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Rapid Quantitation of High-Speed Flow Jets

Krishna S. Nayak,” Bob S. Hu,"? and Dwight G. Nishimura’

Flow jets containing velocities up to 5-7 m/s are common in
patients with congenital defects and patients with valvular dis-
ease (stenosis and regurgitation). The quantitation of peak ve-
locity and flow volume in these jets is clinically significant but
requires specialized imaging sequences. Conventional 2DFT
phase contrast sequences require lengthy acquisitions on the
order of several minutes. Conventional spiral phase contrast
sequences are faster, but are highly corrupted by flow artifacts
at these high velocities due to phase dispersion and motion
during the excitation and readout. A new prospectively gated
method based on spiral phase contrast is presented, which has
a sufficiently short measurement interval (<4 ms) to minimize
flow artifacts, while achieving high spatial resolution (2 x 2 x
4 mm?®) to minimize partial volume effects, all within a single
breathhold. A complete single-slice phase contrast movie loop
with 22 ms true temporal resolution is acquired in one 10-
heartbeat breathhold. Simulations indicate that this technique
is capable of imaging through-plane jets with velocities up to
10 m/s, and initial studies in aortic stenosis patients show
accurate in vivo measurement of peak velocities up to 4.2 m/s
(using echocardiography as a reference). Magn Reson Med
50:366-372, 2003. © 2003 Wiley-Liss, Inc.
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Flow jets containing velocities up to 5—7 m/s are common
in patients with congenital defects and patients with val-
vular disease (stenosis and regurgitation). In these pa-
tients, the quantification of peak velocity and flow volume
is clinically significant but requires specialized MR imag-
ing sequences. Several groups have reported accurate in
vivo measurement of high velocities (1-5). However, long
2DFT-based phase contrast acquisitions required both re-
spiratory and cardiac motion compensation (gating plus
navigators) resulting in scan times on the order of 2—4 min
per CINE movie loop and 30—60 min per study.
Significantly faster velocity-mapping sequences were
developed by incorporating spiral and echo-planar read-
out trajectories (6—9). These sequences could achieve high
spatial resolution within the confines of a single breath-
hold, but suffer from local image artifacts near high speed
and/or complex flows. With subsequent hardware im-
provements, real-time and interactive color flow mapping
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systems were also developed (10), based on spiral phase
contrast.

These spiral and EPI-based phase contrast techniques,
while time-efficient, are highly susceptible to flow artifacts
in the presence of fast and turbulent flow. This is due to a
combination of effects: 1) phase dispersion within voxels,
2) through-plane motion during the excitation, and 3) in-
plane motion during readouts. The most severe of these
artifacts are signal voids due to insufficient spatial resolu-
tion (allowing phase dispersion within voxels), and blur-
ring and ghosting artifacts due to in-plane motion during
long spiral or EPI readouts. These artifacts can be mini-
mized by designing for higher spatial resolution and short-
ening readout length, respectively.

In this article, we present a prospectively gated breath-
held method based on spiral phase contrast (6,7) which
has a sufficiently short measurement interval (<4 ms, from
the start of the RF to the end of the readout) and readout
time (2.2 ms) to minimize flow artifacts, while achieving
high in-plane resolution (2 X 2 mm?) to minimize partial
volume effects, all within a single breathhold. A complete
single-slice phase contrast movie loop with 22 ms true
temporal resolution can be acquired in one 10-heartbeat
breathhold. Bloch simulations indicate that this technique
is capable of imaging and quantifying through-plane flow
jets with velocities up to 10 m/s. Initial studies on healthy
volunteers and aortic stenosis patients show accurate in
vivo measurement of peak velocity in jets up to 4.2 m/s,
using echocardiography as a reference. Image quality is
compared against a real-time color flow sequence (10), also
based on spiral phase contrast, which was used for local-
ization in the in vivo studies.

MATERIALS AND METHODS

The imaging pulse sequence (Fig. 1) consisted of a slice-
selective excitation, bipolar gradient, short spiral readout,
and gradient spoiler, achieving a TR of 5.5 ms and TE of
1.6 ms. We used a slice thickness of 4 mm, imaging flip
angle of 20°, and velocity encoding (VENC) between
1.47 and 6.05 m/s, depending on the subject. The VENC
was chosen to be roughly 20-50% above the expected
peak velocity to avoid aliasing while providing maximum
sensitivity.

The primary design goals were achieving high spatial
resolution and minimizing the readout duration (to miti-
gate in-plane flow artifacts). Using optimal spiral trajectory
design based on our scanner configuration (11-13), we
were able to achieve 2.0 mm resolution over a 20 cm FOV
using 2.2 ms spiral readouts with 20 interleaves. This was
achieved without any undersampling. A rapid 480 ps slice
selective excitation was used to minimize the echo time
and minimize through-plane flow artifacts. This type of
excitation also excites lipid signal, which is thought to be
acceptable in this application because of the physical dis-
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FIG. 1. Pulse sequence consists of (a) 480 us RF slice selective
excitation, (b) 640-960 s flow-encoding gradient, (c) 2.2 ms spiral
readouts, and (d) refocusing and spoiler gradients.

tance between fat and the flow of interest. An added ben-
efit of such short spiral readouts is the reduction of spiral
off-resonance blurring. In this sequence, typical B, inho-
mogeneity will result in insignificant blurring and lipid
signal will only be blurred by about 2 mm.

Bloch simulations were performed using Matlab (Math-
Works, South Natick, MA) for a variety of through-plane
and in-plane flow velocities. Simulations of linear con-
stant-velocity flow were used to establish flow properties
of the sequence. Through-plane flow sensitivity of the
excitation was analyzed by producing effective slice pro-
files for various through-plane velocities and flip angles
(14). In-plane flow sensitivity of the readout was analyzed
by producing velocity point spread functions for various
in-plane velocities (15,16).

10-heartbeat breath hold, 22 ms per image
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FIG. 2. Acquisition timing during a 10-heartbeat breathhold. Each
box represents one measurement and one imaging TR (5.5 ms).
Inside are the interleaf number and the sign of the flow encoding
gradient. 20-interleaves with positive and negative flow encoding
are used to form each image. The true temporal resolution is 22 ms
and a sliding window reconstruction is used to produce a new
image every 11 ms.
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FIG. 3. Color overlay. CINE phase contrast videos were displayed
using a color overlay similar to ultrasound. Images are acquired with
two different flow encodings. A magnitude image is computed from
the magnitude sum of the two images, and a velocity image is
computed from the phase difference. A color overlay is created
using an ultrasound colormap (clipped to highlight high velocities in
locations where there is sufficient signal). The final image is the
overlay plane superimposed onto the magnitude image.

In vivo studies were performed on a GE Signa 1.5 T CV/i
scanner (General Electric, Waukesha, WI), equipped with
gradients capable of 40 mT/m magnitude and 150 T/m/sec
slew rate and a receiver capable of 4 usec sampling
(=125 kHz). A body coil was used for RF transmission and
a 5-inch surface coil was used for signal reception. The
institutional review board of Stanford University ap-
proved the imaging protocols. Each subject was screened
for MRI risk factors and provided informed consent in
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FIG. 4. Bloch simulations of through-plane flow during excitation.
Simulated (a) excitation profiles for through-plane flow up to 10 m/s
demonstrate reasonable slice profiles and flat phase. The (b) effec-
tive slice thicknesses calculated as the full-width at half-max
(FWHM) of the excitation profile is within 30% of design for flow up
to 10 m/s.
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FIG. 5. Bloch simulations of the partial saturation effects particularly affecting high flip angles and low velocities. In each image, labeled by
an imaging flip angle, the vertical axis represents through-plane velocity. Each horizontal line in each image contains a magnitude slice
profile for that particular flip angle and through-plane velocity (black = low signal, white = high signal). Partial saturation of spins moving
slower than 1 m/s warps the effective slice profile (shown by gray arrows) for flip angles around 60-90°.

accordance with institutional policy. The patient protocol
involved first localizing scan planes using an existing real-
time interactive color flow system (10). This system was
not optimized for fast flow and used a 30 ms TR, 5 ms TE,
7 ms spectral-spatial excitation, and 12.4 ms spiral readout
trajectories. Real-time video clips of 5-10 sec were re-
corded at each relevant cardiac view and appropriate slice
prescriptions were then rescanned using the proposed
gated sequence during 10-heartbeat breathholds. Each
breathheld scan produced a CINE color-flow movie with
40-70 cardiac phases using a sliding window reconstruc-
tion. Acquisitions were prospectively ECG-triggered. The
timing of acquisitions is illustrated in Fig. 2.

Color flow movies were generated from each dataset.
Each temporal frame was formed by first reconstructing
complete images for the positive and negative flow en-
codes. A magnitude image was taken as the sum of the two
images, while a velocity image was computed as the phase
difference between the two images. A color overlay, pre-
viously described (10), was then used to overlay the ve-
locity information over the anatomical magnitude image.
The image display path is illustrated in Fig. 3. Frames
were assembled to form a color-flow movie from each
dataset. Over operator-defined regions of interest (ROls)
covering the flow of interest, velocity-time histograms
were produced. Peak velocity measurements were made
based on these histograms.

RESULTS AND DISCUSSION
Simulations
Through-Plane Flow

Bloch simulations of through plane flow were performed
to establish sensitivity of the sequence to signal loss due to
motion during the excitation. Figure 4a contains the effec-
tive slice profiles for a variety of through-plane velocities
with a flip angle of 6°. Through-plane velocities up to
10 m/s provide a reasonably flat-phased signal, while be-
yond about 15 m/s the phase profile of the excitation varies
noticeably across the slice, causing some signal loss. In

addition, the effective slice width increases with increas-
ing flow velocity. Figure 4b illustrates the increase in
effective slice thickness as a function of velocity for a few
different flip angles. Slice thickness is measured as the
full-width at half-maximum (FWHM) of the excitation pro-
file. For through-plane velocities up to 10 m/s, the effec-
tive slice thickness increase is less than 30%.

Another factor to consider when using gradient-spoiled
sequences (especially those with short TR) is potential
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FIG. 6. Bloch simulations of in-plane flow during readout and ac-
quisition. Image artifacts due to in-plane flow can be characterized
by a velocity point spread function (PSF). Simulations of in-plane
velocities up to 2 m/s exhibit reasonable PSF blurring and distortion
in the direction of flow and a displacement by 0—2 mm. Beyond an
in-plane velocity of 2 m/s, artifacts are more severe.
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FIG. 7. Conventional real-time (21) and real-time color flow (10)
sequences experience a multitude of artifacts in and around fast
flow jets, limiting quantitative analysis. The images shown are from
a patient with a 4.2 m/s AS jet as measured by echocardiography,
and illustrate (a) flow voids due to motion during 12.4 ms long spiral
readouts, (b) signal loss due to phase dispersion when using a low
VENC, and (c,d) underestimation of the true peak velocity by
roughly 30% even when using an appropriate VENC due to partial
voluming. Displacement artifacts due to the 4 ms echo time are
clearly seen in c. The lack of highly spatially resolved flow informa-
tion is seen in all images.

artifact due to partial saturation of spins moving slowly in
the slice-select direction. At a TR of 5.5 ms or shorter, such
effects can occur even for spins moving at 1 m/s. For flip
angles from 1-90°, and velocities from 0-15 m/s, Bloch
simulations were performed to find the effective steady

Healthy Subject aortic outflow
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state slice profile. Shown in Fig. 5 are images of effective
slice profiles (horizontal axis) for velocities between 0 and
2 m/s (vertical axis), at a few different flip angles. It is clear
that when using flip angles well above 20°, partial satura-
tion effects become significant even for spins moving as
fast as 50—75 cm/s. In our in vivo studies, we used a flip
angle of 20° to avoid this effect. However, higher flip
angles may be used since the pathologic velocities of in-
terest (=2 m/s) are unaffected even at high flip angles.

In-Plane Flow

Short spiral acquisitions produce reasonably small dis-
placement and blurring artifacts for in-plane flow up to
about 2 m/s. Figure 6 contains velocity point-spread func-
tions (PSF) for static and a few different in-plane veloci-
ties. At less than 2 m/s the shift is less than one resolution
element, in this case 2 mm. In addition, there is some
low-amplitude PSF distortion in the direction of the flow.
When in-plane velocity exceeds about 2.5 m/s the PSF
distortion is more severe, and causes blurring in the direc-
tion of flow, which can lead to displacement artifact, loss
of spatial resolution, and partial volume effects when sig-
nals from multiple spatial locations fall into the same
reconstructed voxel (17).

Note that the target application for this sequence is the
quantification of through-plane jets containing velocities
up to 7 m/s; therefore, resilience to a reduced range of
in-plane velocities (<2 m/s) is acceptable. If targeting
higher in-plane velocities, the spiral readouts could be
further shortened by reducing each spiral’s curvature
and/or extent. This would either require more interleaves
or result in lower image resolution. Projection reconstruc-
tion (PR) readouts would enable the widest range of in-
plane velocity measurement but would drastically reduce
scan efficiency.

+1.47 m/s

-1.47 m/s

FIG. 8. Short-TR spiral phase contrast in a healthy volunteer: CINE color flow loops and time-velocity waveforms were acquired in single
breathholds. Selected frames from a movie taken at the aortic valve plane are shown. Peak velocity was measured to be ~ 1.4 m/s. A “plug
flow”-like profile is observed in both the video and time-velocity histogram.
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FIG. 9. Short-TR spiral phase contrast in two AS Patients: CINE color flow loops and time-velocity waveforms acquired in single
breathholds. In these two patients (#1 is the same as in Fig. 7), 45 cardiac phases were acquired in each 10-sec breathhold. Selected frames
from cross-sectional views of the aortic root are shown, using through-plane flow encoding. Adjacent to each are time-resolved velocity
histograms, which were generated by plotting measured velocities within a region of interest (ROI) around the aorta in each slice. Peak

velocities were within 20% of echocardiography measurements.

Off-Resonance

In spiral imaging, off-resonance causes an additional blur-
ring when more than w/4 of phase accrues during a readout
(18). At 1.5 T, B, homogeneity around the heart is typically
within 70 Hz (19,20), and our experience indicates that the
aortic root can be easily shimmed to within 20 Hz. For
2.2-ms readouts, off-resonance blurring for this range is
insignificant.

Lipid signal at 1.5 T (-220 Hz from water) experiences
about w/2 of phase during our readouts and experience
slight blurring (roughly one pixel). This should not hinder
visualization of cardiac blood flow in our studies due to
the distance between fat and flowing blood. In addition,
because we used echo times of 1.5-2 ms, lipid and water
are almost completely out of phase, causing noticeable
signal reduction in areas of fat.

In Vivo Studies

In an initial set of in vivo studies, four healthy subjects and
four patients with aortic stenosis (AS) were recruited. In
each volunteer, scan planes containing cross sections of
the aortic root were localized and scanned with real-time
color flow (10), and then with the proposed sequence.
Velocity encoding was set to encode 1.47 m/s (960 ps
bipolar) in healthy subjects and 3.47 m/s to 6.05 m/s
(720 ps to 640 ws bipolar) in AS patients. The VENC was
chosen to be roughly 20-50% above the expected peak
velocity to avoid aliasing while providing maximum sen-
sitivity.

Figure 7 contains images from the localization portion of
one patient study and illustrates many of the artifacts
common in real-time and real-time color flow imaging.
These include signal loss during long spiral readouts
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Table 1
Measured Peak Velocities in Four Aortic Stenosis Patients
Patient Echo MRI
#1 4.20 m/s 4.0 m/s
#2 4.20 m/s 3.47 m/s
#3 4.05 m/s 3.9 m/s
#4 2.67 m/s 2.51 m/s

(15,16), signal loss due to phase dispersion when using a
low VENC, displacement artifacts due to the long echo
time, blurring due to motion during spiral readouts, and
subsequent partial volume effects resulting in peak veloc-
ity underestimation.

In normal volunteers scan plane localization using the
real-time color flow system took roughly 4 min. Five
breathheld scans were then performed at a prescribed slice
containing the aortic valve plane. Figure 8 contains images
from one of the healthy volunteer studies, in which a peak
velocity of 1.4 m/s was measured and normal aortic valve
function was clearly visualized. Total scan time was less
than 20 min for all volunteers.

Figure 9 contains images from two patient studies. Pa-
tient 1 had a moderate aortic stenosis, with a mean gradi-
ent of 42 mmHg, aortic valve area (AVA) of 0.87 cm?, and
peak velocity of 4.2 m/s evaluated by echocardiography.
Patient 2 also had moderate aortic stenosis, with a mean
gradient of 38 mmHg, AVA of 1.0 cm?, and peak velocity of
4.2 m/s evaluated by echocardiography. Frames are shown
spanning the first 300 ms of systole. Notice that coherent
signal from these high-speed flow jets were achieved in
both studies. Peak velocities (see Table 1) and velocity-
time waveforms were comparable to echocardiography in
all four patient studies. Note that in Patient 2 peak velocity
was underestimated, most likely due to angle effects (the
slice not being perpendicular to the flow jet).

As magnitude and velocity information are available at
each frame, it also became possible to visualize leaflets in
cross section. Figure 10 contains a few frames from Patient
1. The limited tricuspid valve opening is visualized even
in the magnitude image, potentially enabling direct valve
area measurement.

Finally, in addition to stenosis, this sequence may be
applicable to the imaging of regurgitant flow jets and flow
jets in patients with congenital heart disease. Figure 11
contains sample images from a patient with aortic regur-
gitation and a patient with an atrial septal defect. In both
cases flow jets were clearly visualized, without any nearby
signal loss.

CONCLUSIONS

We have presented a short-TR spiral phase contrast se-
quence that is capable of imaging and measuring high-
speed flow jets during short breathholds. Simulations in-
dicate that the accurate measurement of through-plane
flows up to 10 m/s is possible. Preliminary in vivo results
have shown agreement with echocardiography in a cohort
of patients with jet velocities up to 4.2 m/s. A larger
clinical trial is under way at our institution. Such a se-
quence may also be useful for quantifying volume flow
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Color Overlay

Magnitude Images

FIG. 10. Color overlay and magnitude-only images from Patient
1. As flow artifacts are minimized, it is also possible to visualize and
potentially measure valve area directly from magnitude images.

and, in particular, regurgitant volume. For that applica-
tion, compensation for partial saturation (shown in Fig. 5)
will be necessary.

One important concern when measuring peak velocity is
the angle a between the flow jet and the flow-encoding
direction. The measured velocities will underestimate true
velocities by a factor of cos(a). For small angles this effect
is also small; however, in the case of eccentric jets, angle
effects may cause significant underestimation. This can be
remedied by 1) rapidly scanning with multiple directions
of flow encoding to resolve full velocity vectors, or 2) using
a localization sequence that is capable of better visualizing
such jets, to ensure that the slice prescriptions are indeed
perpendicular to the predominant flow.

Aortic Regurgitation Atrial Septal Defect

FIG. 11. Short-TR spiral phase contrast in a patient with valvular
regurgitation and a patient with a congenital defect. Individual
frames from (left) a cross-sectional view of the left ventricular out-
flow tract showing an aortic regurgitation, and (right) an oblique view
illustrating flow through an atrial septal defect.
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Our current implementation of this sequence, achieves
2 X 2 mm? in-plane resolution, 4 mm slice thickness, and
is capable of measuring high-speed jets in a single breath-
hold. The acquisition time for each image is 220 ms,
which, if segmented over 10 heartbeats, results in 22 ms
temporal resolution, and if segmented over five heartbeats,
results in 44 ms temporal resolution. A speed-up of
15-20% is immediately possible with pulse sequence op-
timizations such as incorporating the flow encoding into
the slice-select gradient and reducing the dead time be-
tween the spoiler and end of TR. With these improve-
ments, and sacrificing some spatial resolution for in-
creased temporal resolution, a true real-time version of
this sequence may be possible.
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