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Abstract—We analyzed intraventricular blood flow numerically
to study the influence of the mode of mitral valve opening on
the flow field in the left ventricle. Four different types of opening
mode were examined: gradually axisymmetric, gradually antero-
posterior (anatomical), gradually bilateral (anti-anatomical), or
instantaneous opening and closing. In these models, the shape
of the valve orifice was the same when the mitral valve was
opened fully. The results demonstrated that the framework of
the velocity profile of transmitral flow was built during the phase
of mitral valve opening, which was characterized by the mode
of valve opening. After the mitral valve opened completely, the
transmitral velocity profile developed while maintaining its topo-
logical features. Consequently, each mode of mitral valve open-
ing had its own pattern of intraventricular flow, although mitral
valve opening accounted for less than 4% of a cardiac cycle.
Particle tracking in the resulting flow field revealed that ven-
tricular ejection was more efficient in the anteroposterior and
axisymmetric opening modes. These results addressed the impor-
tance of the mode of mitral valve opening in intraventricular flow
dynamics.

Keywords—Blood flow, Mitral valve orifice, Left ventricle, CFD,
Opening mode.

INTRODUCTION

The mitral valve is a bicuspid valve located between the
left ventricle and left atrium. It regulates blood flow be-
tween these two chambers. During systole, it closes tightly
to prevent blood from flowing backward into the atrium, and
once the left ventricle expands, it opens at the commissure
of the leaflets, allowing blood to flow into the ventricular
cavity. When one or both valve leaflets are damaged, the
mitral valve is unable to seal tightly. In addition, if the mitral
valve calcifies, mitral stenosis and regurgitation can occur.
The gravest consequence of this is progressive, irreversible
ventricular dysfunction, which ultimately leads to enlarge-
ment of the left ventricle (dilated cardiomyopathy).'?

Severe mitral valve dysfunction requires surgical treat-
ment.! If the valve is too damaged to permit repair, it must
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be replaced with an artificial valve. A wide variety of the
artificial valves have been devised.! The performance of
these valves is evaluated in engineering terms, i.e., the noise
level,”® energy loss,®3* and regurgitation,'” as well as bi-
ologically, i.e., hemolysis and the thrombogenicity of the
valve itself.”-23 These factors are linked mainly to the fluid
dynamics near the valve. In contrast, relatively few stud-
ies have examined the hemodynamics downstream from
the valve, despite the fact that if stagnation occurs in the
ventricular cavity, the risk of thrombosis increases. Further-
more, poor washout causes red blood cells to remain in the
heart for a number of cardiac cycles without being ejected,
leading to their deterioration.

According to Tsakiris et al.,’° the time required for the
mitral valve to open fully is approximately 0.04 s with a
standard deviation of 0.01 s. This is only 4% of the en-
tire cardiac cycle. Therefore, it is generally believed that
the opening of the mitral valve does not affect flow dy-
namics in the left ventricle. However, our previous study
showed that even this length of opening time of the mitral
valve has a pronounced influence on the intraventricular
flow field throughout diastole.?’ Therefore, we postulated
that the intraventricular flow dynamics downstream from
the valve could change with the mode of mitral valve
opening. In support of this postulate, experimental stud-
ies conducted by Akutsu’s group?~* showed that a small
difference in the design of mechanical heart valves could
generate noticeable flow differences within the ventricular
cavity.

Therefore, we investigated the effect of the mode of
mitral valve opening on the flow dynamics in the left ven-
tricle. Four different modes were examined: the valve ori-
fice opens axisymmetrically, anteroposteriorly (anatomi-
cally), or bilaterally (anti-anatomically) over 0.035 s, or
it opens instantaneously. The intraventricular flow dynam-
ics were analyzed numerically using a three-dimensional
model of a left ventricle with dilated cardiomyopa-
thy because this often requires mitral valve replacement
surgery.'”?* The velocity profile of the transmitral flow,
flow patterns, and efficiency of ventricular ejection were
analyzed.

0090-6964/06/0600-0927/0 © 2006 Biomedical Engineering Society
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apex apex

FIGURE 1. The model of a left ventricle with dilated cardiomy-
opathy at full expansion. AV: aortic valve orifice, MV: mitral
valve orifice, AW: anterior wall, PW: posterior wall.

METHODS

Left Ventricle Model

We modeled an enlarged left ventricle to represent di-
lated cardiomyopathy, neglecting major irregularities of the
luminal surface, such as the papillary muscles and chordae
tendinae. The method of modeling an enlarged left ventricle
is similar to that used to model a normal left ventricle.?!
The configuration of the left ventricle model at the end of
diastole is shown in Fig. 1. For simplicity, the geometry of
this model is symmetric with respect to the bisector plane
of the mitral and aortic orifices, both of which are circu-
lar. A global Cartesian coordinate system, with coordinates
(x, y, 2), is defined at the origin, O, which is located at
the point at which the two planes containing the mitral and
aortic orifices intersected the bisector plane. The x-axis lies
on the intersection of the plane containing the mitral orifice
and the bisector plane, and the y-axis lies on the intersection
of the two planes containing the mitral and aortic orifices.
With this definition, the long-axis plane of the left ventricle
is the x—z plane. At this stage, the ventricular volume was
180 cm?, the diameters of the mitral and aortic valves were
2.6 cm, and the angle between the inlet plane of the aorta
and the mitral valve plane was 140°.

The left ventricle was regarded as a U-shaped tube with
the mitral valve at one end and the aortic valve at the other
end. We defined W as the cross section of the left ventricle
obtained by cutting it with a plane radiating from the line of
intersection of the planes containing the two valve orifices,
as shown in Fig. 2. The angle between W and the plane of
the mitral valve was «. For each W, a point O’ was set at its
centroid. Line f was defined as the intersection between W
and the plane of symmetry of the left ventricle, and line g
was the straight line connecting O” with an arbitrary point
P on the circumference of W. The angle between lines f

apex

FIGURE 2. Definitions of the Cartesian coordinates (x,y,2),
angles « and 6, cross section ¥, and lines g and f.

and g was defined as 6. In designing the fully expanded
model left ventricle, all ¥ cross sections were assumed to
be elliptical.

In modeling the ventricular wall motion, we ignored
the untwisting and twisting motion and assumed that the
left ventricle deforms independently of the internal blood
pressure. In addition, we assumed that each point on the
ventricular surface moved in a radial direction from the
centroid of cross section W to which the point belongs.?!
With these assumptions, the relationship between the mov-
ing velocity of the ventricular wall, v, («, 6, f), and the
rate of volume change of the left ventricle, dV/dz, can be
expressed as

ﬁ?:/ﬂw@ammw, )

where e is a unit vector in the direction of line g, dS is the
element of the area of the surface of the left ventricle model,
and n denotes the components of a unit vector normal to the
surface S. In this simulation, for simplicity, we decomposed
the moving velocity of the ventricular wall v,,(«, 6, f) as

vw(a, 0, 1) = va(OW1(0)Wa(), 2

where v, () is the velocity of the ventricular apex and W, (6)
and W;(«) are weighting functions for the moving velocity
of the wall. In order to increase the wall movement from the
base to the apex, while not moving the walls at the mitral
and aortic valves to maintain their shape,”! we used W;(6)
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FIGURE 3. Temporal change in the volume of the left ventricle,
V.

and W(«) given by
Wi(0) = {1 + cos(0)}/2 3)

Wa(@) = {D(«) — D(0)}/{Dmax — D(0)}, “4)

where D(«) is the length of the long axis of the cross section
at angle « at the maximum expansion of the left ventricle,
and D, is the maximum of D(«) at @ = 47/9, which corre-
sponds to the cross section containing the ventricular apex.
The temporal variation in the volume during a cardiac cy-
cle was given with some modifications of clinical data for a
normal heart,? as illustrated in Fig. 3. Note that the isovol-
umetric phases, which exist between diastole and systole
in a real heart, are neglected here. The stroke volume was
80 cm® with an ejection fraction of 0.44. The lengths of
diastole and systole were 0.5 and 0.3 s, respectively. Using
W1(0), Wr(a) and dV/d¢, we can calculate v, (f) from Egs.
(1) and (2) and determine the moving velocity of the entire
surface of the left ventricle.

Valve Orifice Model

We modeled the valve as a planar unit by neglecting
the valve leaflets. Four different modes of opening and
closing of the valve orifice were examined, as illustrated
in Fig. 4(a) the valve opens axisymmetrically from its cen-
ter, while keeping the orifice as a circular core; Fig. 4(b)
the valve opens anteroposteriorly and symmetrically with
respect to the y-axis (parallel to the anatomical axis of
the native leaflets, an anatomic orientation); Fig. 4(c) the
valve opens bilaterally and symmetrically with respect to
the x-axis (perpendicular to the axis of the native leaflets,
an anti-anatomical orientation); and Fig. 4(d) the valve
opens instantaneously. In these models, the valve ori-
fice had the same shape when the mitral valve was fully
opened.

The temporal variation in the size of the valve orifice
for models (a)—(c) was set to be the same and expressed
simply as a linear function of the rate of ventricular volume
change. Since blood is incompressible and the left ventricle
is a semi-closed system with only one valve orifice open, the
resulting flow rate at the orifice equals the rate of ventricular

volume change. Mathematically, the temporal variation in
the size of the valve orifice is given by

Amax [V O1/(CoV'(Dmax)  if [V/(0)] < CoViy
A =y 4 if [V/(1)] > CoVipay

4)
where Anmax 1S the area of the valve orifice when it opens
fully, V'(r) (= dV(»)/dt) is the time derivative of V(¢), V' pax
is the maximum of V' during diastole, and C is a parameter
that determines the time required for the valve to fully open.
In this study, Cp was set to 0.2, such that the magnitude of
the flow velocity at the orifice was not outside the physi-
ological range. With this value of Cy, the time for mitral
valve opening was 0.035 s, accounting for 4% of the entire
cardiac cycle.* These models were placed at the position of
the mitral valve. For the aortic valve, we used the axisym-
metric opening mode for all modes of mitral valve opening
and set Co in (5) to 0.2 to describe the temporal change in
orifice size.

Blood Flow Analysis and the Computer
Simulation Procedure

Blood was treated as an incompressible Newtonian fluid
with a density of 1.05 x 10° kg/m? and a viscosity of
3.5 x 1073 Pa-s. The blood flow was analyzed by solving
the Navier—Stokes equations along with the equation of
continuity:

aU

1
— 4+(@U-V)U=—-VP +vV?U (6)
ot 1Y

(V-U)=0, (7N

where U is the three-dimensional velocity vector, P is the
pressure, and p and v are the density and kinematic viscos-
ity of blood, respectively. The commercial computational
fluid dynamics (CFD) package ANSYS/FLOTRAN ver. 7.0
(distributed by Cybernet Systems, Tokyo, Japan), which im-
plements a finite element method, was used as the solver.
The boundary conditions were

P = 0 on an open part of the valve
U = 0 on a closed part of the valve ®)
U = v,,e on the ventricular wall.

The flow simulation commenced at the onset of diastole, for
which a quiescent flow state was assumed. The geometry
of the left ventricle at the onset of diastole was obtained
by reducing the volume of the model shown in Fig. 1 by
80 cm?. After advancing a time step and specifying dV/dt,
we calculated the moving velocity of the ventricular wall
using Egs. (1)—(4). The geometry of the left ventricle model
was then updated and divided into finite elements. Physi-
cal quantities, i.e., the velocity and pressure at new nodal
points, were interpolated to the new nodal points using
the Lagrange interpolation. Blood flow was then calculated
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FIGURE 4. Schematic drawings of the modes of valve opening
as seen from the top of the left ventricle: (a) axisymmetric
opening, (b) anteroposterior opening (parallel to the x-axis), (c)
bilateral opening (parallel to the y-axis), and (d) instantaneous
opening. Note that valve models (a)—(c) are fully opened at
t=0.035 s after the onset of diastole.

given the boundary conditions specified by Eq. (8). This
process was repeated for five cardiac cycles until a periodic
cyclic flow pattern was obtained.

RESULTS

Transmitral Flow Velocity Profile

Regardless of the mode of mitral valve opening, blood
flowed into the ventricular cavity and filled it when the
ventricle started to expand. Figure 5 illustrates the velocity
profiles of the transmitral flow at t=0.04 s, just after the
mitral valve orifice had opened fully. As the figure shows,
there was marked variation in the velocity profile of the
transmitral flow between the different modes of mitral valve
opening. In the axisymmetric opening mode, the velocity
profile was almost axisymmetric and parabolic (Fig. 5(a)).
In contrast, in the anteroposterior opening mode, the veloc-
ity profile formed a triangular-prism shape lying transver-
sally in the anteroposterior direction (Fig. 5(b)). A similar
profile, but lying in the bilateral direction, was seen with bi-
lateral opening (Fig. 5(c)). A flat velocity profile was found
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FIGURE 5. Velocity profiles of the transmitral flow at t=0.04 s
when the valve has just finished opening for cases (a)—(c).
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FIGURE 6. Velocity profiles of the transmitral flow at t=0.36 s
when the valve is about to close for cases (a)—(c).

for the instantaneous opening mode (Fig. 5(d)). These re-
sults indicated that the shape of the mitral valve orifice
strongly affected the transmitral velocity profile, even if the
valve opened within a very short period of time after the
onset of diastole.

Figure 6 shows the velocity profiles of transmitral flow
just before the mitral valve was about to close at the end
of early diastole (#=0.36 s). In each case, the transmitral
velocity profile was similar to the one seen just after the
mitral valve orifice had opened fully. Therefore, the mode
of mitral valve opening affected the velocity profile not only
during the phase of valve opening, but even after the mitral
valve had opened fully.

Intraventricular Blood Flow

The hemodynamics within the ventricular cavity during
diastole are shown in Figs. 7-10, which plot the instanta-
neous streamlines in the long-axis plane of the ventricle.
The times shown in each figure refer to the time elapsed
from the onset of diastole. For the axisymmetric opening
mode, a clockwise-rotating vortex formed under the aortic
valve at an early stage of diastole. With expansion of the
left ventricle, this vortex enlarged longitudinally toward the
ventricular apex and expanded circumferentially to the pos-
terior, becoming an annular vortex about the long axis of the
left ventricle. In the long-axis plane of the ventricle, the an-
nular vortex appeared as a pair of vortexes that sandwiched
the ventricular filling flow on the long axis of the left ven-
tricle (Fig. 7, t=0.2-0.4 s). In this case, the anterior vortex
was comparable in size to the posterior vortex. Although the
vortex persisted until the end of diastole (Fig. 7, t=0.5 s),
it disappeared when blood was ejected from the aortic valve
during systole (Fig. 7, t=0.6-0.7 s). The flow pattern with
anteroposterior opening was similar to that in the case of
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axisymmetric opening throughout the cardiac cycle. Dur-
ing diastole, blood entering from the mitral valve flowed
along the long axis of the ventricle and an annular vortex
formed around it (Fig. 8, t=0.4-0.5 s). During systole,
blood was ejected from the aortic valve orifice smoothly
(Fig. 8, t=0.6 s) and no vortex was observed at t=0.8 s.
Even in the bilateral opening mode, an annular vortex arose
in diastole. Nevertheless, the posterior part of this annular
vortex (posterior vortex) was larger than the anterior part
(Fig. 9, t=0.4-0.5 s). Furthermore, the posterior vortex
stalled near the ventricular apex in systole (Fig. 9, t =0.6—
0.7 s) and remained stalled until the beginning of diastole
(Fig. 9, t=05). In contrast, in instantaneous opening mode,
there was a very large posterior annular vortex (Fig. 10, =
0.4-0.5 s), which shifted blood inflow from the ventricular
long axis to the anterior side.

Efficiency of Ventricular Ejection

Particles were tracked in the obtained flow field to ex-
amine the effect of the mode of mitral valve opening on
the efficiency of ventricular ejection. Twenty-six thousand
particles were distributed equidistantly in three dimensions
in the left ventricle at the end of diastole. The particles were
traced until they left through either the aortic (ejection) or
mitral (regurgitation) orifices. Euler integration was used
to compute the flow paths. The number of particles remain-
ing at the end of systole in each cardiac cycle is plotted
in Fig. 11, normalized to the number in the first cardiac
cycle. Here, the ordinate is logarithmic. In all cases, the
number of particles was halved by the end of the second
cardiac cycle. After the third cardiac cycle, there was a dif-
ference in the number of particles that had not been ejected.
The graph shows that the efficiency of ventricular ejection
was worst with instantaneous opening mode. In bilateral
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FIGURE 11. Logarithmic plot of the number of particles at the
end of each cardiac cycle. Note that the number of particles is
normalized using the value in the first cardiac cycle.

opening mode, the particles were not ejected as efficiently
as in anteroposterior and axisymmetric opening modes.

DISCUSSION

As is evident from our results, the intraventricular hemo-
dynamics showed a distinct pattern depending on the mode
of mitral valve opening. Since the imposed movement of
the left ventricular wall was the same in all cases, any dif-
ferences in the intraventricular flow field were attributable
to the velocity profile of the transmitral flow. Although the
mitral valve opened fully within 0.035 s and the shape of the
mitral valve orifice was the same after the valve had opened
fully, there was a difference in the velocity profile of the
transmitral flow. According to our results, the framework
of the velocity profile for the transmitral flow was built
during the phase of mitral valve opening and was char-
acterized by the mode of valve opening. After the mitral
valve opened completely, the transmitral velocity profile
developed while maintaining its topological features. This
phenomenon could be explained in terms of fluid mechan-
ics. During the phase of mitral valve opening, the fluid
momentum develops a spatial distribution corresponding
to the velocity profile at the mitral valve orifice. Although
blood is allowed to flow through the entire mitral orifice
once the valve has opened fully, fluid elements introduced
from a higher momentum part of the mitral valve orifice
can enter the ventricular cavity more effortlessly. Since the
distribution of fluid momentum is unchanged qualitatively
until the valve starts to close, the transmitral flow maintains
the features of the velocity profile established during valve
opening.

In all cases, the flow evolution resulted in the develop-
ment of an annular vortex around the ventricular filling flow.
However, the appearance of the vortex differed with the
mode of mitral valve opening. The formation of this annular
vortex is a key feature of the intraventricular diastolic flow,
as commonly observed in computational,’-8:21,22,29,31,32
experimental,s’28 and clinical® '*15 studies. Previous com-
putational'!+1%-21:35 and clinical'* studies have shown that
the intraventricular annular vortex is asymmetrically large
in its anterior part when there is no heart or valve failure.
In our simulation, the posterior vortex was larger than the
anterior vortex in all cases because the left ventricle model
used represented a posteriorly dilated cardiomyopathy that
had room for the posterior vortex to grow. Nevertheless,
the size of the anterior vortex was comparable to that of the
posterior vortex when the valve orifice opened axisymmet-
rically or anteroposteriorly.

The fluidic advantages of an intraventricular vortex have
been reported. It has been postulated that the vortex helps
to mix blood in the ventricular cavity and displaces blood
that would stagnate and clot otherwise, reducing the risk
of thrombus formation.?’ In particular, since mechanical
heart valves are highly thrombogenic, a small amount of
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stagnation in the left ventricle could be fatal. According to
Kilner et al.,'3-* the vortex under the aortic valve (anterior
vortex) plays an important role in helping to redirect blood
inflow preferentially toward the ventricular outflow tract,
such that blood is ejected into the aorta smoothly with little
loss of momentum. Therefore, the vortex under the aortic
valve should be very large to redirect inflow toward the
aortic valve, rather than away from it. This was clearly
reflected in our results, when the efficiency of ventricular
ejection was compared. The efficiency was excellent in
axisymmetric and anteroposterior opening modes. In these
two cases, the anterior vortex was large, which contributed
to fluid mixing in the ventricular cavity and in recruiting
fluid elements on the posterior side for ventricular ejection.
Conversely, instantaneous opening mode was the least ef-
ficient. The posterior part of the vortex was larger, which
trapped fluid particles so that they did not flow out during
systole. These results address the importance of the mode of
mitral valve opening from the viewpoint of intraventricular
vortex dynamics.

Recently, artificial heart valves have been actively de-
veloped. In reality, the valve orifice opens almost instanta-
neously, and consequently the fluid mechanics within the
ventricle do not receive as much attention as those near
the valve when evaluating valve performance. However,
our results show that the intraventricular flow dynamics,
including ventricular ejection, were dramatically affected
by the mode of mitral valve opening. This implies that even
if the shape of the valve orifice is the same when it opens
fully, the vortex pattern in the ventricle may change if the
orifice shape differs during the process of valve opening.
Therefore, we suggest that the opening mode of the valve
orifice should also be emphasized in the design of artificial
valves.

The limitations of our study must be noted. The geome-
try of the left ventricle model was idealized by neglecting
luminal irregularities and attachments, such as papillary
muscles and chordae tendinae. The movement of the mitral
annulus could disturb flow near the valve. Nevertheless,
we speculate that these effects are confined locally and do
not result in major changes in intraventricular flow. Our
simulation does not include isovolumetric expansion and
contraction phases because CFD always requires a pres-
sure boundary condition or a traction-free condition at some
nodal points. If included, these phases contribute to settling
flow disturbances within the ventricular cavity. The most
crucial aspect of our simulation that limits extension of the
discussion to the design of artificial valves favored by fluid
mechanics is the absence of valve structure. As Akutsu’s
group showed,” * small differences in valvular design can
generate marked differences in the downstream flow field.
According to Gao et al.'® and Wang et al.,>* hinge de-
signs yield small vortices, stagnant flows, and turbulent
shear stresses that cause thrombogenesis or thromboem-
bolic events. The presence of valve leaflets might intensity

vortices, since a shear layer develops on the leaflets, al-
though the valve leaflets are not essential requirements for
developing diastolic vortices.?> If these mechanical struc-
tures of the valves are simulated, the variation in the intra-
ventricular flow field induced by different opening modes
of the valve is more pronounced, or the resulting flow fields
near the valve might change. However, we emphasize that
in addition to the structural design of the valve, the open-
ing mode of the valve also influences the flow dynamics
downstream. This conclusion is unchanged even if these
aforementioned factors are considered.

CONCLUSION

We examined the effect of the mode of mitral valve
opening on the hemodynamics within the left ventricle us-
ing computational fluid dynamics. We demonstrated that
the mode of mitral valve opening influenced the transmitral
velocity profile, not only during opening, but also through-
out diastole, although valve opening accounted for only
4% of the cardiac cycle. The velocity profile of the trans-
mitral flow also affected the flow field in the ventricular
cavity throughout the cardiac cycle and consequently the
efficiency of ventricular ejection. Therefore, it is important
to consider the mode of valve opening when designing
artificial valves.
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