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Patients with bicuspid aortic valve (BAV) are more likely to develop a calcific aortic stenosis (CAS), as

well as a number of other ailments, as compared to their cohorts with normal tricuspid aortic valves
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(TAV). It is currently unknown whether the increase in risk of CAS is caused by the geometric differences

between the tricuspid and bicuspid valves or whether the increase in risk is caused by the same

underlying factors that produce the geometric difference. CAS progression is understood to be a

multiscale process, mediated at the cell level. In this study, we employ multiscale finite-element

simulations of the valves. We isolate the effect of one geometric factor, the number of cusps, in order to

explore its effect on multiscale valve mechanics, particularly in relation to CAS. The BAV and TAV are

modeled by a set of simulations describing the cell, tissue, and organ length scales. These simulations

are linked across the length scales to create a coherent multiscale model. At each scale, the models are

three-dimensional, dynamic, and incorporate accurate nonlinear constitutive models of the valve leaflet

tissue. We compare results between the TAV and BAV at each length scale. At the cell-scale, our region of

interest is the location where calcification develops, near the aortic-facing surface of the leaflet. Our

simulations show the observed differences between the tricuspid and bicuspid valves at the organ scale:

the bicuspid valve shows greater flexure in the solid phase and stronger jet formation in the fluid phase

relative to the tricuspid. At the cell-scale, however, we show that the region of interest is shielded

against strain by the wrinkling of the fibrosa. Thus, the cellular deformations are not significantly

different between the TAV and BAV in the calcification-prone region. This result supports the assertion

that the difference in calcification observed in the BAV versus TAV may be due primarily to factors other

than the simple geometric difference between the two valves.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The aortic valve opens to allow flow from the left ventricle to
the aorta and closes to seal against backflow. This valve commonly
has three cusps and three sinuses. In 1–2% of the population,
however, the aortic valve has two cusps (Fedak et al., 2002), a
condition known as a bicuspid aortic valve (BAV). Illustrations of
tricuspid and bicuspid valve geometries are shown in Fig. 1.
Serious complications develop in at least 33% of patients with BAV
(Ward, 2000). The aortic valve is generally more susceptible to
stenosis, regurgitation, and infection while the corresponding
aorta is susceptible to medial degeneration, dilation and aneur-
ysm, and dissection (Fedak et al., 2002). Of these, regurgitation is
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clearly a product of the malformed geometry of the BAV. The
cause of the other complications is unclear at this time. It is
conceivable that any of these diseases is more likely in patients
with BAV due simply to the geometric difference between having
two cusps and sinuses instead of three. For example, studies have
examined whether creasing of the BAV leaflets gives rise to calcific
aortic stenosis (CAS) (Robicsek et al., 2004a, b) and whether
disrupted flow patterns in the BAV lead to aortic dilation (Bauer
et al., 2006; Robicsek, 2003). Alternatively, the valves may
have different mechanical properties that cause a difference in
function that eventually leads the BAV to be more susceptible
to disease than the tricuspid aortic valve (TAV). Another
possibility is that the structural differences between the TAV
and BAV are not relevant to whether the BAV is more likely to
develop disease. Instead, BAV may be caused by a genetic defect,
and this same defect independently gives rise to the other
diseases. Fibrillin-1 deficiency has been notably implicated (Fedak
et al., 2003).
., A multiscale computational comparison of the bicuspid and
f Biomechanics (2008), doi:10.1016/j.jbiomech.2008.08.006
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Fig. 1. Organ-scale valve geometries, tricuspid on left and bicuspid on right. Top: full geometry of valve. Bottom: cutaways showing tracking locations.
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Much progress has been made in creating numerical simula-
tions of heart valves over a range of length scales. Fluid-structure
interaction models for organ-scale heart valve motion have been
developed (De Hart et al., 2003; Einstein et al., 2005; Nicosia et al.,
2003; Weinberg and Kaazempur Mofrad, 2007), allowing simul-
taneous prediction of the solid and fluid phases in the valve. At the
tissue scale, many efforts have been made recently to formulate
and implement appropriate experimentally-derived material
constitutive models (Sacks and Yoganathan, 2007; Stella and
Sacks, 2007; Weinberg and Kaazempur-Mofrad, 2005,2006). Cell-
scale simulations have also been created with linkage to
experimental data (Huang, 2004). Our group has recently
developed a method for simulating mechanical behavior of the
aortic valve across the range of length scales including cell, tissue,
and organ, and verified the approach against experimental data
for the normal tricuspid valve (Weinberg and Kaazempur Mofrad,
2007).

CAS progression is a multiscale process. Organ-scale stretches
are translated to the tissue and cell scales, where dynamic
deformations are imposed on the valvular interstitial cells (VICs).
The VICs are thought to mediate the disease in response to these
cellular deformations (Liu et al., 2007). Our multiscale simulation
tools allow for examination of the multiscale disease mechanisms.
In this study, we perform a multiscale analysis of the TAV and BAV
in order to determine whether the increased incidence of CAS in
the BAV may be linked to a mechanical difference between the
two types of valve.
2. Methods

We have recently described a method for multiscale simulation of the tricuspid

aortic valve (TAV) (Weinberg and Kaazempur Mofrad, 2007). Here, we briefly
Please cite this article as: Weinberg, E.J., Kaazempur Mofrad, M.
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outline the multiscale simulation methods we employ to compare the BAV and

TAV. For further details including verification of the model versus experimental

data, see Weinberg and Kaazempur Mofrad (2007). An overall schematic of this

approach is shown in Fig. 2. Computed local deformations of the organ-scale

model are projected as boundary conditions to the tissue-scale model. Similarly,

local deformations of the tissue-scale model are mapped as boundary conditions

to the cell-scale model.

First, we defined a system of reference configurations to describe the valve

tissue deformations. Our system extends that of Stella and Sacks (2007). In O0,

the ventricularis and fibrosa are unattached and stress-free. The layers are

connected to form the assembled tissue O1. In O2, the tissue is in position in

a valve to which no pressure has been applied. When the valve is pressurized to

its resting physiological state, the tissue is in O3. We denote the time-varying

state of the tissue in the functioning valve as Ot. Detailed illustration of

these reference configurations can be found in Weinberg and Kaazempur Mofrad

(2007).

The organ-scale simulation considers deformations from O2 through Ot. The

organ-level simulation was performed in LS-DYNA (LSTC, Livermore CA). This

software was chosen because its operator-splitting method for fluid-structure

interaction has been demonstrated to readily handle the motion of a solid through

fluid typical of a functioning heart valve (Hallquist, 2006). LS-DYNA is an explicit

solver, which means it may require excessive computation times in modeling

relatively low-speed physical systems such as the aortic valves. We addressed this

issue in our formulation of the constitutive model used to describe the cusp tissue

mechanics.

To simulate the cusp mechanics, we have developed a constitutive model

that describes the bulk material behavior and is particularly computat-

ionally efficient in explicit finite-element codes. Like many tissue constitutive

models (Billiar and Sacks, 2000; Holzapfel et al., 2000; Sun and Sacks, 2005),

our model treats the tissue as an isotropic solid with embedded aligned fibers.

Instead of using a continuum model, though, we took a discrete approach. The

solid mesh elements were modeled with an isotropic material. One-dimen-

sional cable elements were then used to connect the nodes of the solid

element. LS-DYNA allows assignment of arbitrary stress–strain curves to the

cable elements, and fiber rotations follow nodal displacements. The inclusion

of the fibers in the circumferential and radial directions helps capture

the anisotropic nature of the tissue although the elements’ material is defined

as isotropic. This approach achieves enormous computational gains over a

continuum approach; for further details see Weinberg and Kaazempur Mofrad

(2007).
R., A multiscale computational comparison of the bicuspid and
of Biomechanics (2008), doi:10.1016/j.jbiomech.2008.08.006
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Fig. 2. Schematic of multiscale simulation approach. Deformations are mapped from largest scale to smallest.

Fig. 3. Locations to track in tissue-scale simulation.
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The constitutive model was constructed referring to the tissue configuration

O2. The isotropic solid was modeled as a single-term Mooney–Rivlin with the value

C1 ¼ 2.0e4 chosen to fit bending data for the leaflet (Huang, 2004; Sacks, 2001).

The stress–strain curves in the radial and circumferential directions measured

experimentally for configuration O2 (Sacks and Yoganathan, 2007) were

discretized and applied to the fiber elements. The aortic root was assumed to be

isotropic and modeled with a single-term Mooney–Rivlin material. A value of

C1 ¼1.0e5 was fit to experimental pressure-versus-dilation data for the root

(Lansac et al., 2002). Further details on the development and validation of these

models are outlined in Weinberg and Kaazempur Mofrad (2007).

Organ-scale geometry of the tricuspid and bicuspid valves were generated in

SolidWorks (SolidWorks, Concord, MA). These solid geometries are shown in Fig. 1.

This figure also illustrates the locations where local deformations were monitored

for translation to the tissue-scale model. The tracking locations were chosen at two

regions expected to show the highest degree of flexure: where the leaflet attaches

to the wall (labeled ‘‘attachment’’), and the hinge point where the coapted surface

of the leaflet meets the free portion (labeled ‘‘coaption’’). The overall geometry of

the leaflets and sinuses (heights, lengths, angles, and diameters) for explanted

valves have been measured and described in literature (Thubrikar, 1990). Finer

geometric features, including the thickness distribution at different locations on

the leaflet, have also been measured (Grande-Allen et al., 2001). Based on this

collection of measurements, we created the valve geometry in SolidWorks in terms

of two solid features: one loft for the sinus and one loft for the leaflet. In this way,

the complete valve geometry is described by a small number of geometric

variables and can readily be modified. Our CAD geometry represents the valve in

the unstressed, unpressurized explanted state according to observations in our

laboratory. For simplicity and to minimize computation time, the tricuspid valve is

assumed to have 1
6 symmetry and the bicuspid is assumed to have 1

4 symmetry. The

solid domain is embedded in a fluid domain having the same symmetry. Entry

regions were added at both ends of the valve to allow the sinus to move radially,

and fluid source domains were added at the orifices of the entry regions. Brick

meshing is required in the fluid phase to utilize the operator-split method in LS-

DYNA and our discrete-fiber constitutive model requires a brick mesh of the solid

phase. Parametric 8-node brick meshes of both the solid and fluid domains were

created in TrueGrid (XYZ Scientific Applications, Inc., Livermore CA). Cable

elements representing circumferential and radial fiber families were overlaid on

the solid mesh using HyperMesh (Altair Engineering, Troy MI), following observed

fiber directions (Sacks et al., 1998).

Fixities and boundary conditions were applied to the mesh. Mirror conditions

were applied to fluid and solid nodes on the two symmetry planes. The unattached

ends of the entry regions were fixed while the nodes at the junction of the entry

regions and the aortic root were constrained from moving axially. Outer faces of

the fluid domain were not constrained. The same boundary conditions were

applied to both the tricuspid and bicuspid models: experimentally-derived, time-

varying pressure curves for the ventricle and aorta were applied to the appropriate

fluid source domains (Thubrikar, 1990). An experimentally-derived radial dis-

placement condition representing ventricular contraction was applied to the base
Please cite this article as: Weinberg, E.J., Kaazempur Mofrad, M.R
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of the valve (Lansac et al., 2002). Pressures were slowly applied to bring the valve

from its unpressurized state to its in-vivo resting position before the transient

pressures were applied.

Post-processing was performed using HyperView (Altair Engineering, Troy MI).

For both simulations, we recorded velocity profiles in the fluid phase and

mechanical strains, displacements, and flexures in the solid phase throughout the

solution.

Deformations from each organ-scale model were mapped as dynamic

boundary conditions to tissue-scale models. Multilayered, undulated leaflet

geometry was created in SolidWorks and meshed in ADINA (ADINA R&D,

Watertown, MA). The geometry is illustrated in Fig. 3. An exponential, anisotropic

constitutive model was developed and fit to experimental data (Stella and Sacks,

2007) for each layer. The region of interest, where calcification is observed to

develop (Kuusisto et al., 2005; Otto, 2003), in the tissue-scale simulation is the

layer closest to the aortic-facing leaflet surface, the fibrosa. To examine cellular

deformations in this region, we recorded stretches in two locations of tissue-scale

model, noted in Fig. 3. One location is on the outer edge of a curve in the fibrosa

(labeled ‘‘outer’’), and one location is on the opposing inner edge (labeled ‘‘inner’’).

Stretch data recorded in the tissue-scale models were mapped as boundary

conditions to the cell-scale models. The cell-scale model is comprised of a cell in

matrix. Geometry, shown in the cell-scale portion of Fig. 2, was created and meshed

in ADINA. The cell was modeled by a single-term Mooney–Rivlin constitute relation

(Huang, 2004) and the matrix was modeled using the constitutive model developed

for the fibrosa in the tissue-scale model (Weinberg and Kaazempur Mofrad, 2007).

We measure cellular deformations in terms of the cell aspect ratio (CAR), the ratio of
., A multiscale computational comparison of the bicuspid and
f Biomechanics (2008), doi:10.1016/j.jbiomech.2008.08.006
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a cell’s longest length dimension to its shortest (Huang et al., 2007; Weinberg and

Kaazempur Mofrad, 2007). CAR was recorded versus time for the tricuspid and

bicuspid valve, and the results compared to each other.
3. Results

Multiscale simulations linking cell-, tissue-, and organ-scale
models were run to convergence with no instabilities. Computa-
tion time for the organ scale models was approximately 3 h for
each cycle of opening and closing on a workstation with four Xeon
5160 3.00 GHz processors. Computation time for the cell and
tissue models was a few minutes per cardiac cycle.
Fig. 4. Predicted geometries of TAV and B

Fig. 5. Predicted flow fields in tricuspid (top) an

Please cite this article as: Weinberg, E.J., Kaazempur Mofrad, M.
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For the organ-scale model, deformed configurations of the TAV
and BAV valves are illustrated at different times in Fig. 4 and flow
fields at mid-systole are shown in Fig. 5. Overall dynamics of the
tricuspid and bicuspid valves are similar. Since we defined
the material properties, especially the extensibilities, to be the
same in the leaflets and wall of the two valves, the leaflet strains
and wall displacements had similar magnitudes and temporal
trends. Two main differences were observed between the
tricuspid and bicuspid valves. First, the bicuspid valve did not
open fully, creating a jet in the fluid not seen in the tricuspid valve.
Comparative velocity profiles at the aorta entrance are plotted in
Fig. 6. Second, kinks formed in the bicuspid valve leaflet when
open, whereas the tricuspid valve leaflets opened in smooth
AV at mid-systole and mid-diastole.

d bicuspid (bottom) valves at mid-systole.

R., A multiscale computational comparison of the bicuspid and
of Biomechanics (2008), doi:10.1016/j.jbiomech.2008.08.006
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curves. This effect is reflected in Fig. 7. In that figure, we
have plotted the time-varying leaflet flexures in each valve
measured at two points: where the leaflet attaches to the
wall and where the coaption region begins. At each position,
the bicuspid valve undergoes flexures of significantly greater
magnitude than the tricuspid valve. Deformations were success-
fully mapped from the organ scale, through the tissue scale, to the
cell-scale model.

Deformations at the tissue and cell-scale were recorded in the
region of interest, near the aortic-facing surface of the leaflet, in the
regions of highest organ-scale flexure. At the tissue scale, radial and
circumferential stretches were recorded in the region of interest.
Dynamic stretches for the TAV and BAV in the region of interest are
plotted in Fig. 8. At the cell-scale, cellular aspect ratios were
computed at the inner and outer locations of the region of interest,
as illustrated in Fig. 3. Dynamic CARs for the TAV and BAV at these
locations are plotted in Fig. 9. Both the tissue stretches and CARs in
the region of interest are notably similar between the TAV and BAV
relative to the large differences computed at the organ scale.
Fig. 8. Dynamic stretches in region of interest for TAV and BAV.
4. Discussion

We have created multiscale simulations of the TAV and BAV,
where the only difference between the two simulations is the
number of cusps. At the organ-scale, this geometric variation
causes two major differences in function. Firstly, the leaflets of the
bicuspid valve do not open as smoothly and undergo more flexure
Fig. 7. Dynamic flexures in bicuspid (

Fig. 6. Fluid velocities versus radial position at entrance to aorta in tricuspid and

bicuspid valves. R is radius of aortic orifice, 12 mm.

Please cite this article as: Weinberg, E.J., Kaazempur Mofrad, M.R
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relative to the normal tricuspid valve. Secondly, the bicuspid valve
does not open as widely and the blood passing through the
valve at systole forms a jet. Both differences in organ-scale
behavior agree with experimental observations (Lewin and Otto,
2005; Robicsek et al., 2004a, b).

For both the TAV and BAV, deformations were mapped to tissue
and cell length scales. Compared to the large differences
left) and tricuspid (right) valves.

Fig. 9. Dynamic cell aspect ratios in region of interest for TAV and BAV.

., A multiscale computational comparison of the bicuspid and
f Biomechanics (2008), doi:10.1016/j.jbiomech.2008.08.006
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computed at the organ scale, the differences between the BAV and
TAV computed at the tissue and cell scales were small in the CAS-
relevant region. We observed that the wrinkled structure of the
fibrosa serves to shields the tissue, and the cells within, from
strain. Thus, while greater deformations were seen in the bicuspid
valve at the organ scale, we found that these differences did not
translate down to the tissue or cell levels in the region of interest.

Since valvular interstitial cells (VICs) can only sense the cell-
scale deformations, our model predicts that these cells experience
similar mechanical stimuli in the TAV and BAV regardless of
organ-scale differences. Thus, our results suggest that the
observed difference in calcification between the TAV and BAV is
not due to a difference in mechanical deformation. The difference
in calcification may instead be due to a genetic difference which
both determines the number of leaflets and the calcification risk.
Evidence is mounting for a genetic cause of BAV (Cripe et al.,
2004; Ellison et al., 2007), and that this genetic difference gives
rise to a difference in the matrix constituents throughout the
valve (Fedak et al., 2003). The fact that the BAV is more prone to a
number of tissue diseases, including aortic dilation and aortic
dissection, further suggests that the BAV is accompanied by
dysfunctional tissue structure (Della Corte et al., 2007; Lewin and
Otto, 2005; Otto, 2002). There remains the possibility that this
difference in biochemical tissue structure between the BAV and
TAV causes a difference in mechanical behavior, which then leads
to deformations of the BAV that in turn lead to increased incidence
of CAS. This effect could be investigated using our model if data on
the mechanical properties of BAV were available. Currently they
are not. Unless the BAV fibrosa structure is greatly different from
that of the TAV, we would still expect to observe the strain-
shielding effect on the cellular deformations in the region of
interest that we found in the current study.

In this paper, we analyzed the mechanical differences between
the tricuspid and bicuspid aortic valves over a range of length
scales. We showed that cellular deformations in the region
associated with CAS are not significantly different between the
two valves. This result suggests that the difference in calcification
risk between the two valves is not due to differences in
deformation, and may instead be due to the genetic difference
in matrix components.
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