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In areas of highly pulsatile and turbulent flow, real-time imaging
with high temporal, spatial, and velocity resolution is essential.
The use of 1D Fourier velocity encoding (FVE) was previously
demonstrated for velocity measurement in real time, with fewer
effects resulting from off-resonance. The application of vari-
able-density sampling is proposed to improve velocity mea-
surement without a significant increase in readout time or the
addition of aliasing artifacts. Two sequence comparisons are
presented to improve velocity resolution or increase the veloc-
ity field of view (FOV) to unambiguously measure velocities up
to 5 m/s without aliasing. The results from a tube flow phantom,
a stenosis phantom, and healthy volunteers are presented,
along with a comparison of measurements using Doppler ultra-
sound (US). The studies confirm that variable-density acquisi-
tion of kz-kv space improves the velocity resolution and FOV of
such data, with the greatest impact on the improvement of FOV
to include velocities in stenotic ranges. Magn Reson Med 54:
645–655, 2005. © 2005 Wiley-Liss, Inc.
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Quantitative velocity measurements are widely used in the
diagnosis of cardiovascular disease. In mitral and aortic
valves, the presence of a stronger peak velocity pressure
gradient can indicate the degree of stenosis (1–3). Pulmo-
nary hypertension can be detected by the presence of
tricuspid regurgitation jets. In the ascending aorta, velocity
pressure gradients can be used to diagnose coarctation.
Doppler ultrasound (US) has the ability to measure normal
and jet velocities with high temporal resolution. However,
the technique is sensitive to transducer positioning and
the angle of insonation (4,5). Mitigation of errors in Dopp-
ler US peak velocity measurement continues to be an
active area of research (6). The development of high-reso-
lution imaging sequences to depict coronary vessel struc-
ture (7) and measure cardiac function (8) demonstrates
that MR is a compelling modality for obtaining clinically
useful information that is beyond the capabilities of US.
The addition of a tool that is the MR equivalent of Doppler
US would complete the package of a comprehensive car-

diac evaluation tool and revolutionize patient examination
and monitoring.

Phase contrast, which uses bipolar gradients between
slice excitation and readout, can be used to measure ve-
locity in any direction and has been applied to jet velocity
measurement (9–19). Bipolar lobes are designed to have a
first moment that produces 180° of phase on a spin that is
moving at the estimated maximum velocity in the sample,
venc. Phase in each voxel is then mapped to a scale be-
tween zero and venc, at a resolution that depends on the
size of venc. If there are multiple velocities in a single
voxel, the voxel phase will be the complex-average phase
of all moving spins in the voxel. This velocity averaging,
which is known as partial volume averaging, can result in
the underestimation of velocities in voxels containing sta-
tionary and varying-velocity spins, and, depending on the
resolution parameters used, can greatly affect the maxi-
mum velocity detected.

Fourier velocity encoding (FVE) resolves the velocity
spectrum and does not suffer from partial volume errors
(20). Since data are acquired during a train of bipolar
gradient lobes, each voxel contributes a signal with con-
tinually accruing phase during readout. The readout is
similar to a sequence of phase-contrast lobes, which pro-
duce increasing encoded velocity at the same location as a
function of time. This results in the acquisition of samples
in 2D spatial-velocity k-space (kz-kv) that can be recon-
structed to produce a velocity spectrum at each voxel. If
enough bipolar lobes are used in the pulse train, then the
velocity k-space, kv, will be sampled adequately in addi-
tion to the spatial frequency, or kz.

FVE can detect anomalous jet velocities more accurately
than phase contrast (21,22). However, if velocity spectra
are acquired in each direction, data sets are large and
imaging times are too long to be clinically feasible. Imag-
ing can instead be restricted to a single direction by the use
of a 2D excitation pulse (23,24) aligned along the maxi-
mum velocity direction. When followed by the use of an
FVE readout gradient on this axis, the number of k-space
samples needed for reconstruction to a 2D velocity data set
is reduced. This greatly reduces imaging time, making
Doppler MR sequences feasible (25–29). In this paper we
show that variable-density sampling of velocity k-space
further reduces imaging time (30) and makes it possible to
measure the real-time jet velocity (31).

We present a variable-density version of the single-shot
FVE described previously by Pat et al. (29). Velocity-de-
tection sequences with higher velocity resolution for a
given readout time and velocity field of view (FOV) are
presented. Variable-density sampling to produce a higher-
velocity FOV while maintaining readout time and velocity
resolution is then used to demonstrate unaliased images of
velocities of up to 5 m/s. We present comparisons of vari-
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able- and uniform-density FVE with Doppler US both in a
flow phantom and in vivo.

THEORY

Velocity k-Space

When imaging is limited to one dimension by a 2D exci-
tation pulse, an oscillating gradient can be used to sample
velocity-position k-space, or kv-kz. The oscillating gradient
serves as a series of bipolar pulses applied in succession.
As the gradient is played, the spins in voxels along the
length of the excitation experience larger and larger gradi-
ent first moments as the trajectory moves back and forth in
kz. This forms a bowtie-shaped velocity-position trajectory
through kv-kz, as shown in Fig. 1. In this way, each voxel
is imaged repeatedly as if with phase-contrast lobes of
increasing size. A bipolar pulse is prepended to shift the
trajectory about the origin, as shown in the grayed part of
the waveform and trajectory in Fig. 1. Many of the ac-
quired samples do not fall within the shaded region of
interest (ROI) in k-space that is required to support the
desired spatial and velocity resolution. These samples are
not useful during image reconstruction.

The velocity FOV (or range) is computed by the inverse
of the widest spoke spacing at the edge of the bowtie, and
the spoke spacing is proportional to the distance in kz that
is covered by each lobe. In order to travel farther in kv

space, a longer distance in kz must also be traversed. This
implies that it is not possible to fix the number of samples
or readout time and trade-off between velocity FOV and
velocity resolution, as is done with normal position imag-
ing. The challenge in sampling kv-kz is to cover a usable
region quickly and efficiently given the constraints im-
posed by the gradients, and, more importantly, given the
way the first moment accrues with time. When choosing
the size of the bipolar readout lobes, one must make a
trade-off between reaching the desired location in kv

quickly and selecting the number of desired samples in kv

based on the desired FOV and resolution.

Figure 2 illustrates this trade-off. For a given set of
gradient hardware limits on the readout, the solid black
line plots the furthest distance in kv that can be reached
with the minimum-length bipolar lobe. The minimum-
length lobe is computed using gradient amplifier and coil
limitations of maximum amplitude 40 mT/m and maxi-
mum slew rate of 150 T/m/s. Each successive line plots the
furthest kv that can be reached after the minimum-length
uniform-density bipolar lobe pulse train of 1, 3, 5, 7, and 9
repetitions. The curves become spaced more closely to-
gether as more and more lobes are used. While the most
efficient way to build a specified amount of first moment is
to use a single bipolar waveform, the trajectory slope in kv

as a function of kz increases linearly with time. Therefore,
the speed of the velocity frequency does not remain con-
stant, but increases linearly as a function of time. For
example, the time required to build a given first moment

FIG. 1. a: Readout gradient waveform, and the resultant kz and kv values from the zeroth and first moments, respectively. Dashed lines mark
the time samples when kz � 0, or the trajectory passes through the kv axis, during the left–right spokes in the trajectory. Marked points along
these lines in the plot of kv are used to illustrate the magnitude-increasing first moment with each successive bipolar lobe in the pulse train.
b: Resultant velocity-position k-space trajectory when kv is plotted as a function of kz. The gray part of the waveform and trajectory
represents the prewinding bipolar lobe played out before the readout gradient in order to shift the bowtie trajectory about the k-space origin.
The gray box represents the ROI of useful data passed to the reconstruction.

FIG. 2. An illustration of the farthest distance in kv that can be
reached with the minimum-length bipolar lobe, or the minimum-
length train of uniform bipolar lobes. Because of the decreased
spacing with longer pulse trains, variable-density sampling will give
the largest speed increases for large flow velocities that necessitate
relatively coarse velocity resolutions.
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with two sequential bipolar waveforms will be less than
twice the time required by a single bipolar waveform to
achieve the same first moment. Therefore, it makes the
most sense to use variable density for relatively short
readout lengths (on the order of 10 ms) for large flow
velocities that would otherwise necessitate the use of rel-
atively coarse resolutions (on the order of 25–50 cm/s).

Another consequence of the first-moment accrual is that
it is not possible to collect large kv samples while moving
through velocity k-space at the same speed during which
low kv samples are collected. The trajectory shape imposes
a footprint that causes a significant variance in kv sample
density across kz for steeply sloped spokes at large values
of kv. The result is a velocity FOV that varies with position
along the excitation. This point is well discussed in Ref.
29.

MATERIALS AND METHODS

Pulse Sequences

Two uniform- and variable-density sequence comparisons
were performed: one with a lower-velocity FOV to mea-

sure velocities in the normal ranges found in the ascending
aorta, and one with a higher-velocity FOV to accommodate
velocities in the range found in stenotic vessels and valves.
The sequence diagrams for the normal-range comparison
are shown in Fig. 3. The velocity parameters of the two
versions of each sequence are summarized in Table 1.

All four sequences used a 3.6-ms, eight-turn spiral cy-
lindrical excitation (23), with a measured full width at half
maximum (FWHM) of 2 cm and a 17-cm sidelobe distance.
The excitation was followed by a bipolar prewinding gra-
dient that was 1.2–1.4 ms long (depending on the readout
parameters) for the purpose of shifting the widest portion
of the bowtie to the ROI in kv-kz. The bipolar-lobe pulse
train readout gradients followed. The readout times were
11.3 ms and 10.1 ms for the normal-range uniform- and
variable-density waveforms, respectively (the correspond-
ing kv-kz trajectories are shown in the top half of Fig. 4).
Since the velocity FOV is small enough (i.e., the kv-spoke
spacing is large enough) to necessitate a gradient that rises
to peak amplitude, the variable-density bipolar lobe
widths increase to widen the spoke-spacing at high values
of kv. In the high-FOV case, the readout times are 13.5 ms
for the uniform-density version and 14.6 ms for the vari-
able-density readout, resulting in the kv-kz trajectories
shown in the bottom half of Fig. 4. Since the first few
spokes about the origin must be more closely spaced to
achieve a larger unaliased velocity FOV, the readout gra-
dient amplitude starts below the gradient limits, and the
bipolar lobe amplitudes increase to create the variable-
density readout.

The uniform-density normal-range readout was de-
signed to accommodate a normal aortic velocity FOV of
400 cm/s to observe velocities of �200 cm/s without alias-
ing with a velocity resolution of 33 cm/s. The correspond-
ing variable-density readout was chosen for the same FOV,
but with an improved resolution of 25 cm/s, using a den-
sity reduction factor (which we define as the factor by
which the leading-edge spoke spacing is widened) of 2.75.
The spatial FOV in both sequences was set according to
the sensitivity of the coil used. A 5-inch coil was used for
all experiments, and therefore the readout bandwidth was
set for a spatial FOV of 12.7 cm, half of the available spatial
FOV from sample spacing along the readout. The spatial
resolution was 1.4 cm, and was chosen for the smallest
voxel size at which ringing of the point spread function
(PSF) remained below 20% of the peak signal. These pa-
rameters represented the finest velocity resolution possi-

FIG. 3. Pulse sequence diagrams for the normal velocity range
comparison: (a) uniform-density sequence and (b) variable-density
sequence.

Table 1
Parameter Values for Uniform- and Variable-Density One-Shot FVE Imaging

Sequence
Uniform-

density, normal
range

Variable-
density, normal

range

Uniform-density
equivalent:
improved
resolution

Uniform-
density, large

FOV

Variable-
density, large

FOV

Uniform-density
equivalent:
larger FOV

Readout length (ms) 11.3 10.1 14.5 13.5 14.6 23.1
Velocity FOV (cm s–1) 400 400 400 525 1000 1000
Velocity resolution (cm s–1) 33 25 25 33 33 33
Density reduction factor – 2.75 – – 2.75 –
Number of spokes 11 9 14 14 16 28
No. of varying-density spokes – 5 – – 10 –
Fraction of k-space ROI acquired 0.6 0.6 0.6 0.65 0.6 0.65
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ble subject to the ringing constraint while maintaining a
400 cm/s FOV and a readout time of 11 ms to minimize
temporal blurring of the velocity profile (29).

The large-FOV uniform- and variable-density sequences
were designed to accommodate as large a velocity FOV as
possible within a 15-ms readout time, at a velocity resolu-
tion of 33 cm/s. The uniform-density sequence had a ve-
locity FOV of 525 cm/s, or �262 cm/s. The variable-den-
sity version accommodated a 1000 cm/s FOV, or
�500 cm/s using the same density reduction factor of 2.75
to increase the spoke-spacing width. The spatial FOV
along the excitation was 12.7 cm, with a spatial resolution
of 1.7 cm. Note that the parameters for both the normal-
range and large-FOV versions apply only under our given
gradient limitations of 40 mT/m amplitude and 150 T/m/s
slew rate.

Experimental Setup

All of the phantom and in vivo experiments were per-
formed on a GE Signa 1.5 T scanner (GE Medical Systems,
Milwaukee, WI, USA) with CV/i gradients. This system
has a maximum gradient amplitude of 40 mT/m, maxi-
mum slew rate of 150 T/m/s, and a receiver sampling
bandwidth of �125 kHz. In both the phantom and patient
scans, a body coil was used for RF transmission and a
5-inch surface coil was used for reception.

For each FVE measurement, a time series of velocity-
position images were acquired. A single position along the
vessel was chosen from which the velocity spectrum at
that position was displayed as a velocity-time image with
a window of 5 s. Each time frame was reconstructed by the
following procedure: First, frequency samples were se-
lected in the k-space ROI along only left–right-moving

spokes, so that no eddy-current phase correction was nec-
essary (29). The selected ROI samples were then density-
compensated and resampled to a Cartesian uniform distri-
bution using the Kaiser-Bessel gridding kernel of Jackson
et al. (32). Finally, the gridded data were passed to a
homodyne reconstruction using the FFT (33). The peak
velocity was read from each velocity-time image after zero-
padding by a factor of 4. The highest recorded velocity was
the highest velocity in the waveform with a signal magni-
tude of above 20% of the peak signal magnitude of the
velocity-position image. This threshold was chosen in ac-
cordance with the constraint placed on the acceptable
level of Gibbs ringing.

Simulations

We determined that the acceptable amount of Gibbs ring-
ing would limit design choices in the trade-off between
temporal resolution and velocity FOV/resolution. For each
trajectory, we first performed simulations to find that tra-
jectory’s PSF. A data vector containing ones at each bowtie
sample was passed to the reconstruction to simulate an
impulse signal with perfect gradients, without the pres-
ence of off-resonance. This simulation was used to select
the final design parameters of velocity resolution, spatial
resolution, and partial k-space fraction for the uniform-
density trajectories, as well as the density reduction factor
for the variable-density trajectories for a given desired
velocity FOV. The parameters were chosen to achieve the
highest velocity resolution subject to the constraint that
any ringing was kept below 20% of the peak signal.

A second set of simulations was performed to compare
simulated data from zero velocity at all positions with
images along the flow phantom tube with the pump off.

FIG. 4. Comparison of the four uniform- and
variable-density trajectories. a: Uniform-
density trajectory with 400 cm/s velocity
FOV and 33 cm/s velocity resolution. b:
Variable-density trajectory with same veloc-
ity FOV as part a and 25 cm/s velocity res-
olution. c: Uniform-density trajectory with
525 cm/s velocity FOV and 33 cm/s resolu-
tion. d: Variable-density version with the
same velocity resolution and 1000 cm/s ve-
locity FOV.
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For all four trajectories, the above method was used to
simulate data with the pump off, except that only samples
along the kv axis were set to one. We did this to compare
the ringing from sampling the corresponding k-space lo-
cations with images acquired in the flow phantom with the
pump turned off.

Phantom Experiments

To simulate normal ascending aortic flow, phantom exper-
iments were performed with Tygon R-3603 tubing
(1.75 cm inner diameter) connected to a pulsatile blood
pump for dogs/monkeys (model 1421; Harvard Apparatus,
Holliston, MA). To check consistency in the peak flow rate
measured by the uniform- and variable-density sequences,
the flow rate on the pump was varied between the marked
settings of 15, 20, 25, and 30 cm3/stroke, the maximum
pump flow rate setting. The pumping frequency, which
could also be controlled, was set to 40 cycles/min for the
tube experiments, in order to maximize the number of
frames obtained in one phase of the pump cycle. To sim-
ulate a jet with disturbed flow patterns, we created a ste-
nosis phantom by placing an 3-cm graduated connector
(end diameter � 1.6 mm) into a cross section of the
1.75-cm diameter tubing to create a jet of fast flow with
disturbed flow inside the tube and outside the graduated
piece. In addition, the pump rate was increased to 60 and
80 cycles/min, the maximum pump frequency at which
the tubing connectors functioned reliably, while the flow
rate was kept at the maximum setting of 30 cm3/stroke.
The pump rate was increased to match heart rates ex-
pected in patients with aortic stenosis, as well as to max-
imize the velocity that could be achieved in the phantom
with the pump. Both phantoms were first scanned using an
existing real-time imaging system (34,35). A real-time in-
teractive sequence was used to center the excitation beam
along the tube or stenosis phantom. We expect that off-
resonance may cause some blurring and shifting of the

velocity spectrum. To simulate the effects of off-resonance,
the study in the 1.75-cm tube flow phantom was repeated
with the scanner modulation frequency offset by 100 Hz
and 200 Hz.

Each of the four trajectories was measured on the gradi-
ent hardware using the method of Gurney et al. (36), which
extends the work of Duyn et al. (37). During reconstruc-
tion, the tube phantom images were gridded to both the
designed and measured trajectories for evaluation. In ad-
dition, the same method also provided measurements of
the B0 eddy currents on each of the three gradient axes.
The flow phantom tube was positioned along the Z-axis to
allow B0 eddy currents to be corrected during image re-
construction. After eddy-current correction was performed
along the Z-axis, the measured eddy currents on the X- and
Y-gradient axes were applied to the reconstructed images
to demonstrate the effects of each.

In Vivo Experiments

In vivo images were acquired in the ascending aorta of
normal volunteers, with the excitation positioned in align-
ment with the vessel. All subjects gave informed consent
in accordance with Stanford University policy after they
were screened for possible MRI risk factors. The same
real-time interactive sequence as used in the flow phantom
experiments was used to localize the ascending aorta of
each subject just above the aortic valve. One subject was
taken to the Noninvasive Cardiovascular Imaging Labora-
tory at Stanford Hospital and Clinics prior to the scan, and
examined with Doppler US for peak velocity comparison
with FVE.

RESULTS

Simulations

A simulation of the PSF of each trajectory was first per-
formed to verify the parameter choices. Figure 5 shows the

FIG. 5. PSF simulations of each trajectory: velocity-position images. a: Normal-range uniform-density sequence with 33 cm/s velocity
resolution. b: Normal-range variable-density sequence with 25 cm/s velocity resolution. c: Large-FOV uniform-density sequence with
33 cm/s velocity resolution. d: Large-FOV variable-density sequence with 33 cm/s velocity resolution. The ringing shown in each PSF image
is at or below 20% of the peak signal at the zero velocity/position location.
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velocity-position PSF of each of the four sequences. In
both uniform-density sequences, Gibbs ringing is below
10% of the maximum signal level and is nearly undetect-
able at the final design parameters chosen. The variable-
density versions have aliasing artifact at the edges of ve-
locity FOV, but this artifact is below 20% of the maximum
signal level, an amount that can be easily display-win-
dowed without degrading the visibility of the velocity
spectra. When simulations were repeated with all z loca-
tions set to zero velocity to produce a k-space that was one
along the kv axis, the trajectory-sampled simulated images
agreed well with images acquired in the tube flow phan-
tom with the pump turned off.

Finally, PSF simulations were performed to determine
the uniform-density parameters needed to measure the
same velocity FOV or resolution as the variable-density
version. These parameters are listed in the third and final
columns of Table 1. In order to match the velocity resolu-
tion of the normal-range variable-density sequence, the
uniform-density sequence must have a readout time in-
creased by 32%. To increase the larger-range FOV from
525 cm/s to 1000 cm/s, the number of spokes would have
to be doubled to 28, with a corresponding readout duration
of over 23 ms (71% longer than the uniform-density se-
quence with an FOV of 525 cm/s).

Flow Phantom Experiments

Normal Aortic-Velocity Range

Results from flow studies in the 1.75-cm tube fed by the
pulsatile pump at a range of velocities that simulated the
range of normal aortic flow are plotted in Fig. 6. Measure-
ments using the different trajectories were consistent
within velocity-resolution widths of 25 and 33 cm/s. Ve-
locity-time images from each of the four sequences are
shown in Fig. 7. The images show 5 s of data at the center
position of the excitation with the pump set to a rate of
20 cm3/stroke. The top two images show the finer resolu-
tion (25 cm/s vs. 33 cm/s) that can be achieved in a slightly
shorter readout time. The bottom images show how vari-

able density can be used to increase the velocity FOV
significantly. Minimal aliasing artifact from the undersam-
pling of high-velocity frequencies is observed.

When the actual k-space trajectory was measured using
the technique described in Ref. 36, the maximum sample
shift in kv was 1% of the maximum extent of kv covered by
the trajectory. When images were reconstructed after flow
phantom data samples were gridded to both trajectories,
there was no perceptible difference in the velocity-posi-
tion images. The maximum B0 eddy currents were below
8° on the X- and Z-gradient axes, and at or below 15° on the
Y-gradient axis. Correction of the Z-gradient eddy currents
made no perceptible difference for reconstruction of the
flow phantom images, nor did addition of the Y-gradient
eddy-current errors to simulate the worst case.

Off-Resonance Simulations

Figure 8 shows the off-resonance simulation results ob-
tained with the two uniform-density versions of the se-
quence. Images from both of the uniform-density versions
without the presence of off-resonance are provided on the
left (a and d) for comparison. Images b and e result when
100 Hz of off-resonance is simulated with both sequences,
and images c and f result from the simulation of 200 Hz of
off-resonance. The shift of the waveform in the velocity
direction is that of one velocity voxel per 100 Hz, which is
what is expected with a 10-ms readout. Figure 9 shows the
results of the same simulation with the two variable-den-
sity versions of the sequence: images without off-reso-
nance, those with 100 Hz, and those with 200 Hz of off-
resonance. A larger shift of 1–2 velocity voxels per 100 Hz
of off-resonance is observed in the velocity direction.
There is also some loss of low-signal velocities below the
peak velocity due to blurring of the velocity spectra.

Stenotic Velocity Range

Velocity-time images in the stenosis phantom are shown
in Fig. 10. The figure gives a comparison of 5 s of data for
all four sequences. The comparison of the four sequences
at maximum flow rate (30 cm3/stroke) and pump fre-
quency of 60 cycles/min are shown on the left. The nor-
mal-range sequences make it difficult to measure peak
velocity; however, the aliased velocity can be read off of
the larger-FOV uniform-density image. This sequence
gives an unwrapped peak velocity of 478 cm/s. The larger-
FOV variable-density sequence, which does not alias the
velocity spectrum, gives a peak velocity measurement of
467 cm/s. Images to compare measurements of the velocity
spectra with the pump rate kept at the maximum of
30 cm3/stroke and pump frequency set to 80 cycles/min
are shown on the right of Fig. 11. Unwrapping the velocity
aliasing in the larger-FOV uniform-density image gives a
peak velocity measurement of 416 cm/s. The peak velocity
measured by the variable-density version of the sequence
is 379 cm/s, and no unwrapping of the velocity spectrum
is necessary.

In Vivo Experiments

Three healthy volunteers were scanned with three of the
four sequences: the two normal-range FOV uniform- and

FIG. 6. Plot of measured velocities vs. pump flow rate in the tube
phantom fed by a pulsatile pump, at four pump settings. The peak
velocity, the highest velocity in the waveform with signal above 20%
of the peak image signal, is read from velocity-time images (kv-
space zero-padded to the same size). The measurements are con-
sistent within velocity voxel sizes.
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variable-density versions, and the large-FOV variable-den-
sity sequence. In each volunteer, the ascending aorta was
first localized using the real-time spiral sequence. One of
the subjects was also examined using Doppler US for com-
parison with the three FVE sequences. Images from the
echo and MR studies in this subject are shown in Fig. 11.
The US study measured peak flow to be 120 cm/s. The
uniform-density sequence measured peak flow to be
123 cm/s, and the variable-density higher-resolution ver-
sion measured peak flow to be 106 cm/s. The high-FOV
variable-density sequence measured the subject’s peak
flow to be 129 cm/s.

DISCUSSION

The PSF simulations demonstrated that the amount of
Gibbs ringing can be used as a metric by which the design
parameters can be adjusted given a desired velocity FOV

and resolution. Specifically, trade-offs must be made be-
tween minimizing readout time, minimizing aliasing arti-
fact from high (undersampled) frequencies, and improving
velocity FOV and resolution. With respect to the readout
time, adjustments must often be made in coarse intervals.
Since the gradient waveform is currently at gradient hard-
ware and amplifier limits, often another spoke must be
added to the bowtie trajectory to increase kv sampling.
This necessitates an increase in readout time equal to the
length of a full bipolar lobe for a FOV increase, or a partial
bipolar lobe for an increase in resolution (since the last
spoke can be cut short to the right edge of the spatial FOV.)

A second consequence relates to the relative gains
achieved by using variable-density sampling to increase
either velocity FOV or resolution. The PSF simulations
demonstrated that there is a greater cost in readout time to
increase the velocity FOV of a uniform-density sequence
than to increase the velocity resolution, while maintaining

FIG. 7. Velocity-time images in a tube
phantom fed by a pulsatile pump, at a pump
rate of 40 cycles/min and flow rate of
20 cm3/stroke. a and b: The top two images
demonstrate an improvement in velocity
resolution from 33 cm/s to 25 cm/s using
variable-density sampling. c and d: The bot-
tom two images show the factor of 2 im-
provement that is possible when variable-
density sampling is used to increase the
velocity FOV, which allows the measure-
ment of jet velocities without aliasing.

FIG. 8. Off-resonance velocity-time image comparisons for the uniform-density versions. a–c: Normal-range sequence with (a) zero
frequency offset for comparison, (b) 100 Hz offset, and (c) 200 Hz offset. d–f: High-velocity FOV sequence with (d) zero frequency offset,
(e) 100 Hz offset, and (f) 200 Hz offset. The primary effect of off-resonance is a shift of one velocity-voxel per 100 Hz of off-resonance, as
is expected with a 10-ms readout.
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acceptable ringing levels. Therefore, a larger gain can be
achieved by using variable-density sampling to increase
the velocity FOV. This agrees with the results obtained
after the farthest kv’s reached for different bipolar trains
were plotted (Fig. 2), and indicates that variable-density
sampling will make the most sense for large flow veloci-
ties.

A higher gradient amplitude and slew rate, if available,
will result in shorter lobe lengths. Due to the higher time
dependence on the first moment, increases in amplitude
and slew have different effects on the bipolar lobe length,
depending on the desired incremental change in kv. For a
single bipolar lobe, an increase in slew rate alone offers the
largest decrease in lobe length at the lowest velocity fre-
quencies. For a fixed slew-rate increase, the amount of lobe
shortening decreases exponentially with increasing �kv.
Increases in gradient amplitude, however, result in no lobe
shortening for low kv values, with increasing shortening as
�kv increases. For gradients stronger than 40 mT/m at
150 T/m/s slew, there is no advantage with higher-ampli-
tude gradients for velocity readouts that measure spectra
with velocity-FOV above 250 cm/s (�125 cm/s), since
below the corresponding �kv of 0.004 s/cm, bipolar lobes
are not amplitude-limited. Increasing the gradient ampli-
tude does shorten the bipolar lobes used in FVE, provided
the slew rate is also increased. For the four k-space trajec-
tories discussed in this paper, doubling the slew rate alone
results in a decrease in readout time of 13–27%. A simul-
taneous doubling of both the slew rate and gradient am-
plitude results in a readout time decrease of 21–28%.

Our simulations demonstrate that the velocity spectrum
is shifted in the presence of off-resonance. In both of the
normal-range sequences, our simulations indicated that
the shift was equal to one velocity voxel width for every
100 Hz of off-resonance. In both of the larger-FOV se-

quences, the shift due to off-resonance was 1–2 velocity
voxel widths per 100 Hz. This agrees well with our expec-
tations, since readouts are 10 ms and 14 ms for the normal-
range and large-FOV sequences, respectively. We would
thus expect a shift of one velocity voxel per 100 Hz for the
normal-range sequences, and a shift of one voxel per 70 Hz
for the larger-FOV sequences. For a small amount of off-
resonance, it is possible to correct the shift based on the
baseline flow at v � 0.

One concern that arises with the use of variable-density
FVE is that it blurs the velocity spectrum. Since the off-
resonance results in a linear phase as a function of kv, the
uniform-density FVE is not blurred in the presence of
off-resonance—it is only shifted (29). When variable-den-
sity sampling is applied to FVE, a weighting is given to the
spokes such that the kv values that are more sparsely
sampled are emphasized. Specifically, the more sparsely-
sampled spokes are given extra emphasis after the density
correction weighting performed during gridding is com-
puted. If these sparser samples are not emphasized to
avoid falloff of density in kv, and are only corrected along
kz, the data will reconstruct an image that has been low-
pass filtered. This emphasis results in a linear weighting in
kv, which causes the off-resonance linear phase in kv to
appear as a higher-order quadratic term. This resulting
quadratic phase tends to blur the velocity spectra. Accord-
ing to the tests in the flow-phantom with spatially invari-
ant off-resonance, the peak velocity measurement is not
affected by this blurring, but velocities of fewer spins with
lower signal are lost in windowing. To keep the shift from
off-resonance below a single kv-voxel, two shorter readouts
could be interleaved to achieve similar acquired trajecto-
ries, with a slight increase in temporal averaging but
shorter readouts (38).

FIG. 9. Off-resonance velocity-time image comparisons for the variable-density versions. a–c: Normal-range sequence with (a) zero
frequency offset for comparison, (b) 100 Hz offset, and (c) 200 Hz offset. d–f: High-velocity FOV sequence with (d) zero frequency offset,
(e) 100 Hz offset, and (f) 200 Hz offset. The shift in the spectra due to off-resonance is 1–2 voxel sizes for every 100 Hz, as is expected with
a 14-ms readout. Blurring of the spectra also results in some loss of signal from the velocities that account for a smaller proportion of the
spectra.
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When the stenosis flow phantom was imaged, velocities
at the output of the stenosis phantom were expected to
increase by a factor of 3–4 times that in the tube without
the stenosis phantom. The change of shape in the velocity-
time images at the higher pump rates makes it difficult to
determine whether the flow was aliased, which would
cause significant ambiguity when trying to measure flow in
a patient with suspected aortic stenosis using the normal-
range or larger-FOV uniform-density sequences. The vari-
able-density large-FOV sequence, however, was able to
capture the velocity spectrum without aliasing. Since the
peak velocities measured by the variable-density large-
FOV sequence agreed well with the unwrapped uniform-
density large-FOV measurements, we conclude that using
variable-density sampling to increase the velocity FOV for
detection of jets can help one obtain an unambiguous
measurement.

The peak velocity measurements obtained in a normal
volunteer by variable-density FVE agreed well with those
measured using Doppler US. In addition, the normal-range
variable-density sequence gave a much sharper velocity
spectrum when compared with the normal-range uniform-
density version. This suggests that although the gain
achieved by using variable-density to improve velocity
resolution is less dramatic than the gain achieved by using

it to improve velocity FOV, it is worthwhile for normal-
range velocity measurement. The result of the larger-FOV
measurement proved quite promising. In both the normal-
range and larger-FOV variable-density sequences, aliasing
artifact was minimal and easily windowed without any
loss of peak velocity information.

CONCLUSIONS

We have described the use of variable-density sampling for
1D FVE, and presented comparisons with uniform-density
FVE and Doppler US. By modifying a uniform-density FVE
sequence with a velocity FOV of 400 cm/s to use variable
density, we demonstrated an improvement of velocity res-
olution from 33 cm/s to 25 cm/s. The PSF simulations
indicate that to achieve this resolution using the uniform-
density sequence, the readout time would have to be in-
creased by 31%. By modifying a uniform-density sequence
with a velocity FOV of 525 cm/s to use variable density,
we demonstrated an increase in velocity FOV to
1000 cm/s, an increase that would require a 71% increase
in readout time. Variable-density sampling can be used to
shorten the readout time or improve the velocity resolu-
tion of 1D FVE, but its main advantage is its ability to
image peak flow velocities in regions of stenosis without

FIG. 10. Velocity-time images in the stenosis
phantom fed by a pulsatile pump, illustrating a
velocity FOV that is large enough to unambig-
uously detect jets, which is the largest gain
from the application of variable-density sam-
pling to FVE. Pump set to maximum flow rate of
30 cm3/stroke at two rates ((a–d) 60 cycles/min
and (e–h) 80 cycles/min) to image the peak
velocities that could be created in the stenosis
phantom. a and e: Uniform-density normal-
range FVE. b and f: Variable-density normal-
range FVE, showing significant ambiguity due
to the degree of velocity aliasing. c and g: Uni-
form-density large-FOV FVE. Unwrapping the
images results in peak velocities of 478 cm/s
for the pump rate of 60 cycles/min, and
416 cm/s for the pump rate of 80 cycles/min. d
and h: Variable-density large-FOV FVE. The ve-
locity spectra are unaliased, with peak velocity
measurements of 467 cm/s at a pump rate of
60 cycles/min, and 379 cm/s at a pump rate of
80 cycles/min. All of the images were win-
dowed; however, smaller-FOV images were
windowed to a lesser degree because the
wraparound diminished the signal difference
between the spectra and the aliasing artifact.
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aliasing. In areas of highly pulsatile and stenotic flow,
real-time imaging with high temporal, spatial, and velocity
resolution is essential. Studies in phantoms and healthy
volunteers confirm that variable-density acquisition of
kz-kv substantially improves the velocity and temporal
resolution of such data. Further evaluations in patients
with aortic and valvular stenoses are needed to establish
this as a clinical tool.
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