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A real-time interactive color flow MRI system capable of rapidly
visualizing cardiac and vascular flow is described. Interleaved
spiral phase contrast datasets are acquired continuously, while
real-time gridding and phase differencing is used to compute
density and velocity maps. These maps are then displayed
using a color overlay similar to what is used by ultrasound. For
cardiac applications, 6 independent images/sec are acquired
with in-plane resolution of 2.4 mm over a 20 cm field of view
(FOV). Sliding window reconstruction achieves display rates up
to 18 images/sec. Appropriate tradeoffs are made for other
applications. Flow phantom studies indicate this technique ac-
curately measures velocities up to 2 m/sec, and accurately
captures real-time velocity waveforms (comparable to contin-
uous wave ultrasound). In vivo studies indicate this technique is
useful for imaging cardiac and vascular flow, particularly val-
vular regurgitation. Arbitrary scan planes can be quickly local-
ized, and flow measured in any direction. Magn Reson Med
43:251–258, 2000. © 2000 Wiley-Liss, Inc.
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The development of color flow mapping in ultrasound
revolutionized the diagnosis and assessment of valvular
heart disease. Over time, it has proven to be particularly
effective at visualizing regurgitant jets and abnormal flow
(1). It is desirable to have such capability in an MR exam.
MR imaging has several unique advantages over ultra-
sound. In MR, there is no acoustic window constraint,
which gives the operator a great variety of achievable
views. MR can also be used to examine velocity in any
direction including through-plane; and sequences can be
tuned to any desired velocity range (whereas ultrasound
typically is limited to 6 70 cm/sec before aliasing inter-
feres).

MR has traditionally suffered from long scan times, mak-
ing it difficult to image in the presence of flow and motion.
Cardiovascular imaging has been particularly difficult due
to cardiac and respiratory motion. To avoid motion arti-
facts, scans are often gated, or require breathholds. With
improvements in gradient hardware, novel k-space cover-
ages, and new reconstruction techniques, real-time dy-
namic imaging, or MR “fluoroscopy” has developed into a

popular and robust way to avoid motion artifacts. MR
fluoroscopy was first proposed by Riederer in 1988 (2,3),
and has recently been revisited by Kerr, Rache, Hardy,
Gmitro, and others (4–8). Image rates of up to 30 frames/
sec have been reported, making dynamic MRI of the heart
and abdomen possible. Real-time MR has also demon-
strated its diagnostic capability, particularly when exam-
ining cardiac wall motion and left ventricular (LV) mass
(9), and when tracking motion in the small bowel (10).

The color overlay of flow information over anatomical
information has a long history in ultrasound and other
imaging modalities. It has been used in MR since Klipstein
et al. (11), and has received renewed attention as a pow-
erful aid for visualizing flow information and anatomical
information simultaneously (12,13). Dynamic color flow
MRI was first presented in 1990 by Riederer et al. (14),
with frame rates up to 1 image/sec. In this manuscript, we
describe a system that improves upon those previously
reported by providing the following key features: (a) re-
duced flow artifacts due to spiral k-space coverage, (b)
interactivity with improved response time, and (c) higher
temporal resolution, with image rates up to 6 images/sec
and reconstruction and display rates up to 18 frames/sec
(sufficient to resolve cardiac flow).

The system described here was implemented within the
context of the real-time interactive MR fluoroscopy system
developed by Kerr et al. (4). Kerr’s system uses an external
workstation for real-time reconstruction and display,
while providing an interface for intuitive scan plane ma-
nipulation and real-time control of sequence parameters. It
also supports a variety of excitation pulses and k-space
acquisition schemes.

The system we present uses a fast spiral phase contrast
pulse sequence (15–17), real-time reconstruction to com-
pute both velocity and density maps, and intelligent color
overlay. No breathholding or gating is required. Useful
interactive controls are provided for examining arbitrary
scan planes, arbitrary flow directions, and arbitrary veloc-
ity ranges. Results from phantom studies, as well as hu-
man studies are presented.

METHOD

Pulse Sequence

Figure 1 illustrates the basic pulse sequence used. Excita-
tions are followed by flow-encoding gradients, followed by
spiral readouts, and finally a crusher. For most applica-
tions, a water-selective spectral-spatial excitation (shown
in Fig. 1) is used (18,19). As noted by Fredrickson et al.
(20), if sufficient gradient strength is available, a “flyback”
excitation pulse should be used to help provide uniform
excitation in the presence of through-plane flow. In the
design of a “flyback” pulse, radio frequency (RF) power is
delivered only when the gradients are flow-compensated
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in the slice-select direction (when M1z 5 *0
t Gz (t)t dt 5 0).

For those applications in which a shorter TR is required,
we opt for a purely slice selective excitation, which occu-
pies on the order of 2 msec.

Spiral interleaved acquisitions are used to collect image
data. Spiral trajectories are chosen because they cover
k-space efficiently (21), and have excellent flow properties
(22,23). Specifically, flowing spins produce blur in the
direction of flow, instead of ghosting that is seen in other
fast imaging trajectories such as echo-planar (EPI) (22).
The readouts themselves are generated to make optimal
use of available gradients (24,25).

The pulse sequence ends with a spoiler in the slice-
select direction that dephases any remaining transverse
signal. For reference, magnitude images from this se-
quence in general possess contrast similar to GRASS.

This sequence also includes a velocity-encoding (VENC)
bipolar gradient that occurs between the excitation and
readout. The introduction of such a gradient (with a non-
zero first moment M1) produces image domain phase off-
sets proportional to velocity (26). This phase offset is lin-
early dependent on the component of velocity in the di-
rection of flow encoding:

f 5 nd M1 [1]

M1 5 g E
0

t

Gd(t)tdt [2]

where nd is a voxel’s velocity component in the flow en-
coding direction, and f is that voxel’s corresponding
phase offset; g is the gyromagnetic ratio, Gd(t) is the gra-
dient in the flow encoding direction, and M1 is the first
moment of the gradient waveforms in that same direction.
Our velocity encoding gradient consists of two trapezoids
equal and opposite in area. In this case, M1 5 gAt, where
A is the area under one trapezoid, and t is the time be-
tween the centers of the two trapezoids. Given this, the
maximum velocity discernible from a particular VENC is
the velocity that would produce an overall phase shift of p:

nmax 5 p/M1 [3]

This maps the velocity range [2nmax, nmax] to the phase
range [2p, p]. True velocities outside of the [2nmax, nmax]
range will result in “aliased” or wrapped around esti-
mates. Signal with true velocity 2 nmax will appear station-
ary, and signal with true velocity 1¼ nmax will appear to
have velocity 2¾ nmax. It is important that the chosen
velocity range be large enough to avoid this effect. If the
range chosen is too large however, phase noise will dom-
inate the velocity signal, and velocity estimates will be
unreliable. For our valve studies, we use a nmax of any-
where from 2 to 10 m/sec. This reasonably covers the range
of normal and abnormal velocities we expect to find. Note
that due to the inverse relationship between M1 and nmax,
a smaller nmax requires larger M1, and therefore a longer
VENC gradient waveform.

The relative scale of the VENC on the x, y, and z gradi-
ents determines the direction of flow sensitivity. The ab-
solute scale of those waveforms determines the sensitive
velocity range. These properties may be controlled inter-
actively by the scan operator to provide the desired flow
sensitivity.

For each color frame reconstructed, two full images are
acquired, one flow-compensated image I0 acquired with
VENC off, and one flow encoded image I1 acquired with
VENC on. This is typically referred to as “asymmetric”
encoding. Alternatively, “symmetric” encoding would in-
volve both images having equal and opposite flow en-
codes. “Symmetric” encoding has the advantage that the
same nmax can be achieved with a shorter VENC waveform,
which results in shorter echo times. However, “asymmet-
ric” encoding provides a flow compensated magnitude
image I0 that is free of flow encoding artifacts. Flow
encoding often produces undesirable magnitude varia-
tions (27). Our primary motivation for using asymmetric
encoding is to guarantee that one magnitude image has
minimal flow encoding artifacts.

Figure 2 illustrates the timing of acquisitions. Acquisi-
tions for I0 and I1 are interleaved, so that each spiral
interleaf is acquired once without and once with flow
encoding, before moving on to the next interleaf. This is
done to maintain temporal coherence between data that
will be compared. In addition, the interleaves themselves
are executed in bit-reversed order (if the number of inter-
leaves is four or more) in order to maximize time between

FIG. 1. Real-time color flow pulse sequence. A
low flip-angle excitation (water selective spec-
tral-spatial excitation is shown) is followed by
velocity-encoding bipolars in x, y, and z, which
provide flow encoding along a prescribed di-
rection. Finally, spiral-interleave readouts are
used to cover k-space, and a crusher dephases
any remaining signal.
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adjacent interleaves, which reduces motion induced spi-
ral-shape artifacts (28). The cycle of measurements is re-
peated indefinitely to permit a sliding window reconstruc-
tion (2).

Reconstruction

Flow compensated image I0 and flow encoded image I1 are
formed from spiral raw data via gridding reconstruction
(29). Velocity and density maps are computed from these
images as shown in Fig. 3. The density map is taken as the
magnitude of the non-flow-encoded image I0, while the
velocity map is computed from the phase difference be-
tween the two images I0 and I1.

D 5 I0 [4]

V 5 arg (I1 I*0)/M1 [5]

Only I0 is used for the density map because asymmetric
encoding results in I0 having fewer magnitude artifacts
than I1. However, if symmetric encoding is used, the mag-
nitude images can be averaged to improve signal-to-noise
ratio (SNR) (30).

In our implementation, phase difference (31) is used for
velocity estimation.

Display

In order to produce a final color overlaid image, each
pixel’s density and velocity is quantized to one byte each
and then passed though a colormap (see Fig. 4). We use an
adapted version of an ultrasound color map (provided by
the Medical Products Group of Hewlett Packard, Palo Alto,
CA) in order to make our images look familiar. Figure 3
demonstrates the pixel-by-pixel overlay.

A major concern in the overlay process is the accuracy of
velocity maps. When there is little signal in a pixel, its
phase is more prone to noise, and thus the velocity esti-
mate is less reliable. To prevent this from appearing in
overlaid images, a minimum density criteria is used. Col-
oring is restricted to pixels that have sufficient density
signal, and that therefore have reliable velocity estimates.
In addition, since we are usually interested in abnormal
fast flow, we further limit the colored areas of the dis-
played image, using a minimum velocity criteria (see Fig.
4b). These clipping values may be controlled interactively
by the scan operator, to optimize visualization of the pa-
thology.

The scan operator also has the option of brightening the
density map, or adding artificial aliasing to the velocity
map. Figure 5 illustrates the use of artificial aliasing. The
option of artificial aliasing was included mainly for the
benefit of clinicians accustomed to color discontinuities
(as in ultrasound). Since this is done in a reconstruction
step, our artificial aliasing (unlike true aliasing) preserves
the direction of flow information. Therefore the colors are
wrapped from sky blue to dark blue and yellow to dark
red.

RESULTS

Results from phantom and human studies are presented.
Unless stated, all MR images were acquired on a 1.5 T GE
Signa scanner with gradients designed for cardiac appli-
cations; B , 40 mT/m and dB/dt , 150 mT/m/msec.
A 5-inch surface coil was used for signal reception, and a
body coil was used for transmission of RF. In addition, the
color flow sequence was run with a 30 ms TR, 30° flip
angle, “asymmetric encoding,” 242 cm/sec nmax, using a 7
msec conventional spectral-spatial excitation, 1 msec ve-
locity encode, and 16 msec spiral readouts. The sequence
used three-interleave spirals to achieve 2.4 mm isotropic
resolution over a 20 cm FOV, and thus acquired data for a
complete color flow image every 180 msec (approximately
6 images/sec).

The primary application of interest for this technique is
the visualization of cardiac and vascular flow. This typi-
cally involves orienting the scan plane such that the flow
of interest is either in-plane or through-plane, and then
prescribing the corresponding flow-encoding direction.
Flow-encoding directions that are a combination of in-
plane and through-plane are not typically used, but are
supported by the system.

Phantom Studies

Two sets of flow phantom experiments were performed to
evaluate the performance of this technique at measuring
through-plane and in-plane flow. In the first experiment,
velocity measurements were taken on a steady flow phan-
tom. This phantom consisted of a straight tube passing
through a tub of distilled water. Water doped with man-
ganese-chloride (640 msec T1 and 90 msec T2) was fed
through the tube by a constant-rate flow pump (Masterflex
model 7520-25; Cole-Parmer Instrument Company, Chi-
cago, IL). Reference velocities were measured using a stan-

FIG. 2. Sliding window reconstruction illus-
trated for phase contrast interleaved spiral ac-
quisitions. Interleaves with and without flow en-
coding are acquired continuously. Each inter-
leaf is acquired twice (once for I0 and once for
I1). The interleaves themselves are in bit-re-
versed order (if the number of interleaves is four
or more). At any given time, the most recent
complete dataset is used to reconstruct an im-
age.
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dard phase contrast sequence (2DFT, 5.4 msec TE, 30 msec
TR, 30° flip, 250 cm/sec VENC, 11 sec imaging time). It has
previously been shown that standard phase contrast is an
accurate reference for velocity measurement (32,33). Ve-
locities were also measured with real-time color flow (30
msec TR, 30° flip, 242 cm/sec nmax, 180 ms imaging time)
both when the flow was in-plane and through-plane. Mea-
sured velocities were compared over the range from 40
cm/sec to 200 cm/sec, and results are summarized in Fig.
6. The plotted quantities are mean velocities over a cross
section of the tube. Over the full range, real-time through-
plane and in-plane measurements were within 5% of ref-
erence velocities. At higher velocities, through-plane real-
time measurements tended to underestimate the velocity.
This could be due to fast through-plane flow not experi-
encing the full excitation or the fact that a “flyback” spec-
tral-spatial excitation was not used. The standard devia-
tion of through-plane real-time measurements was less
than 2.5 cm/sec at all measured pump setting. This error is

just larger than the quantization error of saved velocity
data. Velocity information from 2242 cm/sec to 242 cm/
sec being quantized to 1 byte, results in a velocity resolu-
tion of 1.8 cm/sec. In-plane flow measurements experi-
enced more variability over time, with a standard devia-
tion of up to 10 cm/sec. These results indicate that
velocities measured using this system are accurate up to at
least 2 m/sec.

The second phantom experiment was conducted to eval-
uate the ability of this technique to capture real-time ve-
locity waveforms. The phantom consisted of a loose tube
in a closed loop driven by a pulsatile flow pump (Pulsatile
Blood Pump, model 1421; Harvard Apparatus, South
Natick, MA). The pump was set to 80 cycles/min with a 28
cc stroke volume. This phantom was first filled with water
and Albunex (human albumin, sonicated; Molecular Bio-
systems, San Diego, CA), and examined using one-dimen-
sional (1D) continuous-wave doppler ultrasound (CWUS)
on an HP Sonos 2500 (Hewlett Packard, Palo Alto, CA)

FIG. 3. Image reconstruction. Density and velocity maps are computed from the acquired images. The density image is taken as the
magnitude of the flow compensated image I0 and the velocity image is inferred from the phase difference between the two images I0 and
I1. Density and velocity information is then combined on a pixel-by-pixel basis to produce a color flow image. In this example of aortic
regurgitation, the color overlay image depicts the velocity profile of a regurgitant jet while providing valuable anatomical landmarks.

FIG. 4. Colormaps. The horizontal axis repre-
sents density, and the vertical axis represents
the range of velocities. (a) an adapted ultra-
sound color map (obtained from the Medical
Products Group, Hewlett Packard, Palo Alto,
CA), and (b) clipped version of that color map
incorporating minimum density and minimum
velocity criteria.

FIG. 5. Artificial aliasing can be added to an
image to make fast flow more visible. The same
frame of data is reconstructed with (a) no arti-
ficial aliasing, and (b), (c) increasing amounts of
artificial aliasing. The nmax at acquisition was
240 cm/sec but the effective nmax for coloring is
160 cm/sec for b and 80 cm/sec for c.
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using a 1.9 MHz probe. The measured waveform is shown
in Fig. 7a. Following this, the phantom was filled with
manganese-chloride doped water, and scanned in real-
time using MR with the same scan parameters as listed
above. The scan plane was oriented parallel to flow for
in-plane flow measurements, and was oriented perpendic-
ular to flow for through-plane flow measurements. Real-
time measurements indicated plug flow was achieved in
the phantom. In a post-processing step, the average of a
few pixels from the center of the tube was chosen as
representative, and plotted as a function of time to yield
the waveforms shown in Fig. 7b,c. These results indicate
that this system is able to accurately capture the magni-
tude and shape of a real-time velocity waveform.

In Vivo Studies

Our primary application has been the imaging and visual-
ization of cardiac valvular regurgitation. We have qualita-
tively evaluated the performance of the real-time color
flow imaging sequence in several normal volunteers and
patients with valvular disease.

The interactive nature of this system enabled the quick
localization of scan planes of interest and quick visualiza-
tion of relevant flow. The scan plane, field of view, slice
thickness, flow encoding direction and magnitude were all
interactively controlled. Although arbitrary scan planes

FIG. 6. Constant velocities produced by a steady flow phantom
and measured using real-time color flow and reference phase con-
trast. Through-plane and in-plane flow measurements are shown
separately. (Dotted line is the ideal y 5 x line.)

FIG. 7. Pulsatile flow velocity waveform measured with (a) contin-
uous-wave Doppler ultrasound; and real-time color flow using (b)
through-plane and (c) in-plane measurements. The velocity window
for all three is 260 to 60 cm/sec. Note that the ultrasound data is
one-dimensional, while the MR flow data is two-dimensional with
the plotted quantity describing the average of measured velocities
within the cross section of flow imaged.

FIG. 8. Comparison of ultrasound and real-time color flow MRI.
Three chamber views showing aortic regurgitation imaged in a
patient using (a) color flow ultrasound and (b) real-time color flow
MR. Four chamber views showing mitral regurgitation in a patient
using (c) color flow ultrasound and (d) real-time color flow MR.
Regurgitant jets are indicated by arrows, and the respective valve
planes are indicated by dashed lines.
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could be reached, for comparison purposes, we present
mainly views commonly used in echocardiography. Figure
8 shows still-frame comparisons of aortic and mitral regur-
gitation visualized with real-time color flow MR and color
flow ultrasound. The aortic regurgitation is depicted in
three-chamber views (Fig. 8a,b), and mitral regurgitation is
depicted in four-chamber views (Fig. 8c,d). Both MR im-
ages were acquired with flow encoding in the vertical
direction. Regurgitant jets are clearly visualized in both
MR and ultrasound; however, the jet is visualized closer to
the valve in the ultrasound images.

Image sequences from a patient with aortic regurgitation
and mitral regurgitation are shown in Fig. 9. The aortic re-
gurgitation is visualized throughout diastole in series A; and
the eccentric mitral regurgitant jet in series B is visible during
the two frames of systole. The images shown are separated by
180 msec which is the true image rate. The real-time display
however operates at up to 18 frames/sec using a sliding
window reconstruction as described earlier. In our patient
studies to date, this temporal resolution has been sufficient to
resolve normal cardiac flow as well as regurgitant flow.

Real-time color flow can also be used in other areas of
the body where dynamic flow information is useful and
important. Here, we demonstrate this system’s ability to

examine carotid flow patterns, flow in the descending
aorta and peripheral vessels, and coronary flow in real-
time. Table 1 outlines scan parameters used while explor-
ing these other applications. Field of view and resolution
are chosen based on the size of the anatomy, while other
parameters are primarily chosen based on the expected
pulsatility and peak velocity.

FIG. 10. In-plane flow through the carotid bifurcation in a normal
volunteer. A single frame during systole is shown by its (a) density
image, (b) velocity map, and (c) color overlay.

FIG. 11. In-plane flow through the iliac aorta bifurcation in a normal
volunteer. A single frame during systole is shown by its (a) density
image, (b) velocity map, and (c) color overlay.

Table 1
Scan Parameters Used in Example Applications

Cardiac Carotid Popliteal Coronary

Receive coil 5 inch
surface

3 inch
surface extremity

5 inch
surface

Field of view (cm) 20 12 12 24
Slice thickness

(mm) 7 5 5 7
Resolution (mm) 2.4 1.46 1.50 2.4
Velocity nmax

(cm/sec) 242 100 50 100
Repetition time TR

(msec) 30 44 44 30
Number of

interleaves 3 3 3 3
Image time (msec) 180 264 264 180

FIG. 9. Image Sequences from three-chamber views of a patient with (a) aortic insufficiency, and a patient with (b) mitral regurgitation.
These consecutive frames are acquired in 180 msec each, which is the true frame rate. A sliding window reconstruction and display
operates at 18 frames/sec. In series (a) aortic regurgitation is observed throughout diastole (frames 3–5). In series (b) mitral regurgitation
is observed during diastole (frames 2–3).
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Rapid detection of flow disturbance in the carotids may
be helpful in examining stenoses of intermediate grade.
Images of carotid flow in a normal volunteer are presented
in Fig. 10. This single frame from a real-time sequence
immediately indicates flow patterns around the carotid
bifurcation.

Flow disturbances in the iliac aorta are thought to con-
tribute to aneurysm formation. Figure 11 shows color-flow
images of the iliac aorta bifurcation in a normal volunteer.
The normal flow is clearly visualized in an examination
taking less than 10 min, including localization.

Images of through-plane flow in the lower leg are pre-
sented in Fig. 12. These are frames during systole taken
above and below the first bifurcation of the popliteal ar-
tery. This technique can be used to rapidly measure blood
flow in peripheral vessels.

Coronary flow imaging is a challenge because of vessel
motion and highly pulsatile flow (34,35). However, rapid
imaging of flow in coronaries may be a feasible way to
detect coronary occlusion. Coronary flow is imaged in the
through-plane images shown in Fig. 13. Because coronary
flow is much slower than cardiac flow, the majority of
color in these frames is from flow in the chambers. This

distraction can be removed with a simple region-of-inter-
est window for the coloring.

In these studies, this system has demonstrated its ability to
image cardiac and vascular flow in real-time. Patient studies
have indicated that this sequence is useful for visualizing
cardiac flow, particularly in and around regurgitant valves.
The interactive nature of this system also makes it useful for
rapidly imaging flow in other areas of the body.

DISCUSSION

Two areas for improvement are temporal resolution and
the visualization of fast flow (such as that seen in the core
of regurgitant jets). Temporal resolution will improve with
hardware developments, allowing the acquisition of k-
space in less time, but can also be immediately improved
by sacrificing spatial resolution. For example, our cardiac
images used three-interleave spirals and had temporal res-
olution of 180 msec, with 2.4 mm spatial resolution. By
instead using two-interleave spirals, we could achieve
temporal resolution of 120 msec, with 2.92 mm spatial
resolution; and with single-shot spirals, temporal resolu-
tion of 60 msec, and 4.22 mm spatial resolution. Another

FIG. 12. Through-plane flow in the popliteal
artery during systole. (a) Popliteal artery,
and (b) popliteal artery below first bifurca-
tion.

FIG. 13. Through-plane flow in coronaries
seen during diastole. Left coronary (a) den-
sity image, (b) velocity map, and (c) overlay.
Right coronary (d) density image, (e) velocity
map, and (f) overlay. Arrows identify coro-
nary flow in the overlay images.
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approach to improving temporal resolution, as suggested
by Gatehouse et al. (15), would involve acquiring velocity
reference data and velocity encoded data in different car-
diac cycles. This would have the advantage of doubling
temporal resolution at the expense of EKG triggering and a
greater susceptibility to beat-to-beat variations.

Robust imaging in the presence of fast flow is also an
important issue because spins moving at high speeds may
either not experience the full excitation (if they are moving
through-plane) or move significantly during a readout (if
they are moving in-plane). Both of these can potentially
cause signal reduction in areas of flow. This can be im-
proved by designing shorter excitations and shorter read-
out gradients while increasing the number of interleaves.
Shorter readouts will reduce in-plane flow effects, and a
shorter excitation will reduce through-plane flow effects.

In summary, we have presented a system for real-time
interactive color flow imaging, which is based on spiral
phase contrast acquisitions, real-time reconstruction, color
overlay and display. Flow phantom results indicate that
this technique accurately measures peak velocity, and ac-
curately captures real-time velocity waveforms. This tech-
nique is also demonstrated as a useful tool for the rapid
examination of cardiac and other vascular flow. This tech-
nique is particularly useful for imaging valvular regurgita-
tion. Arbitrary scan planes and arbitrary flow directions
further enable the examination of eccentric jets. For other
vascular imaging, the interactive nature of this technique
is most useful. Rapid localization and flow imaging trans-
lates into significantly reduced examination time.
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