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Abstract—Bioprosthetic aortic valves (BAVs) are becoming
the prostheses of choice in heart valve replacement. The
objective of this paper is to assess the effects of leaflet
geometry on the mechanics and hemodynamics of BAVs in
a fluid structure interaction model. The curvature and angle
of leaflets were varied in 10 case studies whereby the
following design parameters were altered: a circular arch, a
line, and a parabola for the radial curvature, and a circular
arch, a spline, and a parabola for the circumferential
curvature. Six different leaflet angles (representative of the
inclination of the leaflets toward the surrounding aortic
wall) were analyzed. The 3-dimensional geometry of the
models were created using SolidWorks, Pointwise was used
for meshing, and Comsol Multiphysics was used for implicit
finite element calculations. Realistic loading was enforced by
considering the time-dependent strongly-coupled interaction
between blood flow and leaflets. Higher mean pressure
gradients as well as von Mises stresses were obtained with a
parabolic or circular curvature for radial curvature or a
parabolic or spline curvature for the circumferential curva-
ture. A smaller leaflet angle was associated with a lower
pressure gradient, and, a lower von Mises stress. The leaflet
curvature and angle noticeably affected the speed of valve
opening, and closing. When a parabola was used for
circumferential or radial curvature, leaflets displacements
were asymmetric, and they opened and closed more slowly.
A circular circumferential leaflet curvature, a linear leaflet
radial curvature, and leaflet inclination toward the sur-
rounding aortic wall were associated with superior BAVs
mechanics.
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INTRODUCTION

Bioprosthetic heart valves (BHVs) are increasingly
the prosthesis of choice in valve replacement proce-
dures.”” Both prosthesis and patient related factors
determine the choice of prostheses. Two types of
prosthetic valves are currently available, namely
mechanical valves and bioprosthetic valves. Unlike
mechanical valves, bioprosthetic valves do not require
lifelong anticoagulation and are inherently prone to
early deterioration.*

While recent evidence show superior freedom from
hemorrhagic and thromboembolic complications in
BHVs up to 15 years,*® freedom from reoperation was
significantly lower in patients with bioprosthetic valves
in comparison to mechanical valves. Consequently, the
use of BHVs in the younger patient population con-
tinues to be a topic of discussion and has more recently
been complicated by the introduction of valve in valve
percutaneous procedures which would avoid reopera-
tion in bioprosthetic valve replacement.

Bioprosthetic valves themselves vary in design
characteristics with variable freedoms from reopera-
tion reported depending on the type of prosthesis.*?
Calcific and structural valve deterioration are the ma-
jor indications for BHV replacement.’ The stress
experienced by BHV leaflets has been shown to initiate
both calcific deterioration and structural failure of
BHVs.>*3° Moreover, transvalvular gradients have
been shown to vary with comparable valves of differ-
ent types.® Valve design as such is determinant in both
durability and post-operative left ventricular function.
As the indication for bioprosthetic valves increases
despite the risk of reoperation, an understanding of the
mechanics and hemodynamics of BHVs is essential to a
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critical choice amongst available prosthetic valve de-
signs and in understanding postoperative outcomes.

The mechanics of BAVs include stress distribution,
leaflet displacement and transvalvular pressure gradi-
ents which are affected by several factors. Importantly,
the material properties of leaflets and supporting frame,
leaflet angle (inclination of the leaflets towards the
surrounding aortic wall), the height of the valve and the
area of coaptation are major factors in valve mechanics
and hemodynamics. There have been structural and
computational fluid dynamics simulations on the effects
of leaflet shape and valve design*® in the optimization
of bioprosthetic valves.'”!> However, these studies ei-
ther considered a closed valve or were limited in that
they did not consider fluid structure interaction which
would be more representative of dynamic cardiac
function. Additionally, the hemodynamic conse-
quences of leaflet geometry on pressure gradients could
not be studied in purely structural models.

The clinical outcome of bioprosthetic valve
replacement has been well documented.** To date there
has been no report explaining the role of the design
parameters during the ejection phase of the left ven-
tricle. During the ejection phase, the loads on the
leaflets are a consequence of blood flow and leaflet
interaction, and as such, it is a solution dependent
factor, and not a constant load as applied in a struc-
tural analysis. While it is generally accepted that valve
size is related to hemodynamics and mechanics, this
study investigated the effects of valve design on
hemodynamics and mechanics, namely leaflet angle
and curvature on transvalvular gradients and leaflet
stresses in dynamic fluid structure interaction models.

METHODS

Geometry

To illustrate the alteration in leaflet angle, the
geometry of a typical leaflet is shown in Fig. 1. For the
purpose of this study, there are five geometrical
parameters that comprise the leaflet. The first param-
eter is the valve diameter. We assumed the diameter of
the valve to be fixed at 19 mm since valve diameter is
specified by the annulus size of the patient and is not as
such a design parameter. The second parameter is the
height of the leaflets (H;) comprising the valve. Leaflet
heights were assumed fixed at 11 mm. It should be
noted that the leaflet height (H;) and the angle of the
fixed edge in respect to the vertical axis (0,) are
mutually exclusive. The reason is that as shown in
Fig. Ic, once the diameter of the valve is known, the
length of the line AA’ will be fixed, and for a defined
leaflet height, consequently the angle of the fixed edge
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will be fixed (Fig. 1b). The third parameter is the leaflet
angle in respect to the vertical axis as shown in Fig. 1b
(0>). This angle and the leaflet tip height (H,) are also
mutually exclusive. To assess the effects of leaflet angle
(0,), seven cases were considered with different leaflet
angles. The fourth parameter is the curvature of the
fixed edge. Three cases with different fixed edge cur-
vatures were considered (1 d). The fifth parameter is
the radial curvature. To assess the effects of the radial
curvature, three curves were used in the radial direc-
tion (1 day). The loft command in Solid Work was
used to make the surfaces of the leaflets utilizing the
fixed edge, the free edge of the leaflets, and the radial
curvature which was used as the guide curve. Table 1
summarizes the specifications of the 10 Cases.

Computational Modeling

Comsol Multiphysics (version 5.1, Comsol Ltd.,
London, UK) was used for the calculations. Comsol
uses an implicit finite element package with faster
solutions compared to explicit packages. The meshes in
all cases were created in Pointwise (Pointwise V17.3,
Pointwise Inc). Pointwise is a mesh generation soft-
ware package that imports the geometry of a model
and discretizes the imported geometry into computa-
tional elements (Pointwise V17.3 manual). After the
meshes were created, they were exported to Comsol for
finite element calculations. A two-way time-dependent
three-dimensional strongly-coupled Arbitrary La-
grangian—Eulerian method fluid structure interaction
analysis was conducted. The leaflets made the solid
domain whereas blood was the fluid domain. In all
cases, we assumed the inlet and outlet geometries as
straight cylinders (surrounding aortic wall). Leaflets
were assumed as isotropic linear elastic materials with
Young’s modulus and Poisson’s ratio of 10 MPa and
0.4, respectively.*>* Blood was assumed as a Newto-
nian incompressible fluid with the dynamics viscosity
and density equal to 0.003 Pa.s and 1000 kg/m?,
respectively. The leaflets fixation at the connection to
aortic wall was the solid domain boundary conditions.
The inlet boundary condition was a physiologically-
relevant velocity wave (Fig.2) based on recorded
normal aortic flows in the literature,* and the outlet
boundary condition was a zero pressure.

RESULTS

The pressure gradient (Fig. 3) was altered by the
leaflet curvature and angle. The time of maximum
leaflet displacement was not noticeably affected by the
leaflet curvature and angle; however, the speed of
leaflet displacement was dependent on these parame-
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FIGURE 1. Geometrical specifications of the models: (a) 3-dimensional geometry of one leaflet and three leaflets; (b) the spec-
ifications of a leaflet: 0, is the leaflet angle; (c) the distance between the commissures which is mutually exclusive with the valve
diameter; (d) the two curves that represent the radial (left) and circumferential (right) curvatures.

TABLE 1. The specifications of the 10 Cases investigated in this study. Each parameter is described in Fig. 1.

Case number Leaflet angle (degree)

Radial curvature Circumferential curvature

54.4
54.4
54.4

45.0
47.85
50.97
58.14
0 62.22

= OO NOOh~WN-—=

Linear Parabola
Linear Spline
Linear Circular
Parabola Circular
Circular Circular
Linear Circular
Linear Circular
Linear Circular
Linear Circular
Linear Circular

ters (Figs. 4, 5). The slowest cases happened when the
circumferential curvature was parabolic (Case 1-
Fig. 4) and the radial curvature was parabolic (Case 4-
Fig. 4). As well, the leaflets experienced asymmetric
deflections in these cases (Fig. 7), although the geom-
etry, loads and boundary conditions were symmetrical
for all leaflets.

The value of von Mises, first principal and third
principal stresses were dependent on the leaflet angle

and curvature (Fig. 6). However, the patterns of these
parameters were independent of leaflet angle and cur-
vatures (Figs. 7, 8 and 9). When the valve was fully-
opened, the peak von Mises stress occurred at the
vicinity of the nodulus of Aranatii, the belly and the
basal attachment (Fig. 7). The peak first principal
stress (Fig. 8) occurred around nodulus of Aranatii
(aortic side), and the belly and basal attachment
regions (ventricle side). The largest values of com-
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FIGURE 2. The inlet velocity boundary condition is shown in
this figure. The outlet boundary condition was a zero pres-
sure.
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FIGURE 3. The mean and maximum values of pressure gra-
dient are shown for the case studies. When a parabola was
used for the circumferential (Case 1) or radial curvature
(Cases 4), the pressure gradients were the highest. Cases 1-3
show the effects of the circumferential curvature. Cases 3, 4
and 5 show the effects of radial curvature. Cases 3, 6-10 show
the effects of leaflet angle on pressure gradient. A circular
circumferential curvature, a linear radial curvature, and a
leaflet inclined toward the wall showed superior pressure
gradients.

pressive stress (the third principal stress) occurred al-
most at the same locations where the first principal
stress happened but occurred in an opposite fashion:
within the leaflets, where the aortic side experienced
highest tensile stresses, the ventricular surface experi-
enced the highest compressive stresses, and vice versa
(Figs. 8 Casel A vs. 9 Case 1 V). The values of reac-
tion forces were dependent on leaflet angle and cur-
vature (Fig. 10). The reaction forces increased when a
parabola or spline was used for the circumferential
curvature (Cases 1 & 2) or a circular or parabolic
curvature was used for the radial curvature (Cases 4 &
5). Moreover, when the leaflet angle increased, the
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FIGURE 4. Displacement of the tip of one leaflet in the radial
direction. Cases 1-3 show the effects of the circumferential
curvature, cases 3, 4 and 5 show the effects of radial curva-
ture, and cases 3, 6-10 show the effects of leaflet angle. The
leaflets opened more slowly in Cases 1, 2, 4 and 5 where the
curvatures were not linear (radial) or circular (circumferential).
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FIGURE 5. The mean and maximum of the displacement of a
leaflet tip in the radial direction. Cases 1-3 show the effects of
the circumferential curvature, cases 3, 4 and 5 show the ef-
fects of radial curvature, and cases 3, 6—10 show the effects of
leaflet angle.

reaction forces also increased as can be seen in a
comparison of cases 3, 6, 7, 8, 9 and 10.

DISCUSSION

The effect of leaflet design on dynamic mechanics of
BAVs was studied using fluid structure interaction
models. According to the best of our knowledge this is
the first study that, considering the complex interaction
between fluid and structure, systematically examines
the mechanics of BAVs for different leaflet angles and
curvatures. We assumed a relatively small valve
diameter (19 mm), as hemodynamics of valves with a
smaller diameter is inferior compared to valves with
larger diameters.'” Moreover, the higher gradients
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FIGURE 6. von Mises, first principal and third principal
stresses when the valve was fully-opened (Time = 0.19 s-
peak inlet flow). *The value of third principal stress was mul-
tiplied by -1. Cases 1-3 show the effects of the circumferential
curvature, cases 3, 4 and 5 show the effects of radial curva-
ture, and cases 3, 6-10 show the effects of leaflet angle. Note
that in Cases 8-9, unlike the first and third principal stresses,
von Mises stress increased monotonically.

associated with the 19 mm valve is of major concern
and often result in aortic root enlargement to prevent
patient prosthesis mismatch.

The results confirm previous numerical and experi-
mental reports. A computational structural study
reported high compressive stresses in the vicinity of the
fixed edge, in an open valve,”' which corresponds to
peak third principal stresses around the fixed edge in
our computations (compare Fig. 9 Cases 1-10A with
Fig. 4b in Ref. 21). Examining explanted failed valves
(due to structural deterioration) and valves tested
in vitro by an accelerated set up, Sacks and Schoen
reported that the integrity of leaflet material deterio-
rates most frequently within a region that extends from
the nodulus of Aranatii to the basal attachments
(Fig. 5 in Ref. 33). The leaflets experienced highest
values of cyclic von Mises, tensile and compressive
stresses in the vicinity of nodulus of Aranatii, in the
belly, and in basal attachment regions, as our simula-
tions showed (Figs. 8, 9 and 10). Since the locations of
high cyclic stresses correspond to the locations of tissue
degradation reported by, Ref. 33 the mechanism of
buckling failure (which is caused by cyclic tensile and
compressive loading*') is confirmed by our results. The
calculated pressure gradients (Fig. 3) were within the
range of pressure gradients reported in the literature
for 19 mm prosthetic valves.’

A lower pressure gradient was not associated with
all measures of stress, in all cases. The von Mises stress
is a criterion to characterize yielding caused by shear
stresses.'” The lowest von Mises stress happened
in Case 6 which also experienced the lowest pres-
sure gradient. As well, the highest von Mises stress
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FIGURE 7. The distribution of von Mises stress (MPa). The
pattern of von Mises stress was similar for the all cases. The
three leaflets showed similar patterns of the von Mises stress
except for Cases 1 and 4 where the leaflets deformations were
not symmetrical. This view is from the aortic side.
Time = 0.19 s (peak inlet flow).

happened in Case 4 which also experienced the highest
pressure gradient. However, the lowest and the highest
first and third principal stresses did not occur in Cases
6 and 4. Therefore, the pressure gradient and stresses
do not have a straightforward relation. A computa-
tional study is necessary to examine the changes in
stresses when the design parameters of a BAV change.
Selection of appropriate failure criteria has a deter-
minant role for assessment of BHVs.

Examination of the pressure gradient and stresses
for valves with the same curvatures and only with
different leaflet angles shows that when the leaflets are
more inclined toward the surrounding aortic wall,
pressure gradient decreases and so does the von Mises
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<«4FIGURE 8. The distribution of the first principal stress (MPa).
The pattern of first principal stress was similar for the all
cases. The three leaflets showed similar patterns of the first
principal stress except for Cases 1 and 4 where the leaflets
deformations were not symmetrical. V stands for ventricle
view, and A stands for aortic view. Time = 0.19 s (peak inlet
flow).

stress (Figs. 3, 6, Cases 3, 6—10). An explanation for
this result can be found by examining the leaflet dis-
placements and reaction forces (Figs. 5, 10). When the
leaflets are inclined toward the surrounding aortic wall,
they encounter a lower resistance during opening,
which is represented in lower reaction forces (Fig. 10,
Cases 6-10).

The curvature of the attachment (circumferential
curvature) had a profound role in valve mechanics
(Fig. 6). When the radial curvature was not linear, or
when the circumferential curvature was not circular,
high stresses happened (Cases 1, 2, 4 and 5 vs Cases 3,
6-9). When the nonlinear radial curvature was used
(Cases 4 & 5), the stresses were higher compare to
other cases. Note that in Case 10 leaflets highly devi-
ated from the surrounding aortic wall, which might
explain why in Case 10 stresses were comparable to
Cases 4 & 5.

Effects of leaflet curvature on leaflets dynamics were
apparent in Cases 1 & 4 in which slow opening and
closing were seen (Fig. 4). The native aortic valve
closes and opens so fast that the time interval between
the fully-opened and the fully-closed configurations is
much shorter in comparison to the duration of the
fully-opened and fully-closed configurations.*® Cases 3,
6—10 showed a similar pattern in leaflet opening and
closing, but leaflet dynamics in cases 1, 2, 4 and 5 was
not similar to native valve. The slowest opening and
closing happened when a parabola was used for either
the circumferential (Case 1) or radial curvature (Case
4) (Fig. 4). Interestingly, when a spline was used for
the circumferential curvature (Case 2), the leaflet
opening was the highest. Yet, Case 2 showed neither
low pressure gradient nor low stresses compared to
some other cases with circular circumferential curva-
ture. The relation between leaflets opening, pressure
gradient and stresses is not straightforward. A design
with larger opening might have higher pressure gradi-
ent and/or stresses. A design with linear radial and/or
circular circumferential curvature will better emulate
the native valve.

As well, the curvature of the leaflets caused asym-
metry in leaflets displacement in some of the cases

(more apparent in Cases 1 & 4 in Fig. 7). The effects of

circumferential and radial curvature on the asymmetry
in leaflets displacements could be attenuated or
amplified by other parameters such as leaflet angle.
The explanation for asymmetry in leaflets displacement

might be as follows: when the leaflets open fast en-
ough, the blood flow does not generate asymmetric
vortexes, and it flows in the axial direction. When the
leaflets do not open fast enough (as can be seen in
Fig. 4, Cases 1 & 4), the blood generates asymmetric
vortexes. The leaflets deform in an asymmetric way as
a result of the asymmetric vortexes. In other words, the
speed of leaflet opening has a key role in blood flow
pattern and the leaflets dynamics. In Cases 1 & 4, the
resistance against leaflet displacement is so high
(Fig. 10) that the leaflets open slowly (Fig. 4), and as a
result of flow and structure interaction, the flow pat-
tern causes asymmetric leaflets displacement. This re-
sult also clarifies why a merely structural analysis is
incapable of reproducing some crucial aspects of valve
dynamics.

Mercer et al. measured the dimensions of the native
aortic valve leaflets, and concluded that the basal
attachment can be considered as a parabola.”® Their
report implies that a parabolic basal attachment is an
optimal shape for the leaflets. However, their conclu-
sion is not in agreement with our results, as our sim-
ulations showed that a circular basal attachment is
superior compared to a parabolic shape. An explana-
tion to this discrepancy could be as follows: when the
native valve is closed the basal attachment could have
a parabolic shape; however, the basal attachment
shape becomes an arc (circular shape) when the valve is
fully-opened. Experimental measurement of the basal
attachment dimensions when the valve is fully-opened
is necessary to justify our explanation.

This study is the first report on examining effects of
leaflet angle and curvature on the dynamics of BAVs
with fluid structure interaction. We used a strongly-
coupled Arbitrary Lagrangian—Eulerian method fluid
structure interaction analysis which has been validated
in the literature."'*** Fluid-structure interaction
analysis is complicated'® because of factors such as the
3-dimensional complex leaflets geometry, transient
fluid and structural parameters, and interaction of
blood flow and leaflets motion.>>>® There are many
studies on dynamic structural modeling of BAV but
only the leaflets were modeled not the interaction
between leaflets and blood flow.'"1%* These studies
failed to consider realistic loads and boundary condi-
tions applied on the leaflets by blood flow. Axisym-
metric and two dimensional fluid structure interaction
models have been used to analyze mechanical as well as
bioprosthetic heart valves.>***!'*> These models,
however, fail to consider the asymmetry of the blood
flow. Nicosta et al. developed a 3-dimensional fluid
structure interaction model of heart valves using ex-
plicit computations,” which might require more
computational cost in terms of time and convergence
of the solution. In a study that aims to compare several
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FIGURE 9. The distribution of the third principal stress (MPa). The pattern of third principal stress was similar for the all cases.
The three leaflets showed similar patterns of the third principal stress except for Cases 1 and 4 where the leaflets deformations
were not symmetrical. V stands for ventricle view, and A stands for aortic view. Time = 0.19 s (peak inlet flow).
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FIGURE 10. The total reaction force (N) for the three leaflets
at the junction of the leaflets and the annulus, in the direction
parallel to the flow (vertical to the plane in Fig. 1c). As shown,
the reaction force was affected by the leaflet curvature and
angle. The peaks in the reaction forces were sharper when the
leaflets had a nonlinear radial curvature or a non-circular
circumferential curvature (Cases 1, 2, 4 and 5).

case studies, computational efficiency becomes partic-
ularly important.

One of the limitations of this study was that it did
not consider coaptation between leaflets. As a result of
coaptation, the contacts between leaflets play an
important role in the dynamics of the leaflets. The
motions of a leaflet could encounter a resistive force
applied by adjacent leaflets, which is caused by the
contacts between leaflets. Modeling the load-bearing
portions of the leaflets, this study still provides
important insights regarding the effects of leaflet angle
and curvature on the BAV dynamics. We are working
on including coaptation in our modeling methodology.

Leaflets were assumed as linear elastic materi-
als.'*?%* This assumption can affect the stress distri-
bution in the leaflets which have orthotropic material
behavior with nonlinear constitutive equations. How-
ever, this assumption could be justified for the goals of
this project. Our primary goal was to provide a com-
putational platform to examine the effects of geomet-
rical parameters on pressure gradient of BAVs. Using
the same material is rationalized as long as the effects
of geometrical parameters are the goal of study.**

The sinus of Valsalva was not considered in this
study. Based on our goal, the surrounding aortic
geometry was assumed to be a cylinder, which had the
same role in valve mechanics for all case studies. Using
a cylinder was preferred due to computational effi-
ciency. Assuming the surrounding geometry as a
cylinder has also been implemented in the literature.'®
It should be noted that the modeling framework pre-
sented in this paper is capable of considering the sinus
of Valsalva.

We assumed the inlet and outlet cylinders to be rigid,
which means the pulse propagated within them instan-
taneously. Our goal was to study the roles of valve
parameters in valve mechanics. Since the same inlet and
outlet cylinders were used for all cases, these cylinders
were assumed to be rigid for computational efficiency.
This assumption, which also has been used in the liter-
ature,®'%% is justified based on the goal of this study.

Since we aimed to study the pressure gradient (not
the exact values of pressures), the outlet boundary
condition was set to a zero pressure, based on the lit-
erature.”'%?**> This zero pressure outlet boundary
condition was associated with better computational
efficiency. The reason is that a realistic outlet pressure
would require a high inlet pressure to achieve the same
blood flow. Consequently, excessive element distor-
tions would happen, due to too high stresses within the
leaflets. Lacking a realistic outlet boundary condition
does not affect the goal of this study which was
studying effects of geometrical parameters on the
mechanics of aortic valves because the same boundary
conditions were used for all case studies. The values of
stresses within the leaflets would be higher if realistic
outlet boundary conditions were used.

Blood was assumed as a Newtonian fluid because in
large arteries blood has a Newtonian behavior.”-** As
well, this assumption has been used in the literature for
modeling blood flow through heart valves.?>%!3

This study investigated the effects of leaflet curvatures
and angle on the mechanics of BAVs. Transvalvular
pressure gradient and leaflet stresses were analyzed for
different curvatures and leaflet angles. A circular cir-
cumferential curvature, a linear radial curvature and
more leaflet inclination toward the surrounding aortic
wall provided superior valve mechanics. Results could
lead to better understanding of the mechanics, the fail-
ure mechanisms, and better designs of BAVs.
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