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Despite the advancement of cardiac imaging technologies, these have traditionally been limited to global geometrical
measurements. Computational fluid dynamics (CFD) has emerged as a reliable tool that provides flow field information and
other variables essential for the assessment of the cardiac function. Extensive studies have shown that vortex formation and
propagation during the filling phase acts as a promising indicator for the diagnosis of the cardiac health condition. Proper
setting of the boundary conditions is crucial in a CFD study as they are important determinants, that affect the simulation
results. In this article, the effect of different transmitral velocity profiles (parabolic and uniform profile) on the vortex
formation patterns during diastole was studied in a ventricle with dilated cardiomyopathy (DCM). The resulting vortex
evolution pattern using the uniform inlet velocity profile agreed with that reported in the literature, which revealed an
increase in thrombus risk in a ventricle with DCM. However the application of a parabolic velocity profile at the inlet yields
a deviated vortical flow pattern and overestimates the propagation velocity of the vortex ring towards the apex of the
ventricle. This study highlighted that uniform inlet velocity profile should be applied in the study of the filling dynamics in a

left ventricle because it produces results closer to that observed experimentally.

Keywords: computational fluid dynamics; velocity profile; vortex; dilated cardiomyopathy

Introduction

Dilated cardiomyopathy (DCM) is the most common
cardiomyopathy disease, which leads to heart failure and
mortality. The hallmark of DCM is ventricular chamber
enlargement and myocardial contractile dysfunction
(Jefferies and Towbin 2010). DCM can be caused by
many factors, such as genetic, infection, alcohol abuse and
other cardiac diseases. Generally, the aetiology of DCM is
classified into ischaemic and non-ischaemic. Ischaemic
DCM occurs with poor perfusion of the myocardial wall
due to coronary disease. Among the non-ischaemic group,
idiopathic DCM is the most common. It arises
spontaneously and has unknown causes. Irrespective of
the disease aetiology, all DCM patients experience similar
mechanical compensation. This study focuses on the
intracardiac flow variables in the left ventricle (LV) with
idiopathic DCM.

Intraventricular flow distribution in the heart chamber
infers important information, which is particularly useful
in the assessment of cardiac health. Cardiac magnetic
resonance imaging (MRI) and echocardiography have
been extensively used to evaluate cardiac flow field due to
their non-invasive nature. For instance, redirection of flow
and vortex structure has been observed in the human heart
during the filling phase through echocardiography (Garcia
et al. 1998; Hong et al. 2008) and magnetic resonance
velocity mapping (Kilner et al. 2000).

Vortex formation in the LV has been widely
investigated through various experiments and was found

to be closely related to the mechanism of atrial systole and
the movement of the valves (Bellhouse 1972; Dahl et al.
2012). On the other hand, extensive computational fluid
dynamics (CFD) studies using patient-specific models
(Saber et al. 2001; Schenkel, Krittian et al. 2009) and more
advanced fluid structure interaction models (Watanabe
et al. 2002; Cheng et al. 2005; Krittian et al. 2010) have
been performed to investigate the correlation between
vortex patterns and cardiac performance. Besides showing
vortex ring formation in the ventricle, a few parameters
related to the vortex ring including propulsion velocity,
vorticity strength and energy dissipation have been found
to be closely related to the ventricular function.
Consequently, it was suggested that vortex patterns in
the ventricle serves as a useful indicator of cardiac health
(Gharib et al. 2006).

Further investigations revealed that geometrical
alteration of the LV induces changes in the blood flow
pattern (Ge and Ratcliffe 2009). Blood flow patterns
were inspected in DCM patients using both colour
Doppler echocardiography (D’cruz and Sharaf 1991;
Thomas et al. 2009) and CFD models (Baccani et al.
2002b; Doenst et al. 2009). The distortion of the
geometrical heart shape in these patients produced
abnormal vortical flow patterns, where vortex formation
and propagation speed are reduced significantly, leading
to a stagnant flow area in the apical region, which
potentially induces thrombus formation. However, most
CFD studies on LV with DCM did not mention the
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Figure 1. Temporal profile of inlet velocity in a cardiac cycle.

velocity profile of the transmitral blood flow used in their
studies.

In any CFD study, proper settings of geometry, fluid
properties, boundary conditions and mesh are of utmost
importance (Lee 2011). Improper boundary condition
contributes to inaccuracy in the results, leading to wrong
diagnosis of cardiac health. Therefore, the aim of this
article is to examine the effect of inlet velocity profile, i.e.
the transmitral velocity profile (parabolic and uniform
velocity profile) on the vortex formation patterns in an LV
with DCM.

Method

The LV is modelled using an axisymmetrical truncated
prolate spheroid with a diameter D of 6 cm and a height H
of 9.5 cm to represent an idiopathic DCM condition with

Line grapg: velocity magnitude (m/s)
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an end diastolic volume of 180ml. The mitral valve is
located at the base of the LV characterised by an opening
orifice with a diameter of 2.5 cm. Since the focus of this
study is on the diastolic phase, the aortic valve is closed
throughout the simulation. The blood is assumed to be
incompressible and Newtonian with a viscosity of
0.0035 Pas and a density of 1050 kg/m>. The blood flows
into the LV through the mitral orifice. The temporal profile
of the inlet velocity in one cardiac cycle, obtained through
University Malaya Medical Centre (UMMC) from a DCM
patient, as shown in Figure 1 is applied at the mitral orifice
as the inlet boundary condition. Physiologically, the E
wave (first wave) is induced by a pressure gradient
between the left atrium and the LV, while the A wave
(second wave) is due to atrial contraction.

Two different laminar velocity profiles are imposed
across the mitral orifice: uniform velocity profile and
parabolic velocity profile. Figure 2 shows the spatial
profile of the inlet velocity at the mitral valve at
t=0.17s (when peak velocity occurs). The velocity is
constant at 1.07 m/s throughout the mitral valve using the
uniform velocity profile setting. Using the parabolic
velocity profile setting, the highest velocity occurs at the
middle of the valve where the peak velocity magnitude is
2.063 m/s.

The LV wall is modelled as impermeable. No slip
boundary condition is imposed, where the blood flow
velocity along the wall is zero relative to the wall
movement, as described in Equation (1):

Viluid = Vwall, (1

where vquiq (m/s) is the fluid velocity vector, and vy, (m/s)
is the wall velocity vector.

The quantitative blood flow dynamics is solved using
the continuity (2) and incompressible Navier—Stokes
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Figure 2. Spatial profile of inlet velocity at the mitral valve at r = 0.17 s, using different settings: uniform flow (left) and parabolic flow
(right). Figure shows only half of the valve diameter due to the axisymmetric representation, where arc length = 0 represents middle of

the valve, while arc length = 0.0125 represents edge of the valve.
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Equations (3),

V.v=0, @

5
p(%-l—v-VV) = —Vp+F+ uVly, 3)

where v (m/s) is the fluid velocity vector, p (kg/m3) the
fluid density, p (Pa) the pressure and w (Pas) is the fluid
viscosity. The numerical calculation is solved using the
Newton—Raphson method in the COMSOL software
(COMSOL, Inc, Burlington, MA, US).

During the filling phase, the volume of the enclosed
LV is increased. Thus, a prescribed ventricular wall
motion is required in order to obey the mass conservation
principle. We adapt the method proposed by Baccani et al.
(2002b), where the wall motion is derived from the
instantaneous blood flow rate Q(7) (m>/s) through the mitral
valve on the basis of a simple elastic membrane model.
The rate of change of the radius, R (m), and the height,
H (m), are

dR 30(t) 2H?—-R?

—= 4
dr 7 10H3R — 4HR? @

dH _30(1) H® 2H? — R? )
dt 7 2H2R— R310H3R — 4HR3’

Results

Two types of laminar inlet velocity profiles are simulated
during the filling phase: uniform and parabolic profiles.
The results were analysed based on the vorex evolution
pattern and vortex strength.

Vortex evolution pattern

Although blood flows across the narrow mitral orifice to
the broader ventricular chamber, blood decelerates and
pressure increases simultaneously in the direction of flow
according to the conservation of mass and Bernoulli’s
principle. The higher pressure at the downstream opposes
the incoming flow stream, leading to a fan-like flow
towards the ventricular wall. As a result, the flow stream
tends to roll up and redirect towards the mitral valve
(Pasipoularides et al. 2003).

Distinct vortex evolution patterns are observed
between the two cases: transmitral flow velocity with
uniform (Figure 3) and parabolic inlet velocity profiles
(Figure 4). In the ventricle with a uniform inlet velocity
profile, the incoming flow stream is rolled up immediately
after travelling through a short distance away from the
mitral valve (¢ = 0.15s). The redirected blood stream

Figure 3. Vortex formation patterns obtained using uniform
velocity profile as inlet boundary condition at = 0.15s (left),
0.25 s (middle) and 0.35 s (right).

forms a vortex ring, preserving the kinetic energy of the
incoming flow through the fast spinning velocity. The
attachment of the vortex ring attached at the mitral edge
restricts its propagation. Although the attached vortex ring
is still able to move closer to the lateral wall in the
meantime towards the apex, its low vortex strength does
not help to break the wake attachment at the mitral edge.
The uniform flow stream hanging at the basal region
experiences a small convective acceleration that is unable
to overcome the local deceleration effect.

Figure 4. Vortex formation patterns obtained using parabolic
velocity profile as inlet boundary condition at = 0.15s (left),
0.25 s (middle) and 0.35's (right).
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During deceleration of the transmitral velocity
(t = 0.255), kinetic energy decreases at the basal region,
while pressure decreases at the apical region. The change in
the pressure and the velocity encourages the growth of the
vortex ring and facilitates its detachment from the attached
wake at a later time. The free vortex ring starts to propagate
at self-induced convection against the higher pressure at the
apical region. Meanwhile, it interacts with the ventricular
wall and induces the formation of another small vortex ring
that developed from a boundary layer. The high-pressure
energy at the apical region and low vortex strength or
kinetic energy of the propagating flow stream restrict the
penetration of the vortex ring to the end of the apex in
the enlarged chamber. As aresult, the vortex ring halts at the
mid-ventricular region (# = 0.35s). The region beneath
the vortex ring remains in a low-velocity condition. The
same vortex evolution process reprises during late filling.
The secondary vortex ring was produced in smaller size due
to the low inflow volume.

Conversely, the parabolic flow stream containing high
kinetic energy propels the flow stream towards the apex.
The parabolic flow stream travels under great inertial
influence and is therefore able to approach the middle
region of the LV during the acceleration phase
(t=0.15s). No vortex ring is developed in the early
filling phase because the flow stream is able to overcome
the high pressure at the apical region without being
redirected towards the base. The incoming fluid propa-
gates against the resistance of the resting fluid and
develops a shear layer. During deceleration of the
transmitral velocity (¢ = 0.25 s), the parabolic flow stream
is decelerated progressively by the accumulated pressure
energy deposited in the resting fluid and local deceleration
at the down-stroke of the E wave. However, at this
moment, the parabolic flow stream, which has already
reached the lower part of the ventricle, experiences a
convective acceleration at the same time due to the
decreasing diameter of the ventricle at the apex
(t=0.255s). Once the energetic parabolic flow comes in
contact with the myocardial wall at the end of the apex, the
flow stream is reflected and redirected towards the basal
region. As a consequence of the interaction between the
flow stream and the myocardial wall, a boundary layer is
formed near the wall, which contains vorticity rotating in
opposite direction with that of the parabolic flow. This
boundary layer develops into small vortices that interact
among each other and with the ventricular wall to produce
strong vorticity as observed during diastasis (¢ = 0.35s).
The same process is repeated during the late filling phase.

Vortex strength

The instantaneous vortex strength in both the uniform and
parabolic flow studies is shown in Figure 5, where the
maximum vortex strength in the LV with a parabolic inlet
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Figure 5. Vortex strength in a DCM ventricle with different
spatial velocity profile.

velocity profile (0.38 m?%/s) is almost two times greater
than that using a uniform inlet velocity profile (0.22 m?/s).
The maximum vortex strength occurs during early filling
in the first scenario (using a parabolic inlet velocity
profile) but during late filling in the second scenario (using
a uniform inlet velocity profile).

Discussion

The vortex evolution pattern acts as an important cardiac
health assessment because it reveals the risk of apical
thrombosis in the dilated ventricle (Maze et al. 1989).
Several studies have been carried out to investigate the
effect of the intraventricular vortex flow pattern on the
normal (Vierendeels et al. 2000; Baccani et al. 2002a) and
the diseased ventricles (Baccani et al. 2002b; Pasipoular-
ides et al. 2003; Domenichini and Pedrizzetti 2011), using
echocardiography (D’cruz and Sharaf 1991) and MRI
(Schenkel, Malve et al. 2009) as validation tools. In a
normal ventricle, the incoming flow is redirected towards
the base by the higher pressure at the downstream, thus
forming a vortex ring attaching to the mitral edge. During
deceleration of the E wave, this vortex ring is detached from
the mitral edge and moves freely towards the apex region
with a high vortex strength. As a result, the vortex ring is
able to reach the end of the LV apex during the filling phase
(Vierendeels et al. 2000; Baccani et al. 2002b). On the
contrary, the vortex movement is restricted in a DCM
ventricle due to a longer period of vortex attachment at the
mitral edge. The DCM ventricle produces a lower vortex
strength, which is insufficient to propagate the vortical flow
towards the bottom of the LV (Chan et al. 2012).

In this study, vortex formation pattern in the LV with a
uniform inlet velocity profile agrees with that reported in
the literature, where the vortex ring is attached to the
mitral edge until the diastasis phase. In addition, instead of
moving vertically downwards, towards the apex as
observed in the LV with a parabolic inlet velocity profile,
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the vortex ring is enlarged in the dilated LV and extended
axially towards the side wall of the ventricle (Garcia et al.
1998; Baccani et al. 2002b). As a result, the vortex ring is
not able to reach the end of the apex to wash out the apical
stagnant flow, leading to an increase in the risk of
thrombus formation at the apex. Conversely, simulation
study using a parabolic inlet velocity profile yields a
deviated vortex pattern compared with that observed
clinically, where the incoming flow travels straight down
to the end of the apex with a higher vortex strength.

The difference in the vortex formation pattern and
vortex strength using the two different spatial inlet
velocity profiles can be explained through the use of the
kinetic energy factor, o (Cengel and Cimbala 2006), i.e.
the ratio of the actual kinetic energy. With an identical
average inflow rate, parabolic flow stream travels with a
maximum velocity (2.06 m/s, at the middle of the LV) of
about twice that of the uniform flow stream (1.07 m/s), as
seen in Figure 2, although both velocity profiles have
comparable average velocity. In a laminar flow condition,
the kinetic energy factor, which is associated with the
spatial velocity profile, is extremely important because it
affects the kinetic energy and the velocity of the flow
stream. Detailed derivations of the kinetic energy factor, «,
for both the uniform and parabolic inlet velocity profiles,
are given in Appendix. It is shown that the parabolic inlet
velocity profile produces a kinetic energy factor, which is
two-fold higher compared with that using the uniform inlet
velocity profile.

Although maximum vortex strength occurs during
early filling (0.26s) in LV with parabolic inlet velocity
profile, it happens during late filling (0.6 s) in LV with flat
inlet velocity profile. During early filling, the energetic
parabolic inlet flow penetrates rapidly through the
ventricular chamber and knocks on the apical wall. The
interaction between the reflected flow stream and the
myocardial wall produces intense vortices, therefore high
vortex strength. On the contrary, the lower energetic flat
inlet flow propagates slower and remains at the basal
region during early filling, resulting in less interaction
between the vortex ring and the wall. However, as vortex
propagates towards the apical region, vortex strength
increases and exceeds that in LV with parabolic inlet
velocity profile during late filling. During this period,
vortex strength has reduced in LV with parabolic inflow
due to the heat and viscous dissipation losses.

Model limitation

In this preliminary study, the LV is modelled with a simplified
geometry with the absence of the left atrium, mitral leaflets
and the papillary muscle. The intracardiac flow disturbance
potentially created by the existence of the papillary muscles is
not evaluated. In addition, the LV is modelled using the
axisymmetrical approach. Therefore, we are not able to

simulate the asymmetric vortex profile occurring in the LV,
which may help to avoid the stagnant area in the ventricular
apex [Schenkel, Krittian et al. 2009]. The ventricular
movement in this model is prescribed as a simple expansion
without including the twisting motion of the LV and the wall
compliance. A normal filling pattern is used in this study
rather than the impaired and restrictive filling pattern
observed in DCM patients in severe stage (Nishimura and
Tajik 1997). However, since the main objective of this study
is to compare the influence of the spatial profile of the
transmitral velocity on the vortex formation patterns, these
limitations do not affect the outcome of the comparison
analysis.

Conclusion

When blood enters the LV from the mitral valve, the
change of the geometrical dimensions and the short mitral
valve length disables the laminar blood flow to be fully
developed into a parabolic profile. As a result, incoming
blood enters the LV with a uniform velocity profile during
the filling phase. It is shown from this study that the
transmitral velocity profile significantly affects the
intraventricular vortex flow pattern. The resulting vortex
evolution pattern using the uniform inlet velocity profile
agreed with that reported in the literature, which revealed
an increase in thrombus risk in a ventricle with DCM.
On the contrary, the application of a parabolic velocity
profile at the inlet yields a deviated vortical flow pattern
and overestimates the propagation velocity of the vortex
ring towards the apex of the ventricle.
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Appendix

Velocity profile

Kinetic energy correction factor, «
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