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Rapid Quantitation of Cardiovascular Flow Using
Slice-Selective Fourier Velocity Encoding
with Spiral Readouts

Joao L. A. Carvalho and Krishna S. Nayak

Accurate flow visualization and quantitation is important for
the assessment of many cardiovascular conditions such as
valvular stenosis and regurgitation. Phase contrast based meth-
ods experience partial volume artifacts when flow is highly
localized, complex and/or turbulent. Fourier velocity encoding
(FVE) avoids such problems by resolving the full velocity dis-
tribution within each voxel. This work proposes the use of
slice selective FVE with spiral readouts to acquire fully local-
ized velocity distributions in a short breath-hold. Scan-plane
prescription is performed using classic protocols, and an auto-
matic algorithm is used for in-plane localization of the flow.
Time and spatially-resolved aortic valve velocity distributions
with 26-msec temporal resolution and 25 cm/sec velocity res-
olution over a 600 cm/sec field-of-view were acquired in a
12-heartbeat breath-hold. In carotid studies, scan time was
extended to achieve higher spatial resolution. The method was
demonstrated in healthy volunteers and patients, and the results
compared qualitatively well with Doppler ultrasound. Acquisi-
tion time could be reduced to 7 heartbeats (a 42% reduction)
using partial Fourier reconstruction along the velocity dimen-
sion. Magn Reson Med 57:639–646, 2007. © 2007 Wiley-Liss,
Inc.
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Accurate flow visualization and quantitation is impor-
tant for the evaluation of many cardiovascular conditions,
including valvular abnormalities, congenital defects, and
coronary artery disease. Doppler ultrasound is the current
gold standard for vascular and cardiac flow imaging. How-
ever, evaluation by ultrasound is inadequate when there is
air, bone, or surgical scar in the acoustic path, and flow mea-
surement is inaccurate when the ultrasound beam cannot
be properly aligned with the axis of flow (1,2). Magnetic
resonance imaging (MRI) is a modality uniquely capable
of imaging all aspects of heart disease and is a poten-
tial “one-stop-shop”. The evaluation of valvular disease
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and intracardiac flow will be a necessary capability in a
comprehensive cardiac MR examination.

In MR flow imaging, speed is of particular importance,
as low temporal resolution may cause underestimation
of peak velocities, and acquisition time is typically lim-
ited to the duration of a breath-hold. The most widely
used method is phase contrast (3), in which scan time can
be reduced by sacrificing temporal and spatial resolution.
However, data inconsistency, partial-volume effects, and
intravoxel phase dispersion can lead to the loss of diag-
nostic information (4,5). Fourier velocity encoding (FVE)
shows satisfactory agreement with Doppler ultrasound (6)
and is more accurate than phase contrast in visualizing
and quantifying localized high-speed flow jets and complex
or turbulent flow patterns, as it fully resolves the velocity
distribution within each voxel, eliminating partial-volume
problems (7). However, it may require considerably greater
data collection.

Different approaches to accelerating FVE have been pro-
posed, such as the use of two-dimensional cylindrical
excitation to restrict the field-of-view to a beam that can
be imaged without phase encoding (8–10). This approach
allows spatial encoding and velocity encoding to be per-
formed simultaneously in a single pulse repetition time
(TR), but has problems related to the precise placement of
the imaging beam, especially when the region of interest
(e.g., aortic valve) moves during the cardiac cycle. Other
problems include the large voxel size, which is limited by
the readout trajectory, by the minimum achievable cylin-
drical excitation radius, and by patient safety limits and/or
gradient heating, which also limit the minimum TR and
thus the maximum temporal resolution.

Slice-selective FVE has been accelerated by performing
spatial encoding along the readout direction only (11,12),
or by acquiring velocity images with no spatial encoding
other than slice selection (13). However, these techniques
have dynamic range problems, as the signal of flowing
blood has to be distinguished from all the background
signal from static tissue. Furthermore, since the velocity
measurement is a projection along the line or plane being
imaged, this approach is unable to resolve different sources
of flow that may coexist in that line or plane. Slice-selective
FVE with 2D-resolved spatial encoding would provide easy
localization of the region of interest, and the ability to auto-
matically resolve multiple sources of through-plane flow
in the imaged field-of-view, without requiring static tissue
suppression.

We propose the use of slice-selective FVE with spi-
ral acquisitions to acquire fully localized, time-resolved
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velocity distributions in a short breath-hold. Scan-plane
prescription is performed using classic protocols, and a
semiautomatic algorithm is used for in-plane localiza-
tion of the flow. The method was demonstrated in vivo,
and the results were qualitatively compared with Doppler
ultrasound. Patient results show that this technique can
detect flow distributions in stenotic jets.

Without acceleration, spiral FVE can acquire cardiac
velocity distributions in 12 heartbeats, with 26-msec tem-
poral resolution and 25 cm/sec velocity resolution over a
600 cm/sec field-of-view, using single-shot spiral readouts.
This time-velocity resolution is sufficient for the diagnos-
tic assessment of valvular stenosis, where peak velocities
are on the order of 200–600 cm/sec. The breath-hold
duration can be reduced to 7 heartbeats by using partial
Fourier reconstruction (14) along the velocity dimension.
The velocity field-of-view, and/or the temporal, spatial and
velocity resolutions can be improved by increasing the
acquisition time. For example, in carotid studies scan time
was increased to 48 heartbeats (without breath-hold) to
achieve greater spatial resolution, by using multiple spiral
interleaves.

THEORY

Fourier velocity encoding involves Fourier encoding along
a velocity dimension (7). The velocity variable is v , the
velocity frequency variable is kv = γ

2π
M1, where γ is

the gyromagnetic ratio, and M1 is the first moment of
a bipolar flow-encoding gradient aligned with the direc-
tion of the flow. Several velocity encoding levels (in our
case, 16 or more) are used, typically by acquiring mul-
tiple images using different bipolar gradient amplitudes
(and thus, different first moment values). This is equiva-
lent to phase-encoding along kv . An image acquired with
a particular value of kv is denoted Sx,y (kv ). For a specific
voxel (x, y ), this represents one sample from the Fourier
transform of the velocity distribution of all spins in the
voxel. The voxel velocity distribution is denoted sx,y (v ),
and is obtained by inverse Fourier transformation along
kv . Placing the bipolar gradient along the z-axis will encode
through-plane velocities. Placing the bipolar gradient along
x or y will encode in-plane velocities. Oblique flow can be
encoded using a combination of bipolar gradients along the
x, y , and z axes.

METHODS

Scanner Setup

Experiments were performed on a GE Signa 3T EXCITE
HD system, with gradients capable of 40 mT/m amplitude
and 150 T/m/sec slew rate, and a receiver with sampling
interval of 4 µsec. Sequence designs were optimized for
this scanner configuration. The body coil was used for RF
transmission in all studies. An eight-channel phase array
cardiac coil was used in cardiac studies, but data from only
one or two elements were used in reconstruction. Simi-
larly, a four-channel neck coil was used in carotid studies,
with only two channels used in reconstruction. In patient
scans, a GE Signa 1.5T LX system with the same gradi-
ent and receiver configuration was used, and acquisition
was performed using a 5-inch surface coil. The institutional

review boards of the University of Southern California and
Stanford University approved the imaging protocols. Sub-
jects were screened for magnetic resonance imaging risk
factors and provided informed consent in accordance with
institutional policy.

Imaging

Pulse Sequence

The spiral FVE imaging pulse sequence (Fig. 1) consists
of a slice-selective excitation, a velocity-encoding bipolar
gradient, a spiral readout, and refocusing and spoiling gra-
dients. The dataset corresponding to each temporal frame
is a stack-of-spirals in kx , ky , kv space (Fig. 2). The bipolar
gradient effectively phase-encodes in kv , while each spiral
readout acquires one “platter” in kx , ky .

The excitation achieved a 5-mm slice thickness and 10◦
flip angle, with a 0.5-msec RF pulse and 1-msec gradient.
Through-plane velocity encoding was implemented using
a large bipolar pulse along the z direction that was scaled
to achieve different kv encodings. The velocity resolution
is determined by the first moment of the largest bipolar
gradient, and the velocity field-of-view is determined by
the increment in the first moment for different velocity
encodes. A bipolar duration of 2.5 msec achieves a veloc-
ity resolution of 25 cm/sec. Gradient duration increases if
velocity resolution is improved.

In cardiac scans, an 8.1-msec optimized uniform-
density single-shot spiral acquisition (15) acquires kx , ky

at each velocity encode, and zeroth and first moments
are refocused in 0.5 msec. The readout and refocusing
gradients were designed using free software developed
by Hargreaves (http://www-mrsrl.stanford.edu/∼brian/
vdspiral/). A 0.65-msec spoiling gradient (16) achieves
a 6π phase-wrap over the slice thickness. The spoiling
gradient was not overlapped with the refocusing gradi-
ents, but this could be done to further shorten the TR.
In carotid scans, spatial resolution was increased by seg-
menting the kx , ky acquisition in four spiral interleaves,
across extended scan time. In this case, the spiral readout
and refocusing gradients durations are 7.6 and 0.9 msec,

FIG. 1. Spiral FVE pulse sequence. It consists of (a) slice selective
excitation, (b) velocity encoding bipolar gradient, (c) spiral readout,
and (d) refocusing and spoiler gradients. This timing corresponds to
the healthy volunteer cardiac studies in Figs. 3, 5, and 7.
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FIG. 2. Spiral FVE k -space sampling scheme. The dataset corres-
ponding to each temporal frame is a stack-of-spirals in kx , ky , kv

space. Each spiral acquisition corresponds to a different kv encode.

respectively. Total acquisition time in this case is four times
longer, and breath-holding was not used. The minimum TR
(≈13 msec) was used in all studies. Other scan dependent
pulse sequence parameters are listed in Table 1.

Timing of Acquisitions

Prospective ECG gating was used to synchronize acquisi-
tions with the cardiac cycle. In cardiac studies, two kv

levels were repeatedly acquired during each R-R interval
in order to resolve 25–35 cardiac phases and produce a
cine dataset (Fig. 3, discussed later). In carotid studies, one
kv level was acquired per heartbeat, and the spiral inter-
leaves were segmented across multiple heartbeats using a
sequential interleaf order. The true temporal resolution was
26 msec (2 TRs). Sliding window reconstruction was used
to produce a new image every 13 msec.

Reconstruction

Reconstruction was performed in Matlab (Mathworks,
South Natick, MA). Each spiral interleaf is first gridded (17)
and inverse Fourier transformed to form an image x, y for
each temporal frame. This step converts the acquired data
Skx ,ky (kv , t) to Sx,y (kv , t). The operator manually defines a
region of interest (ROI) in the x, y plane using the image
corresponding to kv = 0 and t = 0. Pixel intensities within
the ROI are averaged at each temporal frame, resulting in
a 2D dataset: SROI (kv , t) = ∑ROI

x,y Sx,y (kv , t). View-sharing
is then applied to SROI (kv , t) to increase the number of

temporal frames (18). Saturation effects (19) are compen-
sated by dividing each SROI (kv , t) by the total energy at that
temporal frame. This effectively normalizes each tempo-
ral frame. In carotid studies, signal from static tissue was
discarded by subtracting the average value of SROI (kv , t)
(along kv ) from all temporal frames. SROI (kv , t) is then zero-
padded along the kv axis, and an inverse Fourier transform
produces sROI (v , t). The time-velocity histogram for the
ROI is |sROI (v , t)|, and for display purposes, smoother his-
tograms are obtained by interpolating along t (20). Note
that in carotid studies, which use multiple interleaves,
view-sharing is applied prior to gridding.

The reconstruction process can be repeated for each
voxel, or for multiple regions of interest, using the same
data. The operator can be presented with a 2D color-overlay
image or video indicating voxels where high-speed flow
was detected, and use that as reference to select the regions
of interest (see Fig. 6, discussed later). In our implemen-
tation, the operator manually defines a large ROI over the
heart or around the carotid artery, and the best pixels within
this ROI are selected to maximize the cost function

maxx,y

∫
|v |≥v1

∫ RR/2
t=0 |sx,y (v , t)|2 dt dv

∫
|v |≤v2

∫ RR/2
t=0 |sx,y (v , t)|2 dt dv

, [1]

where v1 and v2 are thresholds that define ranges of high
and low velocities, respectively. In other words, the algo-
rithm selects the pixels that maximize the ratio between
the energy at high velocities and the energy at low veloc-
ities, during the first half of the cardiac cycle. This cost
function can be adjusted for different velocity ranges, or
for different portions of the cardiac cycle. For example, to
detect regurgitant jets, a modified cost function that locates
high negative velocities during the second half of the R-R
interval is:

maxx,y

∫
v≤−v1

∫ RR
t=RR/2 |sx,y (v , t)|2 dt dv

∫
|v |≤v2

∫ RR
t=RR/2 |sx,y (v , t)|2 dt dv

. [2]

Experimental Methods

The proposed method was evaluated in vivo, aiming at
quantifying flow through the common carotid artery and
the aortic valve. Scan-plane prescription was performed

Table 1
Scan Parameters Used in the Different Studies

Cardiac Cardiac
Carotid (Healthy) (Patient)

Spiral interleaves 4 1 1
Field-of-view (cm) 20 25 20
Spatial resolution (mm) 2.5 7 6.5
Velocity field-of-view (cm/sec) 400 600/800 1200
Velocity encodings 24 24 32
Velocity resolution (cm/sec) 16.7 25/33 37.5
TR (msec) 13.2 12.8/12.5 12.8
kv encodings/heartbeat 1 2 4
Interleaves/heartbeat 2 1 1
Temporal resolution (msec) 26.4 25.6/25 51.2
Scan time (heartbeats) 48 12 8
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using a real-time imaging sequence, and in-plane localiza-
tion of the flow was performed using the semiautomatic
algorithm described earlier. The velocity field-of-view was
chosen based on the targeted region of the body. For a
severely stenosed heart valve, peak velocities can reach up
to 600 cm/sec (13). In the carotid arteries, peak velocities
are slightly lower, reaching up to 400 cm/sec. As regurgi-
tant jets do not overlap in time with forward flow, we used
600 and 400 cm/sec as the velocity field-of-view for imag-
ing the aortic valve and the carotids, respectively. These
values could be increased by extending the scan time, or
by sacrificing temporal, velocity and/or spatial resolutions.
Scan parameters are summarized in Table 1.

Two experiments were performed to determine the
appropriate view-ordering and interleaf-ordering schemes
for both cardiac and carotid studies. In the first experi-
ment, flow was measured through the aortic valve of a
healthy volunteer, using one velocity encode level per
heartbeat, with a single-shot spiral readout, and over a 24-
heartbeat breath-hold. During reconstruction, 50% of the
data was discarded in two different ways, to simulate the
sequential and interleaved view-ordering schemes and to
compare resulting artifacts. In the second experiment, flow
was measured through the carotid artery of another healthy
volunteer, using a 4-interleaf spiral FVE acquisition. The
measurement was performed twice, and in each acquisi-
tion, a different view-ordering scheme was used. In the
first acquisition, one spiral interleaf was acquired per heart-
beat, and two different kv levels were encoded throughout
each R-R interval. In the second acquisition, two spiral
interleaves were acquired per heartbeat, encoding one kv

level per cardiac cycle. Reconstructed velocity histograms
were compared with respect to data inconsistency artifacts
related to view-ordering.

In cardiac and carotid experiments, Doppler ultrasound
was used as a “gold standard” and was qualitatively com-
pared with the proposed method. Carotid flow was studied
in three healthy subjects. Aortic outflow (at the valve plane)

was studied in seven volunteers and two patients with
aortic stenosis.

The feasibility of reducing scan time using partial-
Fourier acquisition was tested using data from volunteer
and patient studies. In each case, up to 42% of the acquired
data (along kv ) was discarded and then synthesized using
homodyne reconstruction (14).

RESULTS

Results from the cardiac view-ordering experiment are
shown in Fig. 3. When the kv levels are acquired in a
sequential fashion, ghosting artifacts due to data inconsis-
tency appear shifted by 1/2 of the velocity field-of-view
(Fig. 3a). When they are acquired in an interleaved fash-
ion, the artifacts overlap with the true flow profile (Fig. 3b),
blurring the velocity histogram and making the detection
of the peak velocity and other flow related parameters less
precise. Using the sequential ordering and an appropriate
velocity field-of-view, the artifacts will not overlap with
the flow profile and may be easily identified and masked
out. Thus, we used the sequential view-ordering in all
subsequent cardiac acquisitions.

The results from the carotid view-ordering experiment
are shown in Fig. 4. It can be noticed that the ghosting
artifacts that arise in the velocity histograms when acquir-
ing two different velocity encode levels during the same
heartbeat (Fig. 4a) did not appear when we used interleaf
segmentation instead (Fig. 4b). In contrast to view-sharing
along kv , which causes ghosting in the velocity direction,
view-sharing among spiral interleaves introduces swirling
artifacts in image domain, reducing the effective unaliased
spatial field-of-view by a factor of 2. However, only mov-
ing spins (flowing blood) experience these artifacts, and
vessels on the same side of the neck are relatively close to
each other. Therefore, the unaliased field-of-view is wide
enough to enclose all vessels on one side of the neck, so

FIG. 3. Comparison of artifacts in different
view-orderings, in a 12-heartbeat acquisition
using single-shot spiral readouts. Each box
represents the acquisition of one kv level, dur-
ing one imaging TR. A sliding window is used
to produce a new image every TR. Acquir-
ing the kv levels in a sequential fashion (a),
ghosting artifacts appear shifted by 1/2 of the
velocity field-of-view. By acquiring them in an
interleaved fashion (b), the artifacts overlap
with the true flow profile. The aortic valve flow
profiles shown are from a fully-sampled 24-
heartbeat healthy volunteer acquisition, and
50% of the data was appropriately discarded
to simulate the different view-orderings.
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FIG. 4. Comparison of different view-
orderings for multishot spiral FVE, in a
healthy volunteer carotid study. When two
or more kv levels are acquired during
the same heartbeat, velocity distribution
changes between consecutive TRs cause
ghosting artifacts along the velocity axis (a,
arrow). This artifact is not seen if, in the
same heartbeat, different spiral interleaves,
but only one kv encoding, are acquired (b).

that quantitation of a vessel of interest will not be dis-
turbed by flow from neighboring vessels (e.g., measurement
of flow in the left carotid arteries will not be disturbed
by flow in the the left jugular vein). To suppress signal
from the opposite side of the neck, we separately recon-
structed data from the left and right neck-coil elements.
This uses the receiver coil sensitivity profile to avoid spiral
view-sharing artifacts. In the face of these observations, we
used spiral interleaf view-sharing in all subsequent carotid
studies.

Representative in vivo results are compared with
Doppler ultrasound in Fig. 5. Large ROIs were manually
specified around the entire heart and the right side of
the neck, respectively, and the in-plane localization algo-
rithm was able to successfully pin-point voxels containing
the flows of interest. The MRI measured time-velocity
histograms show good agreement with the ultrasound mea-
surements, as the peak velocities and the shape of flow
waveforms were comparable to what was observed in the
ultrasound studies.

Figure 6 illustrates spiral FVE’s ability of detecting dif-
ferent regions of flow from a single dataset. A different flow
distribution was calculated for each voxel, and the distribu-
tions from single voxels from different ROIs are displayed.
Each voxel was automatically selected within the specified
ROIs, using the flow localization algorithm described pre-
viously. Red and blue dots indicate voxels where ascending

and descending blood flow was detected, respectively, and
the color intensity of each dot indicates the highest veloc-
ity detected in that voxel in a particular temporal frame.
This sort of representation can be used by the operator to
facilitate the process of manually specifying the ROI. As the
data is temporally resolved, the operator can step through
the cardiac cycle and visualize the different regions of flow
during systole and diastole, for example. A modified in-
plane localization algorithm could be designed to correct
for in-plane motion of the region of interest during the
cardiac cycle.

Figure 7 shows 71% and 60% improvement in veloc-
ity resolution using homodyne reconstruction along kv ,
when imaging the aortic valves of a healthy volunteer (a–c)
and a patient with aortic stenosis (d–f). The fully-sampled
datasets (c,f) had originally 24 and 32 velocity encoding
levels, respectively. Data was discarded from the positive
side of kv space and the missing data was synthesized from
only 14 and 20 encoding levels using homodyne recon-
struction (b,e). Full k-space results using only the central
14 and 20 kv levels are also shown for comparison (a,d).
Partial Fourier performed well in both healthy volunteer
and patient studies, and no significant loss of resolution
or artifacts was noticed even when discarding 42% of the
data. The acquisition time could have been reduced from
12 to 7 heartbeats in the healthy volunteer study, and from
8 to 5 heartbeats in the patient study. Additionally, the

FIG. 5. Comparison of the spiral FVE
method with Doppler ultrasound, in healthy
volunteer studies: (a) aortic valve and
(b) carotid artery. Peak velocity and time-
velocity waveforms are in good agreement.
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FIG. 6. Multiple flow distributions obtained from a single cardiac (a) and neck (b) dataset. For each voxel in the images, a flow distribution
was calculated, and the red and blue dots indicate voxels, where ascending and descending blood flow was detected, respectively. The color
intensity of each dot indicates the highest velocity detected in that voxel in a particular temporal frame (indicated by the white dashed lines).
Multiple ROIs were specified around different regions of the heart and the neck, and the flow distributions from voxels automatically selected
from each ROI are shown.

patient results (d–f) demonstrate that spiral FVE can accu-
rately detect complex flow, as a high-speed jet with a wide
distribution of velocities is clearly visible.

DISCUSSION

In spiral FVE, there is an important trade-off between
velocity resolution, temporal resolution, and scan time.

This trade-off also involves other scan parameters such as
velocity field-of-view, number of spiral interleaves, spiral
readout duration, spatial resolution, and spatial field-of-
view. Velocity resolution can be improved in many ways,
such as increasing the breath-hold duration to acquire more
kv levels, or by reducing the velocity field-of-view. Tem-
poral resolution can be made as high as one TR duration
(13 msec) by segmenting the kv encodes across more R-R

FIG. 7. Evaluation of partial k -space reconstruction along kv , in aortic valve studies of a healthy volunteer (a–c) and a patient with aortic
stenosis (d–f). Homodyne reconstruction performed well in both healthy volunteer (b) and patient (e) studies, improving the velocity resolution
by 71% and 60%, respectively. Full k -space distributions with the same number of kv samples are shown for comparison (a,d), as well as
the fully-sampled datasets (c,f). Velocity resolution improvement translates to scan time reduction from 12 to 7 heartbeats, and from 8 to 5
heartbeats, respectively. Note the high-speed jet with a wide distribution of velocities in the patient data.
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intervals (longer breath-holds), or by compromising veloc-
ity resolution or field-of-view. Spatial resolution can be
improved by reducing the field-of-view, or by increasing
the number of spiral interleaves, which would require
compromising other scan parameters such as scan time,
temporal resolution, and/or velocity resolution.

Artifacts and loss of temporal resolution due to view-
sharing can be avoided or corrected using different
approaches. Acquiring multiple kv levels per heartbeat
reduces scan time, but causes blurring along the time axis
and ghosting along the velocity axis. Blurring is caused
by the reduction in temporal resolution, and ghosting arti-
facts arise when the velocity distribution changes between
the acquisition of consecutive velocity encodes (Fig. 3).
Although ghosting is not seen in the multiple interleave
results if appropriate view-ordering is used (Fig. 4), the
temporal resolution is still lower, and this may cause blur-
ring when the velocity distribution changes rapidly. Both
ghosting and blurring can be overcome by acquiring only
one view per heartbeat, but this would require increase in
scan time or reduction in velocity resolution. As an alterna-
tive, these artifacts may be corrected using techniques that
exploit efficient use of k-t space, such as UNFOLD (21) and
k-t BLAST (22). Applications of these methods have been
demonstrated to both cylindrical beam and slice-selective
FVE (23,24), and similar approaches can be directly applied
to spiral FVE to reduce breath-hold duration even further,
without reduction in velocity or temporal resolution.

As the spiral readouts are considerably long, another
potential issue in the proposed method is blurring in image
domain, due to off-resonance. Because SNR was not a lim-
iting issue for the applications we have presented, spiral
FVE may perform better at lower field strengths where there
is reduced off-resonance. At 3T, localized shimming and
off-resonance correction techniques can be used to reduce
blurring. Furthermore, readout duration can be reduced
by decreasing the spatial resolution or field-of-view, or
by using variable-density spirals (25,26). Another alter-
native is to use multiple short spiral interleaves, which
would require longer scan times, but parallel imaging
techniques (27,28) can potentially accelerate acquisition if
multichannel receiver coils are used. This approach also
has the benefit of allowing increase in the frame rate, as the
number of imaged cardiac phases is limited by the min-
imum TR. Another possible solution to the off-resonance
problem is the use of EPI trajectories, which produce dif-
ferent off-resonance effects (geometric warping) (29), but
are also more sensitive to artifacts from in-plane flow or
motion.

Another noticeable artifact in spiral FVE is Gibbs ringing.
These artifacts can be less noticeable if velocity resolu-
tion is increased, which would also improve the ability
to visualize features in the flow waveform and the preci-
sion to resolve the peak velocity, but would require longer
breath-holds. Alternatively, the velocity resolution can be
improved by using variable-density sampling along kv (9),
or partial k-space techniques (Fig. 7). Another approach
to reducing ringing artifacts is to window the kv samples
before applying the inverse Fourier transform. However,
windows with lower sidelobes generally have wider main-
lobes, which would cause blurring along the velocity axis
and consequent reduction in velocity resolution.

One drawback of the proposed method is the require-
ment of cardiac gating and breath-holding. Cardiac gating
does not work well in patients with arrhythmias, and
breath-holding may cause hemodynamic changes and is
not possible for some patients (10). However, arrhyth-
mia rejection (30) and respiratory gating schemes may
overcome these problems, at the cost of increased scan
time.

CONCLUSIONS

We have demonstrated that spiral FVE can resolve fully-
localized time-velocity histograms in short breath-holds.
Evaluation of cardiac aortic valve flow was performed in
12-heartbeat breath-holds, and evaluation of carotid flow
was performed in 48-heartbeat scans with diagnostically
useful temporal and velocity resolutions. The resulting
peak velocity and velocity waveforms were accurate com-
pared to Doppler ultrasound. Patient results show that this
technique can accurately measure flow distributions in
stenotic jets, detecting multiple velocities within a voxel.

It was also demonstrated that spiral FVE can resolve
multiple sources of through-plane flow in a single slice
acquisition, which is particularly useful when evaluating
heart valves. A semiautomatic algorithm was developed for
in-plane ROI selection, and can be adapted for different
flows of interest. In carotid studies, spatial resolution was
improved using multiple spiral interleaves. Even higher
spatial resolution can be achieved in order to evaluate
stenosis in smaller vessels such as the coronary arteries.
We also demonstrated that partial Fourier techniques along
the velocity encoding axis may be used to improve veloc-
ity resolution or shorten breath-hold duration, without
introducing significant artifacts.

Preliminary volunteer and patient results indicate that
the proposed method of spiral FVE may have an impor-
tant role in the rapid and accurate quantitation of abnormal
valvular flow, abnormal vascular flow, and congenital flow
defects using magnetic resonance imaging.
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