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Background and aim of the study: The study aim was
to determine the effect of mitral saddle annulus and
leaflet length on peak leaflet stress and transmitral
flow pattern when utilizing a novel bileaflet
bioprosthetic valve.
Methods: A novel valve, which closely mimics the
saddle annulus motion of the mitral valve was
developed. A series of computational analyses and
in-vitro hemodynamic studies was performed to
assess the effect of annulus dynamics and leaflet
length on stress distribution at the leaflet tips as well
as the transmitral flow pattern downstream of the
valve.
Results: The analysis showed that the dynamic
annulus may significantly reduce stress along the tip
of the leaflets compared to the rigid annulus in a
standard trileaflet valve. The leaflet length may also
significantly alter stress distribution over the leaflets

by affecting the annulus dynamics. It was shown in
vitro that the interaction between the leaflet and the
ventricular results in fundamentally distinct
transmitral vortex formation patterns. 
Conclusion: Motion of the mitral saddle annulus
along with the leaflet length is a critical factor that
minimizes stress distribution at the tips of the
leaflets due to a dampening of the pressure load
exerted over the valve during the cardiac cycle. The
length of the leaflets, and their proximity to the
ventricular wall, have been shown to have
significant effects on transmitral vortex formation
and energy dissipation during blood transfer from
the left atrium towards the aorta via left ventricle.
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Mitral valve is a unique valvular structure whose
number of leaflets and saddle shape of the its annulus
make it distinct from the other three valves inside the
heart. Currently, there is no firm evidence why a
bileaflet structure having developed in the mitral
position compared to trileaflet structures in other heart
valves. One hypothesis is based on the potential
advantages of an asymmetric vortex bubble (1-3) and
an elliptical flow profile that forms through a bileaflet
valve, compared to the symmetric, round vortex
bubble that develops through a trileaflet valve (2, 4-6).
The results of previous studies have shown that the
deflecting saddle shape of the valve’s annulus may

also improve the transmitral momentum transfer from
the left atrium towards the aorta, through the left
ventricle (7-9). Nevertheless, there is an overall
agreement that the saddle-shape annulus of the mitral
valve is a critical component of the left heart complex,
the contribution of which in creating efficient valve
closure and robust ventricular filling is unquestioned
(10-14).

The dynamic nature of mitral annulus motion has
been verified previously in humans (15, 16) and in
animal models (11, 12). For example, Carlhäll et al. (10)
showed that the excursion of the mitral annulus
significantly accounted for the total left ventricular
filling and emptying in humans. This situation arises
mainly because the annulus plays a sphincter-like role
when facilitating ventricular filling and valve closure
during diastole and systole, respectively. In addition,
the geometry of the mitral annulus has been shown to
be a significant parameter in the diagnosis of
functional disorders such as mitral valve prolapse,
functional mitral regurgitation (17) and acute ischemic
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mitral regurgitation (18-20). The mitral valve is a major
contributor of the ventricular flow pattern, which is
extremely critical with respect to momentum transfer,
energy dissipation (3, 21) and the pumping efficiency
of the left ventricle (7, 9, 22-26). 

While the unique characteristics of the mitral valve
have been extensively identified and studied during
recent years, none of these has been incorporated into
the development of mitral valve prostheses.
Consequently, a bileaflet mitral bioprosthesis was
developed by the present authors (27) that mimics the
motion of the mitral valve’s saddle annulus. 

The aim of the present study was to examine the
effect of the dynamic saddle annulus on transmitral
flow and stress distribution among the leaflets, by
exploiting the bileaflet bioprosthetic mitral valve.

Materials and methods

Bioprosthesis design
The dynamic motion of the natural mitral valve is

due to the elastic composition of its fibrous annulus
(28). To imitate the motion of the mitral annulus,
superelastic Nitinol wires were used with 8% strain
recovery, shaped into a saddle-shape annulus with two
prongs for attachment and holding the leaflets. The
annulus was sutured to the proximal ends of the
leaflets, which were made from bovine pericardial
tissue. The leaflets and the saddle-shaped annulus

were also sutured to each other by means of two
Nitinol supporting prongs that extended from the
annulus alongside the leaflets (Fig. 1). The supporting
prongs act in similar fashion to the chordae tendineae,
preventing the leaflets from being prolapsed toward
the atrium (Fig. 1). The valve characteristics, such as
annulus height, curvature and the critical prong angle,
were optimized by constraining the Nitinol wire to a
specialized housing unit designed for an adult heart
with an annulus diameter of 25 mm. The dimensions
of the bioprosthetic valve are shown in Figure 1.

Computational Modeling
To computationally model the stress distribution

over the valve leaflets, the solid geometry of the
Nitinol framework and the leaflets were
independently developed (Fig. 1, top) and imported
into a computational analysis software environment.
CATIA (Dassault Systèmes, Lowell, MA, USA),and
ABAQUS (SIMULIA, Warwick, RI, USA) were utilized
for mechanical design and computational analysis,
respectively. The Nitinol construct was modeled based
on the Ogden strain energy function (29), which has
been found to accurately fit to the present
experimental uniaxial tension test for Nitinol wires.
The constitutive model for mitral leaflets was adopted
from May- Newman and Yin (30)

: (1)

where ψ is the strain-energy function, and ci (i = 0, 1, 2)
are the independent material constants that
characterize the deviatoric deformation of the leaflet
material (31). The tissue material model was applied
using the UMAT user subroutine in ABAQUS. The
constitutive model (30) took into account the
dependency of the strain energy function on fiber
direction of the leaflet through the fourth
pseudoinvariant of right Cauchy-Green deformation
tensor (I4). Therefore, the components of stiffness
matrix were dependent on the derivative of the strain
energy and the fiber direction, defining a transversely
isotropic material behavior for the leaflets. 

The leaflets and Nitinol structure were assembled to
ensure the consistency and uniformity of the valve
model. Linear triangular shell elements were used for
the leaflets, linear hexahedral elements for the Nitinol,
and linear quadrilateral elements for the discrete rigid
surfaces, which defined the contact boundary
conditions at the coaptation regions. A static pressure
was imposed as a ramp over the tissue mesh to close
the leaflets.

To compare the stress distribution over the bileaflet
valves with the standard trileaflet valve, a trileaflet
valve with 25 mm diameter and a rigid annulus was
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Figure 1. Bi-leaflet mitral bioprosthetic with saddle shape
annulus. Top: (A) mid-section of the valve showing the

Nitinol core surrounded by pericardial tissue; (B)
Bioprosthetic valve in open configuration from convex side.
The valve dimensions and the angle of motion are shown;
(C) schematic from the top when the valve is fully open;
Middle: bioprosthetic valve with 25mm leaflet length;

Bottom: bioprosthetic valve with 11mm leaflet length. The
leaflets are made of bovine pericardial tissue with an

average thickness of 0.5mm.
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modeled using CATIA with a leaflet length of 12.4 mm.
Similar computational methodology and boundary
conditions (as described earlier) were applied to the
trileaflet valve to obtain the stress distribution over the
leaflets. 

In-vitro hemodynamic study
The experimental set-up utilized in study (32)

comprised a thin-walled ventricle, shaped according to
the systolic state, and made from transparent silicone
rubber. The ventricular sac was suspended over the
Plexiglas atrium free-floating inside a rigid, water-
filled, cubic container made from Plexiglas that was
connected to a hydraulic pump system (Superpump
system; Vivitro Systems Inc., Victoria, BC, Canada).
The pump was controlled by a customized interface
that regulated the motion of the pump’s piston
according to predefined waveforms (32) and which
were automatically adjusted based on the position,
velocity and pressure feedback received by the power
amplifier (SPA3891Z; Vivitro Systems Inc.). The
waveforms induced the desired transmitral suction
and transaortic forward flow in the silicone ventricle
during the cardiac cycle.

Valve placement
The bileaflet mitral prototypes and the control

trileaflet valve (SJM Biocor™; St. Jude Medical, Inc.,
MN, USA) were placed at the mitral position, and a 23
mm Sorin Biomedica Carbocast mechanical heart
valve (CarboMedics, Austin, TX, USA) was placed at
the aortic position. Distilled water was used as the
circulating fluid. 

To reproduce the cardiac cycle, a waveform that
creates a systolic ratio (SR) of 40% was used to imitate
the ventricular flow conditions. The SR is the fraction
of time in a cardiac cycle during which the left
ventricle is in systolic phase (32). The frequency of
cycles was set to different values ranging from 1 Hz to
1.67 Hz (60-100 beats per min) to reproduce an
operational range for cardiac function. Each
experiment was set to run for 10 s (10-16 cardiac cycles)
to ensure the consistency and reproducibility of the
results. The atrial contraction phase was not
reproduced by this waveform.
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Figure 2. (A) vortex formation downstream the valve with 25mm leaflet length. An asymmetric, unstable vortex is formed.
(B) shows the vortex formation downstream the valve with 11mm leaflet length. A symmetric, stable vortex is formed. (C)

Velocity vector field obtained from DPIV at mid-diastole downstream the valve with 25mm leaflet length. Asymmetric
circulatory pattern of transmitral jet can be observed. (D) Velocity vector field obtained from DPIV at mid-diastole

downstream the valve with 11mm leaflet length. Symmetric circulatory pattern of transmitral jet can be observed; (E)
Streamlines of transmitral jet downstream a 25mm Mitral Biocor™ by St. Jude Medical is obtained using DPIV. The leading

symmetrical vortex ring in front of the jet can be observed.
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Measurement methods
The flow characteristic information and the valves’

dynamics were measured using digital particle image
velocimetry (DPIV) and image processing tools.

Flow visualization
DPIV uses two digital images of a particle-seeded

flow illuminated by a thin laser sheet to determine the
displacement field of the particles in the field of view
by cross-correlating pixels in a subsection of two
images. The flow was seeded with neutrally buoyant,
orange fluorescent particles with a diameter in the
range of 60-80 μm (32). A high-speed digital camera
(1030 fps, 1280 ×1024; Y3, IDTVision, Inc.) was used in
the ventricular chamber to capture the image
sequences of the particle field. Pairs of images were
captured from an illuminated sheet of fluorescent
particles generated by a double-pulsed Nd:YLF green
pump laser (Coherent, Inc., Santa Clara, CA, USA).
This system enabled the capture of 1000 velocityframes
per second, which guaranteed an accurate mapping of
the flow downstream of the valve.

Annulus dynamics
The motion of the bileaflet valves’ annulus was

captured during the cardiac cycle through high-speed
imaging (1030 fps; 1280 × 1024). The tip of the saddle’s
movement and the angle of motion of the prongs were
measured based on tracking the objects using the
image-processing toolbox of MATLAB (MathWorks,
Inc.).

Statistical analysis
All statistical analyses were performed using

MATLAB (Mathworks, Inc.). Differences among the
groups were tested for significance using an
unbalanced one-way analysis of variance (ANOVA),
with subgroup analysis by the Scheffé F-test. A p-value
<0.05 was considered to be statistically significant.

Results

Velocity fields of transmitral flow:
Flow fields downstream of each valve were mapped

using DPIV. The velocity vectors overlaid on the
particle field of the bileaflet valves are shown in Figure
2; the schematic of transmitral vortex formation
downstream of the short-leaflet and long-leaflet valves
are shown in Figures 2A and 2B, respectively. The
velocity vector fields at mid-diastole for both valves
are shown in Figures 2C and 2D, respectively. A
symmetric vortex was observed downstream of the
mitral valve with short leaflets, while an asymmetric,
unstable vortex was developed by the mitral valve
with long leaflets, despite the identical cardiac cycles,
pressure drop, afterload and the preload in both cases.
Flow downstream of the standard trileaflet valve at the
mitral position was also mapped using high-speed
DPIV. The streamlines that defined the flow field were
overlaid on the particle field (Fig. 2E); a symmetric
vortex, forming along with the transmitral jet, was
observed during diastole.

Annulus dynamics
Elastic deformation of the saddle-shaped annulus

was captured through high-speed imaging, and
analyzed using image-processing tools. When the
valve was opening during diastole (Fig. 3), the saddle
annulus demonstrated a convex shape at the sides,
while the supporting prongs were curved
appropriately outwards, keeping the leaflets far from
each other and maintaining the utmost orifice size (Fig.
1). When the valve was closed during systole, the
saddle annulus was deflected back to a less convex or
even flat shape, while the supporting prongs became
curved inwards so as to minimize the orifice and
prevent regurgitation. 

The angle of motion (β) for the supporting prongs is
defined in Figure 1B. When the valve was in the fully
relaxed mode (i.e., partially open), the angle β was
+20.20º and +11.25º for the short-leaflet and long leaflet
valves, respectively. During systole, the distal end of
the prongs began to move towards the center of the
valve, and this resulted in smaller values of β. When
the tip of a prong passed the imaginary line at the
intersection of the annulus saddle and the prongs, the
angle β turned negative according to the sign
convention (Fig. 1B). Based on these experiments, the
angle of motion changed in the range of -3 to 35º and -
5 to 11.25º in the short-leaflet and long-leaflet valves,
respectively (Fig. 3). During systole, the saddle tips of
both valves underwent axial displacement, changing
from a convex to a flat shape (Fig. 1B). The maximum
displacements of the saddle tip for the short-leaflet and
long-leaflet valves were 3.85 mm and 3.65 mm,
respectively (Fig. 3).

Figure 3. Annulus dynamics. (A) The angle of motion for
the supporting prongs during a cardiac cycle for both
valves; (B) Displacement at the tip of saddle annulus
during a cardiac cycle; positive direction is toward

increasing the saddle convexity.

Kheradvar_4631_r2_Layout 1  21/03/2012  13:28  Page 228



Mitral annulus, leaflet stress and transmitral flow
A. Kheradvar, A. Falahatpisheh.

229J Heart Valve Dis
Vol. 21. No. 2
March 2012

Leaflet stress distribution
The finite element analyses performed were based

on applying a pressure boundary condition as a ramp
for closure of the leaflets. According to the mesh
sensitivity analysis, the number of elements in each
dimension for each valve model was doubled, with
12,000 and 4,000 elements, respectively, being used to
ensure the mesh independency of the results. The Von
Mises stress data showed a complete resemblance
between both cases. The stress distribution was
slightly different due to the number of elements, which
showed about a 5% discrepancy. 

The stress distributions over the valves are presented
in Figures 4 and 5, and Tables I and II. The Von Mises

stresses that were computed along the tip of the leaflet
and at the leaflet symmetry line are listed in Table I. 

In Figure 4, the range of the stress has been set equal
for all three valves, to facilitate the comparison. The
red areas were considered high stress concentration
zones, which were only present in the trileaflet valve.
In the bileaflet valves, the Von Mises stress
distributions implied that the inplane stress at the
leaflet tips was substantially smaller than in the
remainder of the valve, regardless of the leaflet length,
and in contradistinction to the trileaflet valve with a
rigid annulus (Fig. 4). 

The comparison of stress distribution along the tip
and at the symmetry line of the leaflet among the

Figure 4. Stress distribution over the leaflets at the valve closure: (Top) compares the Von Mises stress distribution over the
leaflets of the studied valves; (Bottom) higher concentration of stress is developed over the saddle-shape annulus compared to

leaflets in bileaflet valves. 

Table I: Von Mises stress distribution.

Long bileaflet Short bileaflet Trileaflet
valve valve valve

Number of stress data points
Along the tip of leaflet 56 48 101
At the symmetry line 27 16 55

Magnitude (Pa)
Along the tip of leaflet 0.0017 ± 0.0016 0.0034 ± 0.0030 0.0642 ± 0.0608
At the symmetry line 0.0218 ± 0.0143 0.0711 ± 0.0882 0.0976 ± 0.0964
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valves is shown as box plots in Figure 5. In Figure 5A,
the stress distribution along the leaflet tip was shown
to be significantly higher (p <0.0001; Table II) in the
trileaflet valve (0.0642 ± 0.0608 Pa) compared to the
other two valves (0.0017 ± 0.0016 Pa and 0.0034 ±
0.0030 Pa, respectively; Table I). The stress distribution
at the symmetry line of the leaflet was also
significantly different among the three valves (Fig. 5B;
Table II). Considering the two bileaflet prototypes, the
leaflet stress - both along the tip (p <0.0001) and at the
symmetry line (p <0.0064) - was smaller in the
longleaflet valve compared to the short-leaflet valve
(Table II; Fig. 5C and D).

Discussion
A novel mitral bioprosthetic valve with a dynamic

saddle-shaped annulus has been developed that

mimics the natural motion of the mitral valve. By
comparing two prototypes of this valve with each
other, and also with a standard trileaflet valve,
investigations were made as to how motion of the
annulus and the valve geometry would affect stress
distribution over the leaflets, and the transmitral flow
pattern. The leaflet lengths selected for the bileaflet
valve - 25 and 11 mm - were two extreme cases based
on data available for the anatomy of the mitral valve.
Klues et al. (33) reported the anterior leaflet length as
19 ± 4.0 mm and 22 ± 5.0 mm in patients with normal
and enlarged actual mitral leaflet areas, respectively,
while Timek et al. (34) showed the length of the
anterior and posterior leaflets in sheep to be in the
range of 21.1 ± 1.6 mm and 11.4 ± 2.7 mm, respectively. 

Transmitral Vortex Formation
Previously, it has been confirmed in several studies

that vorticeal flow structures develop along with the
strong propulsive transmitral jet (1, 5, 6, 22, 35).
However, there is currently no firm agreement on the
shape and rotational direction of the vortex structures
that develop along with the normal transmitral flow.
Recent studies have indicated that in a normal heart,
due to the asymmetry of the leaflets, the transmitral
vortex tends to be more asymmetric (1, 3). Based on
data acquired from current in-vitro studies, changes in
mitral leaflet length can greatly affect transmitral
vortex formation due to an altered flow-wall
interaction. Similar results for vortex dynamics have
been reported under different conditions involving
flow-wall interactions (6, 36). The data obtained in the
present study also showed that the transmitral vortex
formation could be influenced by the saddle annulus
dynamics, and also by the angle of valve opening. 

As shown in Figure 2, a symmetric, donut-shaped
vortex ring was formed along with the transmitral jet
downstream of the mitral valve with a leaflet height of
11 mm. However, increasing the leaflet length to 25
mm resulted in an asymmetric, unstable leading
vortex along with the transmitral jet. It might be
speculated that flow interaction with the ventricular
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Figure 5. Box plots of leaflet stress among the studied
valves. (A) the stress distribution along the tip of leaflet
among all three valves; (B) The stress distribution at the

symmetry line of the leaflet among the three valves; (C) the
stress distribution along the tip of leaflet of bileaflet valves;
(D) the stress distribution at the symmetry line of leaflet of

bileaflet valves.

Table II: Von Mises stress’ statistics

F-Statistics P-value Significance

Stress along the tip of the leaflet (all three valves) 53.25 0.0000 S
Stress at the symmetry line (all three valves) 7.93 0.0006 S
Stress along the tip (short and long bileaflet valves) 12.78 0.0005 S
Stress at the symmetry line (short and long bileaflet valves) 8.23 0.0064 S
Stress along the tip (long and trileaflet valves) 58.95 0.0000 S
Stress at the symmetry line (long and trileaflet valves) 16.42 0.0001 S
Stress along the tip (short and trileaflet valves) 47.79 0.0000 S
Stress at the symmetry line (short and trileaflet valves) 0.97 0.3289 NS

S: Significant; NS: Not significant.
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sac would significantly influence the stability,
dynamics and shape of the leading vortex that
develops along with transmitral jet. The flow-wall
interaction phenomenon exists in vivo, depending on
the distance between the tip of the natural mitral
valve’s leaflet and the ventricular wall. 

For comparative purposes, the flow downstream of a
standard trileaflet porcine valve (SJM Biocor) was also
mapped. In this case, the formed vortex was entirely
symmetric (Fig. 2E), due to the arrangement of the
three leaflets that create a circular orifice when the
valve is open, and the short leaflet length (9-10 mm)
that prevents any interaction with the walls. A similar
observation has also been reported previously for
pericardial trileaflet valves (37). 

In normal hearts, the leading vortex transfers extra
momentum from the left atrium to the left ventricle,
thus contributing to an efficient transport of blood
towards the aorta. The additional sources of
momentum-transfer derive either from the added
mass effect (38), in which the streamlines act as a
boundary that drives the ambient fluid into motion
when the vortex is being formed, or from fluid
entrainment inside the isolated transmitral vortex
bubble (39). Accordingly, some of the residual blood
inside the left ventricle ahead of the transmitral jet is
accelerated forwards while the transmitral jet is being
initiated. At the same time, some ambient fluid must
be brought in behind the vortex ring so as to preserve
the continuity of the flow. The proximity of the leaflet
tip to the ventricular wall will significantly affect the
process of vortex formation (36), and the flow pattern
observed downstream of the bileaflet prototype with
longer leaflets may be closer to reality. 

Mitral Annulus Dynamics
The saddle dynamics during the cardiac cycle is

shown in Figure 3. It was observed that the shortleaflet
valve demonstrated an additional recoil in response to
certain pressure fields when compared to the long-
leaflet valve. The displacement of the saddle annulus
and the prong’s angle of motion were significantly
larger in the short-leaflet prototype.

Stress distribution over the leaflet
The computational results showed that stress

distribution at the leaflet tips during systole were
overall much smaller than the stress generated over
the annulus in the bileaflet prototypes (Fig. 5; Table I).
The stress distribution over the leaflet builds up
gradually as it approaches the annulus, an effect which
is due to the deformability of the annulus in these
valves, as the stress is concentrated over the annulus.
The deflection of the mitral annulus during valve
opening and closure considerably dampens the load

exerted over the valve. As a result, the annulus motion
prevents the leaflet from being exposed to excessive
tensile stress as most of the load is carried by the
annulus itself - as evidenced by the Von Mises stress,
the magnitude of which is greater around the annulus
(Fig. 4). The stress at the leaflet tip and at the line of
leaflet symmetry was higher in the short-leaflet valve
than in the long-leaflet valve (Table II; Fig. 5C and D).
Considering that the short-leaflet prototype undergoes
a higher rate of recoil (as shown in Fig. 3), a higher
level of stress can be anticipated. Consequently, it is to
be expected that an optimal leaflet length per annulus
diameter size may result in a desired annulus dynamic
with minimal stress distribution over the leaflets. 

A comparison between the bileaflet and trileaflet
valves showed that the tip of the trileaflet valve leaflets
with a rigid annulus underwent greater Von Mises
stress (Table I) when subjected to the same boundary
and initial conditions. This is illustrated in Figure 4
(top row), where the red areas that represent high
stress concentration zones are present only in the
trileaflet valve. According to the computational
analyses, the magnitude of stress developed along the
leaflet tips of the trileaflet valve was significantly
higher than that of the bileaflet valves. 

The magnitude of stress at the leaflet’s symmetry
line was not found to differ significantly between the
trileaflet and bileaflet valves with short leaflets (Table
II; Fig. 5B), an observation which highlighted the effect
of leaflet length on leaflet stress distribution. The
trileaflet and short-bileaflet valves possessed leaflets of
about the same length (11 mm and 12.4 mm,
respectively). When the leaflets are very short, an
elastic deformation of the mitral annulus may have a
minimal influence on damping the stress over the
leaflet area. Nevertheless, the dynamic annulus
reduces the stress at the tip of the leaflet, regardless of
leaflet length (Tables I and II; Figs. 4 and 5). 

Study limitations
The primary limitation was that these mitral

bioprostheses have not yet been implanted in a living
heart. Although the mitral leaflet length could be
varied from 11 to 25 mm, based on left ventricular size
(33, 34), the optimal length of the leaflets should be
defined based on data acquired from animal studies.
Shortening the leaflets beyond 11 mm may lead to an
incomplete leaflet coaptation, regurgitation, or even
valve prolapse, whereas lengthening the leaflets
beyond 25 mm may result in interference with the
chordae tendineae and left ventricular outflow tract
obstruction. A further limitation was that distilled
water was employed as the circulating fluid, but the
higher viscosity of blood may affect the transmitral
flow, by increasing the dissipation.
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In conclusion, the results obtained suggest that the
leaflet dimensions and dynamic structure of the mitral
valve annulus are critically important, and may
significantly influence stress distribution over the
leaflets. Clearly, these geometric relationships should
be taken into account when designing and developing
mitral valve bioprostheses, as the achievement of
lower stress values at the leaflet tip would not only
minimize the risk of calcification but also prolong the
operational lifetime of the valve.
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