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Abstract—Intraventricular flows have been correlated with dis-
ease and are of interest to cardiologists as a possible means of
diagnosis. This study extends a method that use magnetic reso-
nance (MR) to measure the three-dimensional nature of these
flows. Four coplanar, sagittal MR slices were located that
spanned the left ventricle of a healthy human. All three velocity
components were measured in each slice and 18 phases were
obtained per beat. With use of the MR magnitude images, masks
were created to isolate the velocity data within the heart. These
data were read into the software package, Data Visualizer, and
the data from the four slices were aligned so as to reconstruct the
three-dimensional volume of the left ventricle and atrium. By
representing the velocity in vectorial form, the three-dimensional
intraventricular flow field was visualized. This revealed the pres-
ence of one large line vortex in the ventricle during late diastole
but a more ordered flow during early diastole and systole. In
conclusion, the use of MR velocity acquisition is a suitable
method to obtain the complex intraventricular flow fields in hu-
mans and may lead to a better understanding of the importance of
these flows.

Keywords—Magnetic resonance, Computer reconstruction, Ve-
locity, Left ventricle.

INTRODUCTION

Intraventricular blood flow patterns have been corre-
lated with cardiac disorders, such as ischemia (2,4-
6,8,22), cardiomyopathy (10), and thrombosis (15), and,
therefore, are a possible means of assessing cardiac func-
tion. One goal of clinical cardiology, therefore, is to find
a method that can accurately measure the complex three-
dimensional flow in a human ventricle to fully understand
this relationship and to develop possible diagnostic tech-
niques. To date, a number of approaches have been taken
to achieve this goal including color Doppler (8,10),
M-mode (22), B-mode (2,15), and pulse wave (2,4-6)
ultrasound; computational modeling in conjunction with
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cine-angiography (1,20,21); and purely computational
simulations (13,15,17,20,21). For various reasons, none
of these methods is ideal for measuring the full three-
dimensional, temporal variations in the intraventricular
velocity over the cardiac cycle and throughout the entire
ventricle. For instance, ultrasound cannot easily measure
more than one component of velocity and requires trans-
lation or rotation of the ultrasound transducer to acquire
images in more than a single plane. Computational meth-
ods that use the ventricular wall motion derived from cine-
angiography have been used to study systolic flows only
(9,24), and purely computational models are either too
simplified (16,17) to produce a realistic flow field or too
complex (13,18,28), requiring restrictive amounts of com-
puter time.

However, recent developments in magnetic resonance
imaging (MRI) have shown that it is possible to measure
the three-dimensional velocity in a MRI slice through a
human subject, making MRI a means of obtaining the
intraventricular flow field. By triggering the MRI acqui-
sition from the subject’s electrocardiogram (ECG), tem-
poral changes in velocity can be obtained. In addition, the
MRI slice can be orientated in any direction, thereby,
allowing imaging of any part of the body. These tech-
niques previously have been applied to measure the flow
in the ventricle through the acquisition of a single MRI
slice (10,25). These studies were able to visualize and
quantify the intraventricular flow field, including vortex
formation and separation. The objectives of the work pre-
sented herein were to develop a method for expanding this
single slice approach to a multislice acquisition in which
the flow in the entire ventricle is measured and to visualize
this volumetric velocity data in a meaningful manner.
Such an acquisition should then provide a complete visu-
alization of the intraventricular flow field and may lead to
a better understanding of cardiac hemodynamics.

METHODS

The MRI acquisition was performed on a healthy 21-
year-old man with no previous history of cardiac disease.
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The subject was placed in a Philips (Philips Medical Sys-
tems, Shelton, CT) 1.5 Tesla, S-15 MR scanner in the
supine position. A series of transverse spin echo scout
images covering the subject’s chest region were obtained
to locate the position of the heart. With the use of these
scout images, which showed the left ventricle in a short
axis view, four sagittal slices 10 mm apart (center line to
center line) were located so as to span the left ventricle
throughout the cardiac cycle, (Fig. 1). Phase velocity was
then encoded with the use of the FLAG pulse sequence
911) to obtain the velocity in three perpendicular direc-
tions in the sagittal slices. This gradient echo sequence
used bipolar gradients to produce one velocity-compen-
sated and three velocity-encoded images, one for each
velocity direction. During measurement, the velocity-
encoded and velocity-compensated sequences were inter-
leaved at each encoding step (11). The final three velocity
images were obtained by subtracting the velocity-
compensated image from each of the velocity-encoded im-
ages. The slices obtained were 6 mm thick with a 128 X
128 resolution and a field of view of 280 mm, giving a
pixel size of 2.19 X 2.19 mm. The velocity range was set
at =100 cm/sec and two signal averages were taken. The
acquisition was triggered from the R-wave of the subject’s
ECG, allowing 18 images or cardiac phases (35 msec apart
and equal to the repetition time) to be obtained throughout
the cardiac cycle. The heart rate was 75 beats per min.
Velocity was measured with MRI by utilizing the de-
gree of precession of the protons in the image. The rate of
precession of the protons was proportional to the strength
and direction of the applied magnetic gradient. When a

FIGURE 1. Transverse scout image showing the positioning
of the sagittal velocity slices over the left ventricle.

positive magnetic gradient was applied, all protons pre-
ceded an amount that depended on the duration and local
strength of the magnetic field. When an equal but negative
gradient was then applied, stationary protons preceded the
same amount but in the opposite direction. These station-
ary protons, therefore, had no net rotation or zero phase at
the end of the procedure. When, on the other hand, the
proton was moving during the application of the gradients,
then it experienced a different magnetic field strength dur-
ing the application of the positive and negative gradients.
Its forward and backward rotation, therefore, differed,
giving it a net rotation or phase at the end of the proce-
dure. It can be shown that this net phase is proportional to
the velocity, acceleration, and higher order motions of the
protons. Under normal physiological conditions, how-
ever, the contribution to the phase from the acceleration
and higher orders of motion can be neglected, leaving the
phase directionally proportional to the velocity. In this
way, the velocity in each voxel in an image can be ob-
tained.

A number of authors have validated the accuracy of
MRI phase velocity encoding in vitro (14,19) by compar-
ing it to computational (23) and laser Doppler anemometry
(26). In addition, MRI has been shown to be accurate to
within 5% when used to calculate the flow rate down-
stream of artificial heart valves (27). In-vivo validation of
MRI is more difficult because of the lack of a gold stan-
dard for in vivo velocity measurements. However, com-
parisons between pulse Doppler ultrasound and MRI have
been shown to give good agreement (7,12).

DATA ANALYSIS

The data obtained from the MR scans were transferred
to a Silicon Graphics ONYX computer for analysis and
visualization. The MR images obtained with a 280-mm
field of view covered a significant portion of the chest;
therefore, the first step in the data analysis was to extract
from all images a smaller region covering the heart only.
The next step was to create mask images. For each slice
and cardiac phase, a mask image composed of zeros and
ones was created manually in which ones were located
inside the left ventricle and atrium, and zeros were located
elsewhere. These images were created with the visualiza-
tion software Spyglass Transform (Spyglass Inc., Savoy,
ILL) and by using the magnitude images to show the anat-
omy. After generation of the mask images, they were
multiplied by the corresponding velocity images to zero
the velocity measurements outside the heart. The final
phase in the data analysis was to format the data for input
into the visualization software.

DATA VISUALIZATION

The three-dimensional visualization package used to
perform the final reconstruction and animation of the flow
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was Data Visualizer (Wavefront Technologies, Santa Bar-
bara, CA). Numerous tools were used in this package.
First, the outline of the ventricle and atrium was visualized
by using cut planes placed coplanar with the MR slices. A
cut plane is an imaginary slice through the data block in
which vector and/or scaler data can be visualized in a
number of ways. By using the computer mouse, this slice
can then be moved and rotated through the data to visu-
alize different regions. Within each cut plane, a contour of
the mask data was generated, representing the outline of
the ventricle and atrivm. The outline was found by setting
the contour’s value to 0.5, which separated the ones
within the ventricle and atrium from the zeroes outside.
Second, the velocity normal to the MR slices (roughly
atrial-apical direction) was visualized by representing it in
raster form at the level of each of the MR slices. Finally,
all three velocity components were visualized with vec-
tors. All images were generated throughout the cardiac
cycle and animated.

RESULTS

Figure 2 shows the magnitude images 12 msec after the
R-wave (the start of systole) for the four sagittal velocity-
encoded slices. On each of the images, the back of the
subject is on the right with the left ventricle at the middle
right of each image. The images progress from the pa-
tient’s left (Fig. 2.1) to right (Fig. 2.4) covering the heart.
The leftmost image, therefore, cuts the ventricle toward
the apex, showing a small section of the papillary mus-
cles, whereas the rightmost image cut the ventricle toward
the septum and aortic valve, showing some of the ascend-
ing aorta and including part of the left atrium. The process
of masking the region outside the heart was performed by
using these and similar magnitude images. This is possible
because of the difference in signal intensity between flow-
ing blood and static tissue, as is clearly shown in Fig. 2.1.
Unfortunately, this contrast was not always strong enough
to provide a sharp border, which occasionally made it
difficult to identify the inner ventricular boundary. Fur-
thermore, it often was difficult to identify the boundary
between the left atrium and ventricle.

In Fig. 3, cut planes were placed coincident with the
MR slice, and the through-plane velocity was represented
in raster format. With this type of representation, the mag-
nitude of the velocity at each voxel in the MRI slices was
given a color value (blue and red for apically and basally
directed flows, respectively), the brightness of which in-
creased with the velocity magnitude. The outlines of the
raster images are the contours showing the inner wall of
the heart. The apex of the heart is seen on the left of the
images, and the left ventricular outflow tract (LVOT) is at
the top right. Because of the orientation of the slices, the
left atrium also is included and is shown at the front right
of the images.

Figure 3a shows the visualized data during peak sys-
tole. From the almost total red color of the through-plane
velocity, the image shows that the flow converged toward
the aortic valve from the entire ventricle. The maximum
velocity occurred in the LVOT. Within the atrium, there
was flow toward the ventricle, as indicated by the blue
color. Figure 3b shows the visualized data during early
diastole. In contrast with Fig. 3a, the through-plane ve-
locity was directed toward the ventricular apex, as indi-
cated by the almost total preponderance of blue color.
Because this occurred, during diastole, the mitral valve
was open, which resulted in a continuous pathway be-
tween the ventricle and atrium. Therefore, no wall was
drawn between these two chambers. Within the atrium,
there also was an overall blue velocity directed from the
atrium to the ventricle. The location of the mitral annulus,
at which position the velocity is maximal, was hinted at by
the very light blue or yellow portion of the raster images.
Figure 3c shows the visualized data during early mitral
valve closure. There still was flow from the atrium into the
ventricle, as indicated by the light blue color at the loca-
tion of the mitral valve. Within the ventricle, however, the
flow no longer was apically orientated everywhere, be-
cause there are red, basally orientated velocity regions at
the far side of the right three cut planes. These regions are
located anterior to the anterior mitral leaflet in the LVOT
region of the ventricle and indicate an intraventricular vor-
tex. In the most apical slice, the flow still is apically
orientated indicating that the vortex in the basal region of
the heart did not extend to the apex. Figure 3d shows the
visualized data at the end of diastole. The mitral valve
closed, halting the flow of blood from the atrium to the
ventricle. The through-plane velocity shows a bidirection-
ality with blue, apically orientated flow at the front of the
images and red, basally orientated flow at the back. This
indicates a vortex type flow, which, in contrast with the
previous image, covers the entire ventricle. From the
darkness of the colors, however, it also is evident that the
velocities within this vortex were lower in this image than
in the previous one.

As an alternative to the raster representation of the
velocity, the cut plane function was used to visualize the
velocity in vector form (Fig. 4). In Fig. 4, a cut plane was
selected perpendicular to the four MR slices to visualize
the ventricular inflow and outflow. The velocity vectors
that are shown also have been interpolated, visualizing
vectors between the MR slices. Figure 4a clearly shows
the convergence of the flow toward the aorta at peak sys-
tole when the aortic valve on the right was open, and the
mitral valve in the center was closed. Within the atrium,
the flow of blood is in the opposite direction, toward the
closed mitral valve, showing the S-wave of atrial inflow.
As with the previous image, the mask data was used to
show the outline of the ventricle and atrium. Notice, how-
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FIGURE 2. Magnitude images showing the anatomy in each of the four velocity slices 12 msec after the R-wave. LV, left ventricle;
A, anterior; P, posterior. Images 1 to 4 progress from left to right of the subject.

ever, that the contour between the atrium and ventricle
does not separate the two completely. Figure 4 (b and ¢)
shows the vectors during early diastole and mitral valve
closure. These figures show that the flow during early
diastole was very strongly apically orientated throughout
the ventricle and that this flow had a rounded profile.
During mitral valve closure, the intraventricular vortex
shown in Fig. 3 was seen, as was the mitral inflow. The
vectors show that the velocity had increased and was now
skewed toward the front of the images (posterior wall of
the heart). The velocity vectors in Fig. 4, which represent

all three components of velocity, show the general basal-
apical motion of the blood during both systole and dias-
tole. Relatively little motion of the blood was seen in the
perpendicular direction.

In Fig. 5, the cut planes were used to show the velocity
vectors in each of the MR planes for systole and diastole.
From these images, the overall shape of the velocity pro-
file can be gathered. For instance, the systolic image
clearly shows the acceleration of the flow toward the
aorta. Details or more subtle characteristics of the flow
field, however, cannot easily be observed (Fig. 5), al-
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though rotation of the images on the computer screen does
give a better impression of the flow field than do these
static photographs.

DISCUSSION

To a certain extent, the imaging portion of this project
was simplified, because a multislice acquisition was
made. In single slice imaging, the most difficult aspect
often is locating a single plane that can describe enough of
the flow field to be useful. This often takes time, espe-
cially when multiple angulations of the slice are needed.
In contrast, when multislice images are acquired, it only is
necessary to locate the slices so that they span the region
of interest. The flow in particular planes can then be vi-
sualized by using the cut plane function after the data have
been reconstructed on the computer. Therefore, multislice
acquisitions are easier and quicker to set up than are single
slice acquisitions. This is an important consideration be-
cause the acquisition time for a three-velocity component
slice is approximately 20 mins. For these measurements, it
was found that unangulated transverse and unangulated
sagittal scans were suitable for the scout and velocity im-
ages, respectively.

The MRI parameters used for this study were chosen
from past experience with imaging the human ventricle
(25). The choices of slice thickness and field of view
depend on the desired accuracy of the velocity measure-
ment. Choosing a small slice thickness and small field of
view yielded a smaller voxel size and therefore, a better
spatial resolution within the ventricle. Unfortunately, the
signal to noise ratio decreased as the voxel size decreased,
resulting in a less accurate velocity measurement. A com-
promise must, therefore, be reached between accuracy of
the velocity and spatial resolution. We found that a field of
view of approximately 280 mm and slice thickness of
between 6 and 10 mm gave good results (25). The spacing
of the MR slices also is a parameter that can be varied to
increase the spatial resolution of the data. In this experi-
ment, the slices were 10 mm apart (center to center) re-
sulting in a gap of 4 mm between slices. This spacing
could have been decreased to obtain better spatial resolu-
tion, but so doing would have increased the examination
time, because more slices would have been needed to
cover the entire ventricle. We believed that this compro-
mise was not worthwhile for the ventricular flow. In future
studies, the time limitation may be removed because scan-
ning methods currently are being developed to allow a
single slice to be obtained in less than I min. However,
the hardware and software used for this study were stan-
dard and can be used on any scanner.

The direct measurement of the velocity by MR and the
acquisition of the MRI data by computer render the data
analysis relatively straight forward. The only data manip-

ulation necessary was the masking of the flow in the ven-
tricle and the rearrangement of the data files into a format
suitable for the visualization software. The masking of the
flow in the ventricle was necessary because MR measures
a velocity in every voxel, regardless of whether that ve-
locity has any physical meaning. Such velocities tend to
be irregular and, when represented in vector form, can
confuse and obscure the correct velocity data. The mask-
ing of the image was performed by hand and, as a result,
was relatively time consuming. Although there are meth-
ods to aid in the masking of the data, such as automated
border detection algorithms, these methods are not of
great use to these data because the contrast between the
intraventricular blood pool and the myocardium may be
small. This lack of contrast can occur for a number of
reasons. First, the scanning method used may have been
optimized for velocity acquisition and not for blood-
myocardial contrast. Second, the signal magnitude of the
blood may increase or decrease depending on a number of
factors, such as motion, turbulence, and magnetic satura-
tion, making it difficult to define a set threshold for the
blood-myocardium interface. Finally, the slices may dis-
sect the blood-myocardium interface at an oblique angle,
thereby reducing the blood-myocardium contrast through
the partial volume effect. However, masking by hand with
use of the computer mouse can be accelerated when the
mask from the previous cardiac phase is used for the cur-
rent cardiac phase, because only the motion of the inner
myocardial boundary must be taken into account. In ad-
dition, animation of the MR images can be used to aid in
the masking, because motion can give an improved per-
ception of the myocardial boundary.

After data analysis, the resultant masked data files were
visualized with use of the commercial software package
the Data Visualizer. One advantage of MR data is that
they are rectangular in nature, and, therefore, only the
pixel size and slice spacing are required to define the
location of each voxel. This greatly simplified the file
format and the visualization of the data. Within the Data
Visualizer, the best tool for visualization was the cut plane
function. This tool allowed the visualization of the data in
one or more slices orientated through the three-di-
mensional data rectangle. Three methods were used with
the cut plane function to visualize the data. The first was
to create a contour of the mask data to show the edge of
the ventricle and atrium. This was relatively straightfor-
ward because this edge is the only contour in the mask
images. Initial attempts to visualize the anatomy of the
heart used the MRI magnitude images and not the mask
images. It was found, however, that these images, be-
cause of their poor contrast, location, and orientation,
were too complex to provide a meaningful visualization of
the heart structure. The second method used to visualize
the data was a raster representation of the normal velocity.
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This type of visualization was useful because it simplified
the data, allowing particular aspects of the flow to be seen.
In this case, the normal velocity could be used to show the
apical- to -basal motion of the blood in the ventricle. Be-
cause we found that this was the major direction of blood
flow, this visualization gave a very good description of the
flow, clearly showing the intraventricular vortex at the end
of early mitral inflow. In cases, however, in which the
flow is more complex, such a visualization may not yield
a suitable flow description. The third type of visualization
used was the vector plot of the velocity. Representing the
velocity in vector form visualized both the velocity mag-
nitude and direction and, therefore, was more descriptive
of the flow. However, with this type, when there are many
cut planes on display, the velocity vectors can tend to be
confusing, especially when they overlap. For instance, in
Fig. 5, the systolic flow is visualized well, giving a good
impression of the convergence and acceleration of the
flow toward the aortic valve. In contrast, however, the
diastolic flow is not as well visualized, giving a poor
impression of the intraventricular vortex shown on the
raster images. By far, the best method to visualize the
flow was to use a single cut plane containing velocity
vectors and the mask contour. By using the mouse to
move and rotate the cut plane around and through the
three-dimensional data set, it was possible to investigate
different aspects of the flow field. For instance, the ex-
amples shown in Fig. 4 clearly visualize the systolic out-
flow and diastolic vortex. In addition, by animating these
images, the time-dependent motion of the blood through
the atrium and ventricle can be seen clearly.

Previous single slice MRI and Doppler ultrasound im-
aging of the ventricular flow have shown that an intraven-
tricular vortex is present during diastole (6,25). The three-
dimensional reconstruction presented herein also was able
to identify this vortex, but, in this case, the vortex could
be visualized in three dimensions. This visualization re-
vealed that the vortex, for this subject, was a vortex line
rather than a vortex ring as has been suggested by others
(3). The core of the vortex was aligned with the mitral
valve leaflets so that flow was directed from the mitral
valve along the posterior ventricular wall to the apex and
from the apex along the intraventricular septum to the
aortic valve. One possible explanation for the presence of
a line vortex rather than a ring vortex is in the way in
which the vortex was formed. The ring vortex hypothesis
was derived from classical fluid mechanics, which showed

Y

that, when a bolus of fluid was impulsively injected into a
stagnant chamber through a constrictive orifice, a ring
vortex formed. In the case of early mitral inflow, how-
ever, it was suggested that these conditions did not exist.
First, the fluid within the ventricle was not stagnant, but,
in fact, was being driven apically by the relaxation of the
ventricular walls and the opening motion of the mitral
valve leaflets, Fig. 3b and 4b. Second, upon opening of
the mitral valve, the leaflets, under normal function, ex-
tended very wide, even touching the intraventricular sep-
tum (25), to form a continuous chamber from the atrium to
the ventricle. Figures 3b and 4b and Reference 25 show
that, during this period of early filling, there was no, or at
least very little, separation within the ventricle and, thus,
no vortex was formed. These results show that the intra-
ventricular vortex was created as the mitral valve leaflets
began to close at, or just before, the peak in the mitral
valve E-wave. The motion of both leaflets against the
inflow generated vortices downstream (apical) of the leaf-
let tips. As time progressed, the vortex from the anterior
leaflet dominated the one from the posterior leaflet and
grew to fill the entire ventricle, producing a single intra-
ventricular line vortex, Figs. 3d and 4c. This result sug-
gests that the intraventricular flow depended on the mitral
valve leaflets, and, therefore, simulations of ventricle
flows should include realistic mitral valve geometries.
During systole, the three-dimensional reconstruction of
the flow showed that the blood accelerated toward the
aorta from all regions of the ventricle. Such a flow is less
complex than diastolic flow, because it has no recircula-
tion regions, and is qualitatively similar to simulations of
systolic ejection.

Compared with other methods for investigating intra-
ventricular flow fields, three-dimensional MRI has the fol-
lowing advantages: it can directly measure the three-
dimensional velocity vector; it is not hindered in the im-
aging by bone, etc., and, consequently, can obtain data in
a slice orientated in any direction through the heart; it can
simultaneously measure the anatomy; it can measure the
temporal changes in these data; it obtains the data on ac-
tual hearts with no need for simplification; and it is non-
invasive and safe. The disadvantages of MRI are the fol-
lowing: complex pressure fields are not obtained; it is
difficult to image the mitral valve leaflets; the procedure
triggers claustrophobia and is intimidating to some pa-
tients; and surgical wiring may hinder the imaging.

The effects of beat to beat variations on the measured

-—

FIGURE 3. (Top 2 rows) Images of the normal velocity. Red, apical-basal velocity; blue, basal-apical velocity. a) Peak systole 73
msec after R-wave; b) Peak diastole, 397 msec after R-wave; ¢} mitral valve closure 467 msec after R-wave; d) end diastole 607

msec after R-wave. LVOT, left ventricular outflow tract.

FIGURE 4. (Bottom left) Velocity vectors in a cut plane perpendicular to the MR slices. a) Peak systole 73 msec after R-wave; b)
start diastole 397 msec after R-wave; c) mitral valve closure 467 msec after R-wave. LVOT, left ventricular outflow tract.
FIGURE 5. (Bottom right) Velocity vectors in cut planes placed at the location of the MR slices. The top image is during systole,

and the bottom image is during diastole.
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velocity also must be considered. With the MRI phase
velocity-encoding method, the data in an image were an
average over a number of heartbeats. Beat to beat varia-
tions in the length of the cycle or the timing of the major
heart events had the effect of smoothing out the velocities.
When the imaging was triggered from the R-wave of the
ECG, this smoothing was most noticeable at the end of the
cycle, affecting the A-wave of mitral filling. In addition,
when the heart rate was changing, the timing of the heart
events could have varied between slices when multislice
imaging is being used. These problems were reduced,
however, when retrospective gating was applied. Retro-
spective gating works by averaging together data obtained
at the same relative time in the heartbeat rather than data
obtained at the same absolute time.

CONCLUSIONS

The measurement of the full time-dependent, three-
dimensional flow in the left ventricle of a healthy human
was performed and reconstructed on a computer. We
found that the acquisition of the MRI data was relatively
straightforward and required no special MRI pulse se-
quences or hardware. The data analysis also was relatively
simple; it required only the masking of velocity to remove
velocities from outside the heart and to provide an outline
of the heart’s anatomy. The resultant visualization was
able to show the three-dimensional nature of the intraven-
tricular flow field. The best visualization method was a cut
plane in which the ventricular outline and the velocity
vectors were displayed. This gave enough information to
understand the flow, yet was not so complex as to clutter
the image. The representation of a single velocity compo-
nent in the raster form also was found to be useful. In
more complex flows than those found herein, however,
this method may be found lacking. Animation of the data
was found to give an enhanced interpretation of the tem-
poral nature of the data.

The intraventricular flow field was found to be simple
during systole, with the blood accelerating toward the
aorta from all regions of the ventricle. During early dias-
tole, the flow also was relatively simple, with apically
directed flow through the atrium and ventricle. However,
during late diastole, reversed, basally directed flow was
generated, which led to the formation of a large vortex in
the ventricle. This vortex was a line vortex and not a ring
vortex.

Finally, we have shown that MRI phase velocity mea-
surements of the heart are possible and, therefore, are a
potential new tool for investigating the full three-
dimensional, time-dependent nature of ventricular hemo-
dynamics.
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