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Effect of Asymmetry on Hemodynamics in Fluid-Structure
Interaction Model of Congenital Bicuspid Aortic Valves
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Abstract— A bicuspid aortic valve (BAV) is a congenital
cardiac disorder where the valve consists of only two cusps
instead of three in a normal tricuspid valve (TAV). Although
97% of BAVs include asymmetric cusps, little or no prior
studies investigated the blood flow through physiological three-
dimensional BAV and root. This study presents four fully
coupled fluid-structure interaction (FSI) models, including
native TAV, asymmetric BAV with or without a raphe and an
almost symmetric BAV. The FSI simulations are based on
coupled structural and fluid dynamics solvers that allow
accurate modeling of the pressure load on both the root and the
cusps. The partitioned solver has non-conformal meshes and the
flow is modeled employing an Eulerian approach. The cusps
tissue in the structural model is composed of hyperelastic finite
elements with collagen fiber network embedded in the elastin
matrix. The tissues behavior of the aortic sinuses is also
hyperelastic. The coaptation is modeled with master-slave
contact algorithm. A full cardiac cycle is simulated by imposing
the same physiological blood pressure at the upstream and
downstream boundaries, for all the TAV and BAV models. The
latter have significantly smaller opening area compared to the
TAYV. Larger stress values were also found in the cusps of the
BAYV models with fused cusps, both at the systolic and diastolic
phases. The asymmetric geometry cause asymmetric vortices
and much larger wall shear stress on the cusps, which is a
potential cause for early valvular calcification in BAVs.

1. INTRODUCTION

The bicuspid aortic valve (BAV) is a congenital cardiac
disorder where the aortic valve consists of only two cusps
instead of three in a normal valve. Although this disorder
affects 1 to 2% of the population [1], 45 to 49% of the
patients with diagnosed aortic stenosis have a bicuspid valve
[2]. Recent studies suggest that hemodynamics is a potential
cause of the valvular calcification [3]. Surgical pathology
studies demonstrated that 97% of BAVs include asymmetric
cusps, where two cusps are fused into a single cusp with a
central fibrous raphe [1].

Experimental studies on the mechanics of BAV included
in-vitro [4,5] and in-vivo [6] experiments. Most of the
existing computational BAV models did not include the
influence of the flow and were limited to “dry” finite element
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analysis [7,8]. Conti et al. [7] compared asymmetric BAV,
with or without raphe, and tricuspid aortic valve (TAV) and
found that BAV model has higher stresses compared to TAV
and that the existence of a raphe reduced stress in its region
but increased them in the other cusp. Jermihov et al. [8]
modeled five different morphologies, including asymmetric
TAV, symmetric BAV and two types of BAVs that have
fused cusps with or without raphe. They also found that
BAVs have higher stresses than TAVs, but stress distribution
in the raphe region of their model was increased.

Few studies modeled the hemodynamics of BAV.
Richards et al. [9] modeled the flow through bicuspid
mechanical heart valve (BMHYV) by assuming axisymmetric
and fixed geometry, therefore a computational fluid
dynamics (CFD) model was employed. Since the kinematics
and dynamics of the aortic valve are highly dependent on the
combined mechanical properties of the valve and the blood
flow, many of the studies used fluid-structure interaction
(FSI) models. However, most of these studies modeled
BMHVs with rigid valves [10,11]. Two studies investigated
BAYV using FSI analysis. Weinberg and Kaazempur Mofrad
[12] compared multiscale models of BAV and TAV. The
FSI model of the organ scale was simulated with the
commercial LS-Dyna code that can simulate compressible
flow and an explicit solver. They focused on the
hemodynamics, however, their BAV had a rare symmetric
geometry, since the simulation included only one quarter or
one sixth of the region in the BAV and TAV models,
respectively. Chandra et al. [13] investigated the influence of
asymmetry in two-dimensional (2D) FSI models of TAV and
BAVs with different morphologies. The tissues in their
model were assumed isotropic and linear elastic and the
model included only the systolic phase. In their
hemodynamic analysis, they found larger vortices and
abnormal wall-shear stress on BAV cusps.

Although hemodynamics may be the cause for the
common BAV calcification, none of the previous studies
investigated the influence of the asymmetric BAV
configuration on hemodynamics. The aim of the present
study is to examine this effect using a full FSI models for
several morphologies of BAV and TAV with realistic and
physiologic blood pressure and tissues properties.

II. METHODS

A three-dimensional (3D) geometry of a TAV and root
was reconstructed using dimensions and geometric
relationships similar to those suggested by Thubrikar [2].
Figure 1 illustrates a proposed valve geometry with
dimensions that are scaled with respect to the annulus
diameter (das). The geometry of BAV no.l was calculated
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by fusing two cusps from the TAV geometry, and was used
in two models with and without raphe. The geometry of
BAV no. 2 was constructed in similar manner to the TAV
geometry, but with two asymmetric cusps and sinuses (195°-
165°) instead of three symmetric cusps (120° each). Figure 2
compares these four initial geometries. The cusps and the
root were assumed to have separate but connected
geometries; the cusps moved with the root at their joint
boundaries. Two straight rigid tubes were added upstream
and downstream, respectively, to move the flow boundary
conditions away from the regions of interest.

The structural solver employed an implicit nonlinear
dynamic analysis with an implicit direct displacement-based
finite element method. The Collagen Fiber Network (CFN)
material model [14] was employed for the cusps tissues. The
CFN model explicitly recognizes the collagen fibers (marked
in Fig. 2) and elastin matrix using different layers of
elements. The hyperelastic behavior of the two materials and
the radii of the fibers in various regions of the cusp were
calibrated to published experimental stress-strain curves
from porcine aortic valve [15]. Two models with geometry
of BAV no. 1 were considered one without raphe and the
other includes raphe (marked in yellow in Fig. 2). The raphe
was assumed to have stiffer material relative to the
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root Rigid tube
Left (4cm)

ventricle

Aorta

Parameter Dimension
Aortic annulus diameter (dy,) 24mm
Sinotubular junction diameter (dsr;)  0.9d
Maximum radius of the sinus .620d0
Sinus height (hg) 0.94dps
Valve height (h,) 0.42d,

Figure 1. A schematic view of the tricuspid valve model showing the

compliant region and the added rigid tubes.

TAV

BAV no.1 without raphe

BAV no. 2 BAV no.1 with raphe

Figure 2. Four types of initial geometries of tricuspid (TAV) and
bicuspid (BAV) aortic valves.

surrounding tissue [8]. The tissue of the aortic root was
assumed to be isotropic and hyperelastic based on available
experimental data of porcine aortic sinuses [16]. A master-
slave contact algorithm was employed between the cusps.
The mesh of the structural parts in the TAV and BAV no. 1
models have more than 14,000 elements, which was found to
be adequate following a mesh refinement study [17]. The
structural part of BAV no. 2 was meshed in the same
method.

The flow was assumed to be laminar and the blood to be
Newtonian and isothermal at temperature of 37°C. To
improve the convergence of the FSI model the blood was
assumed to be slightly compressible [17]. A finite volume
method was employed for solving the unsteady 3D Navier-
Stokes and mass conservation equations using the Eulerian
approach with a Cartesian mesh. Physiologic time dependent
pressures were employed at the upstream and downstream
boundaries, representing the pressures at the left ventricle
and the ascending aorta, respectively, as shown in Figure 3.
The flow domain was discretized with a mesh of
approximately 700,000 elements following a mesh
refinement study [17]. The mesh was dynamically adapted in
the vicinity of the walls, including near the moving cusps and
the compliant root. The implicit flow solver used a spatially
second order upwind scheme as well as a second order
temporal discretization.

The FSI models were solved by a partitioned solver with
non-conformal meshes, which facilitated large structural
motion through the fluid domain and simplified the
introduction of contact. The sequential two-way coupling
process exchanged the structure displacement and velocities,
and the calculated traction load (including the fluid pressure
and shear) between the solvers. The structural problem was
solved by Abaqus 6.10 (Simulia Corp., Providence, RI,
USA) finite element software, while FlowVision HPC 3.08
(Capvidia NV, Leuven, Belgium) was the flow solver.
FlowVision Multi-Physics manager (Capvidia NV, Leuven,
Belgium) managed the coupling of the two codes.

III. RESULTS

Since this study focuses on the hemodynamics, the four
models are compared in the peak systole. For this use, the
peak systole is defined as the time when the valve reaches its
maximum opening. In the current models, the peak systole
was at 80ms and 96ms after the beginning of the opening for
the BAV and TAV models, respectively. A possible

110 —LV —— Aorta

P [mmHg]
o
o

-10 0 0.2 0.4 0.6 0.8
t[s]

Figure 3. The aortic and left ventricle pressure as a function of time.
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explanation is that the TAV has larger opening area and
extra time is needed to reach it. The peak systole position is
shown in Figure 4 with a plot of the maximum principal
stress distribution on the deformed structure. The largest
stress is found for the models with BAV no. 1 geometry.
Larger stress can be found in the raphe region relative to the

BAV no.1 without raphe
Max.
principal
stress —T-
KPa
[KPa] A
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75 BAV no. 2 BAV no.1 with raphe
50
25
0
Figure 4. Maximum principal stress distribution on the four types of

aortic valves during peak systole.
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same region in BAV no. 1 without a raphe, but the difference
is not significant. This result is rather different from
published in-plane principal stress during peak systole,
where much larger stress was found in the raphe region [§].
In general, the largest stress in the cusps is always found in
the collagen fibers. Although BAV no. 2 has the smallest
stress distribution in the cusps, it is not very efficient because
of the very small opening. Those findings are in agreement
with published results [8].

Figure 5 presents flow velocity vectors on A-A section
(Fig. 4) and the instantaneous streamlines (that are calculated
from the instantaneous velocity) at peak systole for the four
models. It should be emphasized that although the A-A
section is the symmetry plane of all the models, the cusps
look asymmetric (Fig. 5) unlike the typical echocardiography
view. It is also worth noticing that the flow is 3D and the
vortical structure is the same. It can be clearly seen that the
asymmetric flow in the BAVs cause large vortices, and the
blood reach the aorta at lower velocity than in the TAV
model (right boundary of the domain). Similar findings have
been reported from in-vitro experiments [5] and from 2D
models of asymmetric BAVs [13]. The addition of the raphe
causes no noticeable difference. The TAV model has the
lowest velocity magnitude near the tissues of the valve and
there are no vortices inside the sinuses or near the cusps in
this phase of the cardiac cycle. On the other hand, there are

Figure 5. Velocity vectors on A-A section (Fig. 4) and streamlines during peak systole for the four types of aortic valves.
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vortices in the sinuses of all the BAV models. The velocity
magnitude of these vortices is quite large even near the
cusps, especially for the fused cusp in BAV no. 1 models. In
all the three BAV models, larger vortices are found in the
sinus of the larger cusp.

Figure 6 presents the flow shear stress on the cusps of the
four models. For clarity, the root is not shown in Fig. 6
although it was included in all the models. The asymmetric
vortices are probably the cause for the larger shear stress that
found on the cusps of the BAVs. The TAV model has the
lowest shear stress on both sides of the cusps and specifically
on the inner side of the coapting regions, because of the
lower velocity in this region. The entire aortic side of the
fused cusp in BAV no.l has relatively large shear stress,
compared to the TAV model or the smaller cusp in the same
model. The belly region of the fused cusp has also larger
shear stress relative to the BAV no. 2 with smoother
geometry of its cusps. Both sides of the coapting regions in
BAV no. 2 have relatively large shear stress. Even though
BAYV no. 2 is asymmetric, similar shear stress distribution is
found on both cusps.

TAV BAV no.1 without raphe

Flow
shear
stress

[Pa]

15 BAV no. 2 BAV no.1 with raphe

Figure 6. Blood flow shear stress distribution on the four types of
aortic valves during peak systole.

IV. CONCLUSIONS

Three-dimensional FSI models of TAV and BAVs with
compliant root, physiological blood pressure and realistic
anisotropic hyperelastic material behavior have been
developed. This study focuses on the systolic phase of the
cardiac cycle since it investigates mainly the hemodynamics.
The results show that in peak systole the stress in the cusps
and the flow shear stress on the cusps of BAV with fused
cusps are significantly larger than in the TAV model. The
combination of large velocity magnitude and asymmetric
vortices lead to high flow shear stress magnitudes in the
cusps of the BAVs. This is of particular importance since
congenital BAV with fused cusps is one of the most common
cardiac disorders, with many of its patients also suffering
from valvular calcification.
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