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Abst rac t - -A  computat ional mode/ of  the f luid dynamics of intraventricular f low was 
used to investigate the importance of the effects of f low disturbances existing within 
the/ef t  ventricle (L V) at the onset of  diastole on a diastolic f low field. The simulat ion 
started with a quiescent f low state; it continued for a number of cardiac cycles to 
obtain a cyclically repeatable flow. After the f low became periodic, the init ial diastolic 
f low was not quiescent: f low disturbances, remnants of a systolic flow, were present 
within the LV. Nevertheless, they faded away during an acceleration phase of 
diastole and almost ceased by the end of this phase. Consequently, a f low field 
during a deceleration phase of diastole, characterised by the formation of a vortex 
ring, was hardly affected by the init ial f low disturbances. The propagation velocity of  
a co/our M-mode Doppler echocardiogram obtained by scanning velocity along the 
L V long axis was 0.58ms 1 in the case where diastolic f low was ini t ial ly quiescent 
and 0.56ms 7 in the case where f low disturbances existed at the beginning of 
diastole. These results indicated that the co/our M-mode Doppler echocardiographic 
technique captures f low dynamics produced purely by ventricu/ar expansion, with 
tithe influence from init ial diastolic f low disturbances. 
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1 In t roduct ion  

THE LEFT ventricle (LV) distributes blood to a systemic 
circulation by alternately contracting and expanding. Cardiac 
function is often evaluated from the viewpoint of contractility or 
systolic function, it is reported that its diastolic function, defined 
as the function to fill with blood without a compensatory 
increase in atrial filling pressures, also plays a key role in the 
blood pumping action (POLEUR et al., 1989). 

Recently, a novel method using colour motion-mode (M-mode) 
Doppler (CMD) echocardiography was proposed for assessing 
LV diastolic function (JACOBS et al., 1990; STUGAARD et al., 
1994; MOLLER et  al., 2000). in this method, a velocity distribution 
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along the LV long axis, spanning from the centre ofa  mitral valve 
orifice to a ventricular apex, is measured on the basis of a Doppler 
ultrasound technique. The measured velocity is presented in an 
M-mode image called a CMD echocardiogram. Evaluation of LV 
diastolic function is made based on a CMD echocardiogram 
colour pattern (DE MEY et al., 2001). 

Using computational fluid dynamics (CFD), we found that the 
CMD echocardiogram pattern is deeply involved with the 
development speed of a vortex ring rising in the LV during 
diastole (NAKAMURA et al., 2001; 2002; 2003). These studies 
analysed the dynamics ofintraventricular diastolic blood flow by 
assuming that blood flow was initially quiescent, as is commonly 
presumed in intraventricular flow simulation (TAYLOR and 
YAMAGUCHI, 1995; SABER et al., 2001; 2003). However, an 
actual heart expands and contracts periodically. Flow is not at a 
standstill at the onset of diastole: there is remnant flow from the 
preceding systolic phase, in the initially quiescent flow condi- 
tion, diastolic flow dynamics caused by the systolic flow 
disturbances that exist at the beginning of diastole cannot be 
analysed. 
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From a clinical point of  view, investigation of  the effects o f  
initial flow disturbances on a diastolic flow field would aid in 
elucidating the applicability and limitations of  CMD echocar- 
diography. The present study examined the CFD of  intraven- 
tricular blood flow for a series of  cardiac cycles. Thereby, we 
examined the importance of  flow disturbance effects that are 
incurred within the LV cavity at the onset of  diastole on a 
diastolic flow field. 

2 M e t h o d s  

Simulations of  intraventricular blood flow were carried out 
using the method we adopted in the previous study (NAKAMURA 
et al., 2003). Here, we give an outline of  the method. 

2.1 Configuration of an LV model at its maximum expansion 

Geometric information about the LV luminal surface in the 
long-axis plane was obtained from an image o f a  parastemal long- 
axis view of  a human heart shown in a standard medical reference 
(HONMA et al., 1998). Using it, we constructed an LV model. This 
configuration was adopted as the geometry of  a fully expanded 
LV model, it was assumed that an LV is symmetric with respect to 
its common medium plane. A 10 mm long, straight conduit, with a 
radius equal to that of  the mitral valve, was annexed onto the 
mitral valve as an entrance region; the top plane of  the conduit 
was reassigned to the mitral valve. At this stage of  design, 
the volume of  the LV model was 117cm 3. The distance from 
the mitral valve to the ventricular apex was 101 mm, the distance 
from the aortic valve to the ventricular apex was 86 mm, and the 
diameter of  the mitral valve and the aortic valve was 26 mm. As 
shown in Fig. la, we regarded the LV as a tube bent like the letter 
'U' ,  having the mitral valve at one end and the aortic valve at the 
other end. We defined the cross-section • that is obtained by 
cutting the LV with a plane radiated out from the line of  
intersection of  the planes containing the two valve orifices. 

2.2 Construction of a computational model of the LV 

In each cross-sectional plane ~ ,  a point O ' was set at the 
centroid of  ~ ,  as shown in Fig. la. L i n e f w a s  defined as an 
intersection between • and a symmetrical plane of  LV; line g 
was a straight line that connected O ' with a point P on a 
circumference of  ~ .  The angle between lines f and g was 
defined as 0, and the angle of  • from the plane of  the mitral 
valve was introduced as ~. 
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(a) Definitions o f  tp, o~ and O; (b) mesh o f  unit cirele 

A unit circle model that had been divided into finite elements, 
as shown in Fig. lb, was prepared to construct a computational 
model o f  an LV (481 nodes, 460 elements). Given an LV 
configuration, all cross-sections • were replaced with this 
circle model after it was deformed so that its outline coincided 
with that o f  ~ .  A computational model of  the LV was then 
produced by connecting corresponding nodal points between 
neighbouring cross-sections o f ~  to create a hexagonal element. 
The numbers of  nodal points and elements were 24 531 and 
23 000, respectively. 

2.3 Movement of  the ventricular wall 

Two major assumptions were made for modelling ventricular 
wall movement.  First, the ventricular wall motion was assumed 
to be independent of  intraventricular pressure and flow. 
Secondly, a spatial distribution of  the ventricular wall movement  
was fixed throughout a cardiac cycle. In addition, a point on the 
wall moved only in the direction of  line g, that is, a line 
connecting the point itself and the centroid of  cross-section 
on which the point existed. 

With these assumptions, the relationship between the moving 
velocity of  the ventricular wall Vw and a rate of  volume change 
dV(t)/dt at time t is given as 

dV(t) 
-- I L Vw(t,O,oOe" ndS (1) 

where e is a unit vector in the direction of  O'P, dS is the element 
of  the area of  the surface of  the LV model, and n is a unit vector 
normal to the surface S. For simplicity, the moving velocity of  
the ventricular wall Vw was calculated as 

V w = V a (t) W 1 (0) W 2 (~) (2) 

where va(t) is the moving velocity of  a ventricular apex, and 
WI(O), Wz(~) are the weighting functions expressing the spatial 
distribution of  a wall movement,  i f  the weighting functions 
WI(O) and Wz(~) and the rate of  volume change dV(t)/dt are 
given, the velocity of  the ventricular wall at any point and at any 
time can be calculated from (1) and (2). 

2.4 Conditions of a diastolic flow simulation 

Diastole consists o f  a phase of  ventricular relaxation and a 
phase of  atrial contraction. Nevertheless, because a CMD 
echocardiogram used for assessment of  LV diastolic function 
is characterised by blood flow developing during the ventricular 
relaxation phase, this study simulated only that phase. 

In the simulation of  diastolic flow, the following weighting 
functions were used: 

1 + cos (0) (3) 
WI(O) - 2 

and 

D(e¢) - D(0) 
w 2 ( ~ )  - (4 )  

Dma x - D(O) 

where D(e¢) is the length of  the long axis o f  ~P at an angle e¢ at 
maximum expansion of  the LV, and D . . . .  is the maximum of  
D(e0, which is obtained at e¢ -- 4~/9  corresponding to the cross- 
section ~P containing the ventricular apex. The weighting 
function WI(O) was given so that the moving velocity of  point 
P on the wall decreased as it came closer to point O. 
The weighting function W2(e¢) was set such that it maintained 
the radii o f  the mitral and aortic valves constant and maximised 
the velocity at the ventricular apex (NAKAMURA et al., 2003). 

Fig. 2 shows the time variation of  the rate of  the volume 
change dV(t)/dt and the ventricular volume change V(t) during 
diastole. Parameters were determined on the basis o f  clinical data 
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(KITABATAKE et al., 1982). Times from the beginning of diastole 
(t = 0) to the peak dV(t)/dt and to the end of diastole were set as 
0.12 s and 0.24 s, respectively. Hereinafter, the former half of  the 
diastole is referred to as an acceleration phase, during which 
dV(t)/dt> 0; the latter half is referred to as a deceleration phase. 
The net change in the volume was 55 cm 3. 

2.5 Conditions of  systolic f low simulation 

Simulation of a systolic flow is intended to create flow 
disturbances at the beginning of diastole so that their effects 
on an actual diastolic flow can be investigated. Therefore, for 
simplicity, we used the same weighting functions of  ventricular 
wall movements given in diastole for simulation of systolic flow. 
Furthermore, a temporal change in dV/dt during systole was 
given as a reversed process of  dV/dt in diastole. 

2.6 Opening and closing o f  the mitral and aortic valves 

The mitral valve opens at the instant that expansion of LV is 
initiated. After remaining fully open for a short time, the mitral 
valve begins to close; the aortic valve is closed throughout 
diastole, in contrast, during systole, the aortic valve opens and 
closes with the mitral valve closed. 

We modelled both valve orifices as a circular core. We then 
expressed opening and closing of the valve by varying the size of  
the core axisymmetrically from its center or its circumference 
with progression of expansion or contraction of LV. The 
importance of the valve orifice has been discussed by 
NAKAMURA et al. (2002). A change in the size of  the valve 
orifice was described using trigonometric functions such that its 
time variation was C 1-continuous (its first time derivative was 
zero), it was set such that full opening of the valve from a closed 
state took 0.05 s; the same time was required for complete 
closure from a fully opened state. Fig. 3 shows a plot of  
change in the areas of the mitral valve orifice and the aortic 
valve orifice as a function of time. 

2.7 Blood flow analysis 

Intraventricular blood flow was assumed to be a laminar 
flow in both systolic and diastolic phases. Blood was assumed 
to be a homogeneous and incompressible Newtonian fluid 
with 1.05 × 103kgm -3 density and 3.5 × 10 -3 Pa-s  viscosity. 
The unsteady Navier-Stokes equations, along with the 
equation of continuity, were solved using a finite element 
method, implemented in a commercially available CFD code 
ANSYS-FLOTRAN version 5.6*. The boundary conditions 

*Cybernet  Systems Co. Ltd., Tokyo 

Medical & Biological Engineering & Computing 2004, Vol. 42 

applied for computing the blood velocity U and the blood 
pressure P during diastole were 

P -- 0 on an opened part of  the mitral and aortic valves 

U = 0 on a closed part of  the mitral and aortic valves 

U = Vwe on the ventricular wall 

(5) 

2.8 Computer simulation procedure 

Fig. 4 summarises the procedure of  a computer simulation of 
intraventricular blood flow. The computer simulation of intra- 
ventricular flow began with diastole. The geometry of the LV 
model at the beginning of diastole was obtained from that at the 
maximum expansion by its volume being reduced by 60 ml. As 
an initial condition, blood in the LV was assumed to be 
quiescent. Advancing a time step, a time t was calculated 
simply by multiplying a time step with the increment of time 
At, which is 0.002 s. The rate of  volume change of LV was then 
given according to the curve shown in Fig. 2. The moving 
velocity of  the ventricular wall was calculated from (1) and (2) as 
Vw. Intraventricular blood flow was calculated using that velocity 
as a boundary condition. 

After completion of CFD, the nodal points on the outer 
surface of LV were moved with the moving velocity of  the 
ventricular wall calculated prior to the CFD. Updating of the 
geometry of the LV model was followed by remeshing. Physical 
quantities, namely velocity and pressure at new nodal points, 
were interpolated using Lagrange interpolation and data at 
surrounding nodal points defined at the previous time step. 
A numerical analysis of  blood flow in the LV at a given time t 
was carried out repeating the above procedure. Systolic flow was 
simulated after the diastolic flow analysis had finished. This 
process was repeated until a fully cyclically repeating intraven- 
tricular flow was obtained. 

3 Results 

3.1 lntraventricular f low in the initial cardiac cycle started 
with a quiescent f low 

Fig. 5 shows streamlines of  intraventricular flow at five 
different moments during diastole of the initial cardiac cycle, 
where flow was at a standstill initially. The moments corre- 
sponding to the streamlines are 

(a) the beginning of diastole 
(b) the mid-point of  an acceleration phase in dV/dt 
(c) the peak of dV/dt 
(d) the mid-point of  a deceleration phase in dV/dt 
(e) the end of diastole. 
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images are viewed from the left of the LV, with its anterior side 
towards the left. The colour of  the streamlines expresses the 
magnitude of velocity corresponding to a colour bar shown at the 
bottom of each Figure. At t = 0, the blood flow velocity was zero 
everywhere, as assumed in initial conditions (Fig. 5a). 
Ventricular filling was initiated with the onset of  ventricular 
expansion. The blood that entred through the mitral orifice 
spread all over the intraventricular cavity, as shown in Fig. 5b. 
When an expansion rate changed from acceleration to decelera- 
tion, a clockwise rotating vortex was formed under the aortic 
valve, as in Fig. 5c. Although this vortex grew larger during the 
deceleration phase, it also extended in the lateral direction along 
the side wall of  the LV, such that it encircled the blood flow 
along the LV long axis. Consequently, the vortex assumed a 
ringed structure that appeared as a pair of  counter-rotating 
vortices located on each side of  a fast, straight flow streaming 
along the long axis of the LV, as shown in Fig. 5d. Fig. 5e 
illustrates the state at the end of diastole: the annular vortex 
occupied a large space around a ventricular filling flow in the 
ventricular cavity, thereby constricting it. it was observed that a 
high-velocity point of blood inflow appeared on the long axis; it 
migrated from the level of  the mitral valve to the middle of  the 
ventricular cavity during diastole. 

Blood was ejected from the aortic valve orifice during systole. 
As ventricular contraction progressed, the vortex under the 
aortic orifice, which was part of  an annular vortex during 
diastole, diminished; conversely, the vortex on the posterior 
side grew larger and shifted to the LV apical region. At the end of 
systole, the vortex, which was originally a posterior part of  the 
vortex ring, occupied a large space in the apical region (see 
Fig. 6a, described in the following Section). 

3.2 Intraventricular flow after a cyclically repeated 
pattern was obtained 

Blood flow assumed a cyclically repeating pattern through 
continuous computer simulations for some cardiac cycles. A 
repeatable flow field was obtained after four cardiac cycles. Fig. 
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6 shows blood flow in the LV during diastole in the fourth 
cardiac cycle. Moments in time of Figs 6a-e correspond to those 
in Fig. 5. Here also, all images are viewed from the left of  the LV 
with its anterior side towards the left. 

lntraventricular blood flow at the beginning of diastole was no 
longer quiescent: flow disturbances existed because of the 
preceding systolic phase. As shown in Fig. 6a, at that moment, 
blood flow was disturbed and a vortex that rotated counter- 
clockwise was seen in the region near the apex. This vortex 
obstructed blood inflow from the mitral orifice and prevented 
it from flowing straight towards the ventricular apex. 
Consequently, the blood inflow was directed towards the 
anterior side, and only a small portion of it went to the posterior 
side, (see Fig. 6b). With accelerated expansion of the LV, this 
vortex shrank and moved to the posterolateral region. At the 
transition from acceleration to the deceleration phase, a new 
vortex that rotated clockwise arose under the aortic orifice (Fig. 
6c). Because of this new vortex, there were broadly two vortices 
in the LV cavity at that moment: one under the aortic valve, and 
the other in the posterolateral region. Whereas the vortex in the 
posterolateral region moved upward with further expansion of 
the LV, the vortex under the aortic valve extended circumfer- 
entially along the LV side wall to the posterior side and merged 
with the vortex that had travelled from the posterolateral region. 
Accordingly, as seen in Fig. 6d, one annular vortex surrounding 
blood inflow along the LV long axis was generated in the LV in 
the same manner as the one formed when the initial flow was 
quiescent. By the end of diastole, the flow pattern in the LV 
became macroscopically similar to the one seen in the first 
cardiac cycle, as shown in Fig. 6e. 

3.3 Colour M-mode Doppler echocardiogram of 
ventricular filling flow 

Fig. 7 shows spatiotemporal maps of the velocity distribution 
along the long axis of  the LV obtained during diastole of  the 
first-fourth cardiac cycles in our computation and plotted in the 
same manner as a CMD echocardiogram. In each map, 
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the abscissa shows the time elapsed from the onset of diastole of 
each cardiac cycle. The ordinate shows the distance from the 
mitral orifice along the LV long axis. The magnitude of the 
velocity was normalised by the spatiotemporal maximum velo- 
city in each cycle and expressed by a colour according to the 
scale of the colour bar presented on the right. 

The area shown in blue in each map indicates the region where 
the fluid velocity is greater than 70% of the spatiotemporal 
maximum velocity in the cardiac cycle. This area is called an 
aliasing area. Regardless of the presence of flow disturbances in 
the LV at the onset of diastole, the aliasing area showed a sharply 
elongated shape, extending almost to the mid-point of the long 
axis. The propagation velocities (TAKATSUM et al., 1996), which 
quantitatively evaluate the degree of sharpness and elon_~ation of 
the aliasing areas, were 0.58, 0.58, 0.56 and 0 .56ms-  for the 
first-fourth cardiac cycles, respectively. 

4 Discussion 

4.1 Adequacy of  flow disturbances remaining at 
beginning of  diastole 

Our computer simulation demonstrated that flow disturbances 
were present in the LV at the onset of diastole. Results showed 
that the maximum velocity of flow in the LV at that time was 
approximately 0.45 m s -1, which was found beneath the mitral 
valve. KILNER et al. (2000) showed a series of magnetic 
resonance (MR) images of intraventricular flow during a 
cardiac cycle, where blood flow was visualised by streamlines, 
and flow velocity was colour-coded. The MR image taken at the 
beginning of diastole was mostly black because of the low 
velocity of flow throughout the LV cavity. These in vivo data 
suggested that the present study might have overestimated the 
intensity of flow disturbances. This overestimation could be 
attributed to the absence of a phase of isovolumetric relaxation 
that exists between the end of systole and the onset of diastole in 
a real heart. Because of this phase, there is hardly any time for 
intraventricular blood flow to settle down before diastole starts. 
The brevity of systole may also contribute to an excessive 
increase in flow velocity: the duration of systole in the present 
study was 0.24 s, whereas that of a real heart is approximately 
0.4 s when the heart rate is 60 beats min -1. 

The MR image taken at the end of systole (KILNER et al., 
2000) showed that blood inflow from the mitral orifice separated 
into two streams just above the apical region: one was directed to 
the anterior wall, and the other was directed to the posterior wall. 
There was a stagnant flow in the vicinity of a ventricular apex. 
The results of SABER et al. (2003) suggested that it might be a 
weak vortex rotating counter-clockwise. The flow field obtained 
at the end of systole in our study was generally similar to those 
observations. Therefore, although flow disturbances simulated 
in the present study might be somewhat exaggerated, they were 
reasonable for discussion of their effect on blood flow during 
diastole. 

4.2 Effects of  remnant flow disturbances on ventricular 
filling flow at the beginning of  diastole 

After the second cardiac cycle, blood flow in the LV at the 
onset of diastole no longer returned to a quiescent state: a vortical 
flow existed in the apical region. However, with progress of the 
ventricular expansion, flow disturbances that existed at the onset 
of diastole weakened and disappeared. For instance, the vortex 
present in the vicinity of the ventricular apex at the onset of 
diastole shrank and moved towards a posterolateral region of the 
LV. Subsequently, by the end of the acceleration phase, the 
blood flow pattern in the LV became almost identical to that seen 

in Figs 5c and 6c although initial flow disturbances were 
exaggerated. During the deceleration phase of diastole, the 
vortex ring was developed through the same process, regardless 
of the presence of initial flow disturbances. This fact suggests 
that the effects of initial flow disturbances on a diastolic flow 
field are fundamentally limited to the acceleration phase of 
diastole. 

4.3 Effects of  remnant flow disturbances on colour 
M-mode Doppler echocardiogram at the 
beginning of  diastole 

Our computational studies (NAKAMURA et al., 2000; 2003), as 
well as other numerical (VIERENDEELS e t  al., 2000; 2002) and 
experimental (STEEN and STEEN, 1994) studies, have revealed 
that the size, location and growth speed of an intraventricular 
diastolic vortex ring are the main determinants of a CMD 
echocardiogram pattern. As discussed in section 4.2, the effect 
of the initial flow disturbances on blood flow almost disappeared 
during the diastole acceleration phase; moreover, flow dynamics 
during the deceleration phase, especially the vortex ring, were 
hardly affected. For those reasons, we found almost no change in 
the CMD echocardiogram patterns and propagation velocity, 
regardless of the presence of initial flow disturbances. This fact 
is advantageous from the viewpoint of assessing LV diastolic 
function. 

A CMD echocardiogram obtained by scanning the velocity 
along the LV long axis during diastole captures features of 
flow dynamics produced purely by ventricular expansion, 
because the diastolic CMD echocardiogram pattern is unaffected 
by initial diastolic flow. Therefore clinical cardiologists can 
evaluate LV diastolic function independently of LV systolic 
function using this technique. 

Notwithstanding, this also emphasises the limited sensitivity 
of this method. Even if flow changes in the early stage of diastole 
exist as a result of some cardiac pathologies, this technique 
cannot detect them. More sensitive diagnoses that require such 
flow information are required, necessitating modification of this 
technique, for instance, by changing the direction of the scan- 
ning line along which velocity is measured. 

5 Conclusions 

Computational fluid dynamics of intraventricular flow were 
used to investigate the effects of flow disturbances remaining at 
the beginning of diastole. The following is a summary of those 
findings: 

1) After intraventricular flow becomes cyclically repeatable, 
initial diastolic flow is not quiescent: flow disturbances, which 
are actually the remnants of the preceding systolic flow, are 
present within the LV. 

2) The effects of flow disturbances remaining at the onset of 
diastole on a diastolic flow field are limited to the acceleration 
phase of diastole. They have hardly any impact on development 
of the vortex ring in a later stage of diastole. 

3) Regardless of the presence of initial flow disturbances, 
there is almost no variation in the CMD echocardiogram patterns 
that are evaluated in the same manner as in clinical practice. 

4) The CMD echocardiogram obtained by scanning velocity 
along the LV long axis captures the dynamics of the flow 
produced purely by a ventricular expansion, with little influence 
of initial diastolic flow disturbances. This suggests that the CMD 
technique is suitable to assess LV diastolic function. At the same 
time, it emphasises the limited sensitivity of this technique. 
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