

dinates ðupi ; v
p
i Þ are known. Assuming that a close guess

of the final solution—the control points—was known

from previous iteration, the point on spline, ðupi ; v
p
i Þ

closest to the point xi was found by a projection
operator. As the closest (projection) point should make
a normal to the spline, it was calculated by solving the

orthogonality condition ðxi � x
p
i Þ �

dx
p
i

du ¼ 0 using New-

ton’s method (Fig. 5a). This projection operation
becomes a little more involved in the case of open
surface fitting because the points close to boundary
may not have a perpendicular projection on the sur-
face. In such a case, the solution was restricted to the
boundary and then solved again (Fig. 5b).

The spline curve was initialized with four control
points initialized manually and refined until desired
accuracy was obtained (RMSD ¼ 1

nFðxiÞ<0:25mm
the resolution of SALS device, n being the number of
input points). To convert the spline curve to a surface,
it should be noted that the number of control points
and knot intervals were required to be same in the two
parts of the curve. If this condition was satisfied, the
two C1-continuous parts were split and the second part
was reversed. Then a knot vector in v direction was
constructed as per the desired continuity (C1 here) and
the control points in between two edges were interpo-
lated linearly to obtain the initial guess to spline sur-
face (Fig. 4). For SALS data, this spline surface was
the final resulting fit. However, for data from 3D
imaging, e.g., ultrasound, the interpolated surface
showed some error in the interior (2 examples shown in

FIGURE 4. Steps in calculating the average microstructure.
SALS experiment for each leaflet gives an individual micro-
structure map. These maps are fitted with spline curves and
converted to surfaces. Then using the spline mapping, the
SALS data is mapped onto a common template.
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Fig. 6). Therefore, the same minimization procedure
(Eq. (1)) was applied with the interpolated surface
being our initial guess. During this minimization, the
boundary of surface was kept fixed since it had already
been fitted to the data. The procedure gave us new
control points and thus the final spline surface fitted to
the given point cloud with error smaller than the
imaging resolution.

In order to obtain gross geometric parameters at the
organ level, the spline surfaces fitted onto the SALS
spatial positional data were measured to obtain dis-
tance between commissure points, lengths of free edge
and basal attachment, and surface area for each case.
Means and standard deviations were calculated for
each geometric parameter. A template valve shape was
constructed using the average geometric lengths and
making an assumption that both edges of the valve
were circular arcs. Then, a spline surface was fitted to
this template using the same procedure.

For mapping the fiber structure data from each of
the explanted leaflets onto the average common tem-
plate, corresponding points in the two configurations
(explanted and average) were obtained through the
knot space (same u and v, Fig. 3). So the OI (scalar)

was mapped simply as OIXðu; vÞ ¼ OIxðu; vÞ: For the
fiber direction, the mapping from knot space (u) to any

spline (X) is @X
@u ¼

P
i

@Ni

@u Ci; which can be calculated

simply from the control points and first derivatives of
the shape functions. If the mapping between knot

space and spline fit onto SALS data is @X
@u and that

between the knot space and spline fit onto 3D geom-

etry or average template is @x
@u ; then the mapping from

SALS spline to 3D geometry/average template spline is

F ¼ @x
@u

@X
@u

� ��1
(Fig. 3). This deformation map F was

used for calculating equivalent preferred fiber direc-
tions on the template geometry. Further the data was
smoothed using a Gaussian kernel with a standard
deviation equal to three times the resolution of SALS
setup. Once the fiber structure from each leaflet was

mapped onto the common template, statistical analy-
ses were performed to calculate the average micro-
structure and variability among the tested human
population (details of statistical analyses are provided
in ‘‘Statistical Analysis’’ section).

Validation of the Mapping Procedure

To validate this mapping procedure two sets of
existing data were used. We utilized 9 markers applied
on a fixed porcine bioprosthetic heart valve and then
imaged using magnetic resonance imaging (MRI) in
3D and using SALS in 2D.25 To use this data for
validation, both 2D and 3D images were hand-digi-
tized to get the marker positions x2D and x3D respec-
tively. Spline surfaces were fit onto both 2D and 3D
marker configurations using the method described in
‘‘Spline Mapping’’ section. Then the marker positions
from 2D were mapped onto the 3D spline surface [such

(a) (b)

FIGURE 5. (a) The projection or closest point is orthogonal to the curve/surface and is calculated by solving the normality
condition using Newton’s method. (b) In case of surface, some boundary points may not satisfy this condition fully and have to be
constrained on the boundary.

FIGURE 6. Spline fitting to a 3D point cloud includes an ex-
tra step after the conversion of spline curve into a surface: the
interior control points are fitted to minimize the error and
obtain the final spline representation (color represents the
projection error).

AGGARWAL et al.



that they have the same knot space coordinates (u, v)]
to obtain the mapped marker position in 3D xmapped

3D .
This was compared to the actual marker positions x3D

and mapping error was calculated. For second vali-
dation, data from a pericardial bioprosthetic heart
valve placed in a mock physiological flow loop and
imaged using biplane X-ray was used.27 Two farthest
apart frames of valve were used as the two configura-
tions—both in 3D—to quantify the error for mapping
between two 3D configurations. The markers from
configuration 1 (x1) were mapped to the other config-
uration 2 (xmapped

2 ) and compared with the actual
marker positions (x2). The error was quantified as the
maximum and mean distance between actual and
mapped marker positions.

Isolations of Aortic Valve Interstitial Cells

In parallel to the studies of fiber architecture, we also
sought to study the differences between VICs of TAV
and BAV, and their effect on CAVD separated from the
microstructural effects. To accomplish this experiments
were performed on isolated cells in vitro. Isolation of
aortic VICs was performed using a modification of the
method described by Sainger et al.22 Cells were cultured
and grown in advanced Dulbecco’s modified Eagle’s
medium (DMEM) and used for experiment between the
second and fifth passage. Characterization of VICs was
carried out using smooth muscle actin (SMA), vimentin
and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (loading control) expression in the VICs
from all the four groups.

In Vitro Calcification

In vitro calcification assay was performed using VICs
isolated from non-calcified BAV andTAV aortic valves.
Cells were cultured in advancedDMEMcontaining P/S,
L-glutamine and 10% Fetal Bovine Serum (FBS), until
70–80% confluent. Growth medium was replaced by
calcification media (a-MEM containing 3 mM phos-
phate buffer) in all wells except the control.Mediumwas
replaced every 2 days. At day 9, VICs were incubated
overnight in 0.6 NHCl at 4 �C. Calcium was estimated
using the calcium assay reagent (Biovision, Mountain
View, CA). Amount of total calcium was expressed as
mg of calcium/mL of medium.

Statistical Analysis

Summary statistics on gross geometric parameters
were calculated based on 23 TAV (9 non-calcified and
14 calcified) leaflets and 11 BAV (8 non-calcified and 3
calcified) leaflets (a subset of all the samples with
demographics is shown in Table 1). Basic geometric

features (distance between commissure points, length
of basal attachment and free edge, and leaflet area)
were calculated for each sample using spline surface fits
to SALS data. Means and variability (in terms of 99%
bootstrap confidence intervals because the distribution
cannot be assumed to be normal and sample size is
small) were calculated separately for TAV and BAV
groups. Non-parametric Wilcoxon tests were per-
formed to determine the statistical significance of the
differences between the two groups with p< 0.05 de-
fined as the threshold.

For the collagen architecture mapping, only non-
calcified leaflets were used as the focus was on early
disease stage analysis. Nine non-calcified TAV leaflets
and five non-calcified BAV leaflets were used to
determine the fiber structure using SALS. For each
leaflet the fiber structure was mapped onto the com-
mon template using the spline mapping technique
(‘‘Spline Mapping’’ section). Further, the average
(mean) microstructure and standard deviation were
calculated using package R (http://www.r-project.org/).
Sample mean and standard deviation were computed
for the OI, however means and standard deviations for
circular data12 (with a periodicity of 180 degrees) were
computed for the fiber direction. To test for differences
between TAV and BAV microstructure, a non-para-
metric Wilcoxon test was performed to calculate the
T-statistic for each test point on the valve. The differ-
ences were seen in a relative sense since no correction
was made for multiplicity in the p values.

To determine the degree of spatial correlation, i.e.,
how much the fiber architecture at one point of the
valve correlates with other points of the valve, a
Moran’s I test was used.13,14 Briefly, the test uses the
data and spatial distances between test points. It pro-
vides a scalar index between 21 and 1 with a certainty
in terms of standard error. An index value of 21
indicates perfect negative correlation and 1 indicates
perfect positive correlation, whereas an autocorrela-
tion of 0 indicates that all the results obtained are
independent of each other. In addition, to clarify
spatial correlations, a simple region analysis was per-
formed. Here, for region analysis, group of points lo-
cated in 10 square regions were selected. Data over
each region was represented in terms of mean and
variation (99% bootstrap confidence intervals) among
all the samples within that region.

RESULTS

Cellular Level

H&E and modified Movat’s Pentachrome staining
were used to analyze calcified and non-calcified aortic
valve leaflets from BAV and TAV patients. The results

Architectural Trends in Human Aortic Valve Leaflets
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from histological analysis show side specific dysfunc-
tion of the fibrosa in both BAV and TAV parallel with
proteoglycan and calcium accumulation (Fig. 7a). VIC
were then isolated and analyzed for expression of SMA
and Vimentin.4,15 The results from western blotting
indicate that VICs maintain overexpression of SMA
(Figs. 7b and 7c), suggesting phenotypic stability even
in the isolated state. We therefore tested the ability of
isolated VICs from non-calcified BAV and TAV
patients to undergo in vitro calcification. Interestingly,

when stimulated to inorganic phosphate in an in vitro
calcification assay VICs from BAV and TAV show
similar pattern of calcium accumulation (Fig. 7d).

Tissue Level

Histological analysis on TAV and BAV leaflet sec-
tions shows interesting results (Fig. 8). TAV has a very
organized structure with most of the fibers aligned,
even across various layers. However in the BAV case,
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FIGURE 7. (a) Analysis of aortic valve (AV) microstructure, ECM organization in representative tissues from non calcified and
calcified tricuspid (TAV) and BAV—H&E and Movat staining in the AV tissues; ECM components are distinguished as proteoglycan
(bluish green), collagen (yellow), and elastin (dark violet); VIC nuclei are stained dark red; F, S and V represent fibrosa, spongiosa
and ventricularis respectively. (b, c) Characterization of VICs isolated from AV tissues—western blot and bar graph showing SMA
and vimentin expression in AV VICs, GAPDH serves as loading control. (d) In vitro calcification assay—images are representative
of calcification assay performed on VICs isolated from non-calcified TAV and BAV using 3 mM Pi. Calcium was quantified by
colorimetric assay and represented as calcium mg/mL.
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fibers have a very disordered arrangement indicating
that it is a layer level anomaly (Fig. 8a). Normally, the
elastin is present in the ventricularis layer as observed
in the TAV case. However, in one BAV case, the layers
are mixed and a big block of elastin is found in the
middle of the tissue (Fig. 8b).

Organ Level

All of the mean geometric parameters for TAV and
BAV groups show significant differences (Fig. 9).

Clearly, the BAVs have larger leaflets compared to
TAV on an average. Also, their shape is fairly consis-
tent, however less consistent than the TAV leaflet
shape. Assuming that edges of the average shape are
circular arcs, average shapes are drawn and overlapped
for the two cases clearly showing the differences in
BAV and TAV.

The collagen architecture is clearly visible when two
representative valves (non-calcified TAV and BAV) are
observed under polarized light (top row Fig. 2). We
can see that overall the fibers go in the circumferential

Non-Calcified BAVNon-Calcified TAV

(a) (b)Normal (mid belly) Region:

One side of Raphe:

Opposite of Raphe:

Section #1(mid belly):

Section #2 (mid belly):

Section #3 (commissure):

BAV Normal Region:

BAV Raphe Region:

FIGURE 8. (a) Representative layer arrangement from histology shows organized and aligned layers in the TAV but disorganized
ones in BAV especially around the raphe. (b) A packet of elastin is seen in the BAV raphe region.

FIGURE 9. (a) Basic geometric parameters—distance between commissure points d, length of the free edge LF, length of the
basal attachment LB and area S, were calculated for all the explants and divided into two groups, TAV and BAV, for statistical
analysis. There were statistically significant differences in all four parameters, (b) average geometry of TAV and BAV using these
parameters (*p < 0.01 and **p < 0.005).
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direction. However, the arrangement looks somewhat
less organized in the belly region, which can also be
confirmed using quantified fiber arrangement from
SALS (bottom row Fig. 2). To quantitatively deter-
mine the population averaged microstructure and dif-
ferences between TAV and BAV, spline mapping
technique gives the equivalent architecture maps for
each valve.

The error of mapping for both validation cases was
within an acceptable range. Specifically, for the case of
marker positions being mapped between two frames in
a flow loop, the maximum error was ~1.5 mm, with a
mean error for all the markers of 0.58 mm and the
error for the interior marker was <0.7 mm. The errors
were thus smaller than the resolution of imaging
modality, therefore validating the technique for map-
ping microstructure. The error was observed to
become larger when derivatives of the mapping, i.e.,
the strain between two configurations were calculated.
This accuracy of the method might be improved by
adding regularization term in the function (equa-
tion 1). This will be explored in future studies, so that
it allows us to calculate the strain accurately as well.

The averaged microstructural maps for TAV and
BAV on 2D template show interesting trends
(Fig. 10a). These average maps were mapped onto 3D
in vivo geometry from ultrasound for both TAV and
BAV for visualization (Fig. 11). For every leaflet the
Moran’s I spatial correlation index lies between 0.15
and 0.25 (mean � 0.18 and standard deviation � 0.04
within each group) for both TAV and BAV with
high certainty (standard error for each test 1023). This
indicates that the OI for all individual samples are
(weakly) positively correlated spatially and thus

Bonferroni correction would be too conservative here.
The p values for differences in the distributions of
microstructure in TAV and BAV cases over the 2D
template indicate that the microstructure is most dif-
ferent in the belly region of valve, but only in terms ofOI
(Fig. 10b). In the terms ofmean fiber directions, p values
aremostly> 0.2, therefore, themeanfiber directions are
not significantly different in two cases. This indicates
that the fibers on an average are going in the same
direction for both TAV and BAV. However, they are
much less aligned around the belly region of the BAV
leaflets. Performing a region wise analysis to minimize
the effects of spatial autocorrelation shows the consis-
tency in OI for both TAV and BAV cases (Fig. 10c).
Further, in regionsA,B,C,DandG theOI forTAVcase
is clearly larger than the BAV case.

DISCUSSION

Challenges in BAV Research

In general, BAV patients face a higher risk of
developing valve related diseases. It is known that,
irrespective of the exact valvular anatomical anomaly,
all BAVs have altered mechanical stress distribution
and hemodynamics, that ultimately may be linked to
accelerated aortic stenosis (AS), aortic insufficiency
(AI), endocarditis, ascending aortic aneurysm with or
without associated AI and aortic dissection.6,7,11,24 The
underlying pathological mechanisms should involve
VICs, which exhibit profound sensitivity to mechanical
cues—selectively elaborating osteogenic potential
under the correct mechanical environment.15,29

(a)

(b)

(c)

FIGURE 10. (a) Explants from human sub-population TAV and BAV were used to determine the microstructure and then averaged
to obtain the average microstructure maps. (b) Statistical analysis on mean fiber directions (left) and OI (right) shows important
differences in the belly region for OI but the mean fiber directions are similar in two cases. (c) Summary statistics based on regions
shows consistency in the structure of the leaflets from both groups (*p < 0.01 and **p < 0.005).
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However, very little is known about the underlying
mechanisms or even the microstructural differences
between the TAV and pathological BAV at different
scales, and how these differences might contribute to
accelerated calcification. Therefore, in the current
study we hypothesized that the abnormalities in the
structure of BAV, from organ level to the tissue to the
interstitial cells, may contribute to the CAVD and AS.
The significant inflammation in the later stages of
CAVD (Fig. 1) makes detailed and meaningful
microstructural studies almost impossible. Also, an
early identification of patients who are at the greatest
risk of developing AS would be of great clinical
value.28 Therefore, here we focused on early disease
stage leaflets and studied the differences that might
contribute to the accelerated disease development in
patients.

Overall Findings

At the cellular level, we found that the VICs when
isolated from both types of valve respond to calcifi-
cation stimulus in a similar fashion. In vitro calcifica-
tion assays was performed using 3 mM inorganic
phosphate on isolated VIC at passage 2–4. Here we
report that VIC isolated from BAV and TAV patients
show similar pattern of calcium accumulation. These
data are not intended to prove a phenotypic equiva-
lence between VIC from different patients, but rather
to demonstrate the equal intrinsic capacity of BAV and
TAV isolated VIC to respond to in vitro calcification
stimuli. In Fig. 7 and Supplemental Fig. 1 we show a
similar expression pattern of several markers of VIC

activation for calcified and non-calcified BAV and
TAV-derived cells. Although a deeper phenotypic
analysis of the phenotypic variation of BAV-derived
VIC is necessary, our preliminary data suggest that
BAV cells are not inherently abnormal, and suggests
the local and mechanical factors could be responsible
for the abnormal function of these cells in vivo.

At the tissue level, we quantified the collagen fiber
architecture to obtain population-based trends using a
spline based mapping technique (Figs. 10 and 11). As
our emphasis was on early disease stage analysis, we
used non-calcified valve leaflets. Interestingly, we did
not find significant differences in the mean fiber
direction in two cases which suggests that on a coarse
scale, the fibers are still running predominantly along
the circumferential direction, however the fibers are
less aligned in the belly area, and may have an iso-
tropic structural response. Histologically, the normal
AV leaflets layers were found to be well organized and
distinct (Fig. 8). However, for bicuspid leaflets we
demonstrated a disorganized structure indicating that
the layer structures appear intermingled and indistinct.
The greater thickness found for the BAV leaflets
around the raphe region was a direct result of the
residual, largely disorganized tissue that composes the
Raphe. As a result, this region’s collagen fiber archi-
tecture becomes less aligned, as found in our popula-
tion averaged fiber maps (Fig. 10). For this region only
we can say that thickness of the leaflet and disorgani-
zation of collagen fibers may thus be correlated.
However, no measurements were made directly on the
thickness of leaflets.

At the organ level, looking at gross geometric fea-
tures, the average BAV leaflets are significantly larger
but have similar semilunar shape, albeit slightly more
elongated (Fig. 9). This is not surprising as two BAV
leaflets cover the same area as three of the normal AV
leaflets do. We noticed these differences in all the
geometric factors and also quantified variation in the
leaflet shape. These findings are important to deter-
mine how patient specific we need to make our model
geometries to obtain physiologically accurate results.

Future Directions

Simulation of normal and pathological valves
requires the correct input data for the simulations to be
meaningful and realistic. In fact, a major goal of the
present work was to provide such data (structure in
this case), which is known to play such an important
role in valve mechanics.19 The fact that we found,
much to our surprise, that explanted BAV have a good
degree of structural regularity will be critical in mod-
eling work, which we are currently planning. The
average maps calculated here can play a critical role in

FIGURE 11. Using the 3D spline mapping, average micro-
structure was mapped onto in vivo geometries for TAV and
BAV respectively (obtained from hand-digitized ultrasound
imaging of human aortic valve at mid-systole point of cardiac
cycle).
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modeling efforts where microstructure of a human
patient is not known, but instead represented from
patient population trends. More importantly, com-
paring the two cases we saw important differences in
the OI around the belly region of leaflets. This is the
region where leaflets fuse together during heart devel-
opment and also shows a highly disorganized structure
in histological analysis (Fig. 8). Further, the novel
spline mapping technique developed here is useful in
other applications as well. For example, it has been
used for estimating the in vivo pre-strain,1 which is
critical information for many modeling studies
including inverse models for evaluating mechanical
properties of valve leaflets from in vivo imaging. This
will be a subject of future research.

In the present study, the focus was on finding
structural trends in pre-diseased valve tissue, as a first
step toward developing an understanding of the
structural features of the BAV, as such features are
known to play an important role in valve mechanics.19

The relation between fiber architecture, as well as or-
gan level geometry and the onset/progression of cal-
cification remains unknown, and is well beyond the
scope of present study. It can be speculated that the
disorganized layers and thicker leaflet lead to altered
local cell micromechanical environment. The lower
orientation around belly area in BAV leaflets may lead
to a more isotropic mechanical response and altered
mechanical stress state. Mechanical forces have been
shown to activate the biomineralization and calcifica-
tion of VICs,15 thus suggesting a relation between
calcification and the local mechanical stress environ-
ment. Regarding the inception site of calcification, in
explanted bioprosthetic heart valves, it has been pre-
viously shown that calcification and structural damage
are not spatially correlated.20 However, no such stud-
ies have been done on BAV to the authors’ knowledge.
More detailed analysis of this relation between calci-
fication potential, BAV leaflet structure, and surface
shear forces, will need to be explored in future studies.

Limitations

Although we found consistent patterns in the pres-
ent population, the sample size was not sufficient to
reveal larger population trends. Moreover, here we
analyzed only one BAV group. With larger sample
size, it would be interesting to evaluate structural dif-
ferences between different configurations of the BAV
anomaly, which can range from a single to four leaf-
lets. We thus should consider the current results as
initial indicators that will help guide future research
and motivate more focus on the microstructural effects
in BAV disease development. There are also different
possible factors that may contribute to the CAVD

development, e.g., the effect of shear stresses due to
changes in blood flow on endothelium and calcification
pathway.2 In the current study, we focused only on the
microstructural effects. Combined effects of the dif-
ferences in microstructure as well as shear stresses
using fluid–structure interaction models will need to be
investigated.

Summary

In conclusion, we found statistically different and
consistent regional structures between the normal and
bicuspid valves. The regularity in the observed micro-
structure was a surprising finding, especially for the
pathological BAV leaflets and is an essential corner-
stone of any predictive mathematical models of valve
disease. In contrast, we determined that isolated VICs
from BAV leaflets show the same in vitro calcification
pathways as those from the normal AV leaflets. This
result suggests the VICs are not intrinsically different
when isolated, and that external features, such as
abnormal microstructure and altered flow may be the
primary contributors in the accelerated calcification
experienced by BAV patients.
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