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BACKGROUND AND PURPOSE: Three-dimensional phase-contrast (3DPC) is limited by

long imaging times, limited coverage, flow artifacts, and the need to perform multiple additional
2D examinations (2DPC) to measure flow. A highly undersampled 3D radial acquisition
(isotropic-voxel radial projection imaging [PCVIPR]) makes it possible to increase the product
of volume coverage and spatial resolution by a factor of 30 for the same imaging time as
conventional Cartesian 3DPC. This provides anatomic information over a large volume with
high isotropic resolution and permits retrospective measurement of average flow rates through-
out the volume.

METHODS: PCVIPR acquires a reference and three flow-encoded acquisitions for each VIPR
projection. Complex difference images were formed by combining information from all flow
directions. Following retrospective definition of planes perpendicular to selected vessels, vol-
ume flow rates were determined by using phase-difference information. The accuracy of average
flow measurement was investigated in a phantom and in six volunteers. Anatomic PCVIPR
images acquired in three patients and three volunteers by using a 384> matrix were compared
with conventional Cartesian 3DPC.

RESULTS: The flow validation produced R*> = 0.99 in vitro and R*> = 0.97 in vivo. PCVIPR
produced minimal streak and pulsatile flow artifacts. PCVIPR produced far higher resolution
and volume coverage in comparable imaging times. The highest acceleration factors relative to
3DPC were achieved by using gadolinium-contrast material. Ultimately, acceleration factors are
limited by signal-to-noise ratio.

CONCLUSION: PCVIPR rapidly provides isotropic high-resolution angiographic images and
permits retrospective measurement of average flow rate throughout the volume without the
need to prescribe multiple 2D acquisition planes.

Three-dimensional phase-contrast (3DPC) imaging
has several shortcomings that limit its use. Because of
the need to acquire a reference and three flow-en-
coded excitations for each phase-encoding view, spa-
tial resolution, especially in the section-encoding di-
rection, must be limited to prevent the imaging time
from being prohibitively long (1). Because of the
anisotropic resolution nature of the 3D data sets,
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3DPC is not typically used for obtaining flow rates.
Instead a 2D phase contrast (2DPC) is prescribed
perpendicular to the vessel of interest. If the flow rate
is to be determined in multiple vessels, multiple
2DPC images must be obtained. Another shortcom-
ing is the artifacts that result from pulsatile flow.
Because PC MR has not been generally used clini-
cally for measuring flow velocity, radiologists have in
general relied on other methods. For example, in the
evaluation of carotid stenosis, anatomic data are now
acquired with MR and physiologic data with Doppler
sonography. MR images show the relative size of the
lumen, and Doppler sonography shows whether it has
a significant hemodynamic effect.

The aim of this study was to develop a 3DPC
method that could rapidly acquire enough data to
produce images of a large volume with high isotropic
spatial resolution to determine anatomic information
and permit retrospective measurement of flow rates
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in vessels of arbitrary orientation. With this PC tech-
nique, both the size of the lumen and the velocity of flow
can be determined within a single short imaging time.

MR image acquisition can be greatly accelerated by
sampling k-space with vastly undersampled isotropic-
voxel radial projection imaging (VIPR; 2, 3). The
VIPR sequence samples data along radial lines evenly
spaced through a spherical volume each intersecting
the origin of k-space (4). VIPR permits short acqui-
sition times, large volume coverage, and small isotro-
pic voxels. It has long been known, for example in
conventional radiographic CT, that undersampling
with radially oriented projections results in streak
artifacts. The surprising result of the 3D under-
sampled VIPR approach is that when undersampling
is performed in 3D, the artifacts spread out over the
3D space and are far less noticeable than in 2D (2, 3).

Whereas acceptable acceleration factors relative to
conventional Cartesian acquisition were about four in
undersampled 2D radial projection acquisitions (5),
in 3D VIPR, even at acceleration factor on the order
of 50, the streak artifacts result in a generally accept-
able diffuse background “fog.” This background “fog”
arises from any signal intensity—generating source
within the imaged volume. In the application dis-
cussed here, VIPR is used to implement a 3D radially
undersampled phase-contrast sequence called
PCVIPR. All stationary background anatomy is sub-
tracted in the formation of the phase-contrast images.
This limits the artifacts to those generated by the
vessels. Therefore, phase contrast is well suited for
VIPR acquisition.

Acceleration factors between 17 and 60 relative to
conventional Cartesian 3DPC were implemented, de-
pending on whether contrast material was present.
Contrast material increases signal-to-noise ratio
(SNR) and permits an increase in the readout reso-
lution that can be supported by the available SNR,
thus permitting the acceleration factor to be
increased.

Accurate average flow-rate measurements were ob-
tained both in vitro and in vivo by using measurement
planes retrospectively selected from the acquired iso-
tropic image volume. We report here on the compar-
ison of these measurements with those obtained in
separate 2DPC images.

Methods

Data Acquisition and Reconstruction

The PCVIPR sequence, implemented by using the 4-point
excitation method (6, 7), was designed so that each VIPR
projection was excited four times. One excitation was a refer-
ence with no flow-encoding gradients applied. This was fol-
lowed by flow-encoded excitations for each of three orthogonal
directions. The excitation data were saved separately for off-
line reconstruction. Complex-difference and phase-difference
reconstruction were performed for each flow direction to re-
construct angiographic images or to calculate quantitative flow
rate. Three sets of data were reconstructed, one for each flow
direction. Composite speed images were generated by taking
the square root of the sum of the squares of the three flow-
direction images. Through phase difference reconstruction, ve-
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locity in each pixel in each flow direction was calculated. Flow
rates of each vessel were calculated from the phase-difference
images by multiplying the average velocity of the blood vessel
by the area of the vessel. As generally practiced in PC MR flow
measurements (8), a threshold equal to 30% of the peak am-
plitude in the magnitude image was adopted to define the
vessel cross-section. The acquisition time for PCVIPR is typi-
cally several minutes and is determined by the number of
projections. The reconstruction time per flow direction for
PCVIPR is 30 seconds for a 256> data set and about 60 seconds
for a 384> data set.

The PCVIPR sequence was implemented on a GE 1.5T
Signa system (GE Medical Systems, Milwaukee, WI). The
sequence was set as a protocol in the system. For this article,
the images were all generated off-line. When imaging was
finished, the raw data were transferred automatically to a host
computer for image reconstruction. The reconstructed images
were then transferred automatically back to the reading room
for the radiologists. We are currently working to make the PC
VIPR sequence a routine practice with on-line image
reconstruction.

PCVIPR High-Spatial-Resolution Angiography with and without
Contrast Material

Three volunteers and three patients were imaged for the
purpose of comparing the anatomic images produced by
PCVIPR with those produced with the 3DPC sequence avail-
able on our system. One volunteer was imaged without admin-
istration of contrast material. Another was imaged without and
then with administration of contrast material; the third was
imaged with administration of contrast material. Three patients
were imaged with residual contrast material present. The PC
VPR and 3DPC examinations were done in rapid succession.
When contrast material was used, the order of the 3DPC and
PCVIPR images was alternated in sequential patients. Forty
milliliters of contrast material were injected in about 2 minutes.
Imaging was started at the same time as the contrast material
injection was started.

All imaging was performed with field of view (FOV) = 24
cm, flip angle = 15, and velocity to be encoded = 20 cm/s. For
3D Cartesian PC, only 256 readout was available on the GE
1.5T system, so the number of phase-encoded samples was
matched to the number of readout samples, resulting in an
in-plane resolution of 0.94 X 0.94 mm? The through-plane
resolution was 2 mm. Imaging time was 7 minutes, 22 seconds.
The section thickness was 4 cm. The TR/TE for 3DPC was
18/6.6 ms, and the receiver bandwidth was 16 kHz.

For PCVIPR a 384 readout was used, providing an isotropic
spatial resolution of 0.63 X 0.63 X 0.63 mm>. The TR/TE for
a 384 readout matrix was 17.34/7.57 ms at a bandwidth of 16
kHz and 11.6/ 5.14 ms at 32 kHz.

An imaging speed factor S was defined as the acquired
volume divided by the product of voxel size and imaging time.
The acceleration factor A for PCVIPR relative to 3DPC was
defined as the ratio of the speed factors for each. PCVIPR was
implemented with three different acceleration factors: 17, 30,
and 61. For 4 = 17, the PCVIPR volume was 24 X 24 X 10, the
number of acquired projections was 6400, the receiver band-
width was 16 kHz, and the imaging time was 7 minutes, 30
seconds. For A = 30, the PCVIPR volume was 24 X 24 X 18,
the number of acquired projections was 6400, the receiver
bandwidth was 16 kHz, and the imaging time was 7 minutes, 30
seconds. For A = 61, the PCVIPR volume was 24 X 24 X 18,
the number of acquired projections was 5000, the receiver
bandwidth was 32 kHz, and imaging time was 3 minutes, 50
seconds.

For the A = 61 angiographic image comparison described
above, the acceleration factor is calculated as (3:50 = 230 s,
7:22 = 442 s)
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1) A = Svipr/Ssprc

_ (18 X 24 X 24)/[(0.63)° X 230]
T 4 X 24 X 20)/[(0.94)7 X 2 X 442]

Complex difference images of both PCVIPR and 3D Car-
tesian PC MR were generated. The coronal and axial maximum
intensity projections (MIPs) of the two acquisitions were
compared.

= 61.1

Quantitative In Vitro and In Vivo Flow Measurement

In this section, the ability of PCVIPR to provide accurate
quantitative average flow measurements were validated both in
vitro and in vivo. These comparisons with 2DPC were carried
out without contrast material present and with a readout res-
olution of 256 for 2DPC and PCVIPR.

In Vitro Quantitative Flow Measurement

A phantom was built by attaching a straight polyethylene
tube, 6 mm inside diameter and 3 m length, to a pump (Quest
Image; London, Ontario, Canada) that provides a series of flow
waveforms and flow rates. The tube was filled with distilled
water and aligned along the bore in a GE 1.5T system equipped
with high-speed gradients. From the choices resident in the
microprocessor of the pump, a programmed waveform (carot-
id2) was selected to provide phasic flow with 72 beats per
minute simulating blood flow in the carotid artery. Corre-
sponding to each peak flow rate that was selected, the average
flow rate was provided by the pump and used as a standard
value to be compared with the value measured by using
PCVIPR. PCVIPR images centered on the tube were acquired
by using the following parameters: 3000 projections; flip angle,
15°% FOV, 24 cm; 256-pixel readout resolution; section thick-
ness, 2 mm; flow-encoding direction, S/I; and imaging time,
about 3 minutes. Ten sets of images were acquired with peak
flow rates varying between 3 and 18 mL/s. PCVIPR was re-
peatedly applied five times for each flow rate for statistical
purpose. To calculate flow, voxels in the PCVIPR with signal
intensity exceeding 30% of the peak signal intensity of the
complex difference image were identified. In this area, average
flow rate was computed as the sum of velocity in each selected
voxel times the pixel area. At each flow rate, the mean and
standard deviation of the five measurements were calculated.
Average flow calculated from the PCVIPR acquisition was
compared with the actual flow by least squares regression
analysis.

In Vivo Quantitative Flow Measurement

Six adult volunteers, who gave written consent to participate
in this institutional review board-approved study, were imaged
with PCVIPR and 2D cine PC MR. 2D cine PC MR is the
method in our clinic to obtain quantitative flow rate measure-
ments in vivo, so it was selected as the method to validate the
accuracy of the quantitative flow measurements obtained with
PCVIPR. Because of the limited available imaging time, only
two vessels were imaged for this study: the right internal carotid
artery and the basilar artery.

The 2D cine PC MR images were acquired first and were
repeated five times on each vessel. The imaging plane was
chosen to be perpendicular to the direction of the blood flow in
each vessel. Twenty cardiac phases were imaged during each
exam, which took about 2 minutes. The in-plane resolution was
0.9 X 0.9 mm?. The section thickness was 3 mm. Phase differ-
ence images of each image were analyzed. The flow rate during
each cardiac phase was measured. The average flow rate over
the cardiac cycle of each image was then calculated. For each
blood vessel, five flow rates were obtained. The mean and
standard deviation of these five measurements were calculated
for each blood vessel.
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For PCVIPR, a 10-cm-thick axial section was prescribed, to
include the circle of Willis. This section was imaged by using
the following parameters: 3,000 projections; flip angle, 15°%
voxel size, 0.9 X 0.9 X 0.9 mm?® and imaging time, about 3
minutes. From the volume of acquired data, a plane perpen-
dicular to the flow direction in each vessel was retrospectively
selected at a location close to where the 2D cine PC MR was
performed. For statistical purposes, the same section was im-
aged five times with the same location being measured to
calculate the flow rate of each vessel. The values measured
from each blood vessel of each volunteer were compared with
those obtained from the 2D cine PC MR.

Besides the average flow validation on the two blood vessels,
additional quantitative flow measurement consistency checks
could be made from the 3D data set from the PCVIPR acqui-
sition. Without the presence of the posterior communicating
arteries, the basilar artery is the only blood supplier to the left
and right posterior cerebral arteries (PCAs). For the five vol-
unteers without posterior communicating arteries, the flow
rates from the left and right PCAs were measured and com-
pared with the flow rate measured from the basilar artery. Flows
in the PCAs of the five volunteers were not measured by using 2D
PC MR for validation, because of the limit of imaging times.

Results

PCVIPR high-spatial-resolution angiography with
and without contrast material

Example axial and coronal PCVIPR and 3DPC
MIP images are shown for A = 17, 30, and 61 in
Figures 1, 2, and 3. Figure 1 illustrates the case of A =
17, in which both examinations were performed with-
out contrast material. The most notable features are
the absence of pulsatility artfacts and the greater
coverage provided by the PCVIPR examination. Pul-
satile blood flow in the arteries resulted in ghosting
artifacts appearing along the phase encoding direc-
tion of the conventional 3DPC axial MIP image as
indicated by the arrows on Figure 14. Projection
acquisition is insensitive to pulsatile flow (9). There-
fore, it is not necessary to apply ECG gating to re-
move pulsatile ghosting artifacts in a PCVIPR
examination.

The advantages of the small isotropic voxels in
PCVIPR are evident in the sagittal projection, where
the PCVIPR pixel dimensions are 0.63 X 0.63 mm
compared with 0.94 X 2 mm for 3DPC.

In Figure 2, the acceleration factor was increased to
30 by increasing the PCVIPR excitation section from
10 cm to 18 cm. The greater potential for signal
intensity saturation in this larger volume was offset by
the use of contrast material. The advantages of in-
creased coverage, spatial resolution, and decreased
artifacts are again evident.

In Figure 3 the acceleration factor was increased to
61 by reducing the number of acquired projections
from 6400 to 5000 and increasing the receiver band-
width to 32 kHz, resulting in an imaging time of 3
minutes, 50 seconds, compared with 7 minutes, 22
seconds, for 3DPC. In this case, the axial 3DPC ex-
amination shows more small vessels, which suggests
that there is no longer sufficient SNR in the PCVIPR
acquisition to support the small voxels at this accel-
eration factor.
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Fic 1. Comparison of 3DPC (A, B) with a
PCVIPR (C, D) acquisition having an ac-
celeration factor of 17. In this case, com-
parable imaging times were used and the
acceleration is due to a factor of 2.5 in
volume coverage and a factor of 7 reduc-
tion in voxel volume. No pulsatile artifact
appears on the PCVIPR image (C) as it
does on the 3DPC image (A, arrows).

Fic 2.  Comparison of 3DPC (A, B) with a
PCVIPR (C, D) acquisition having an ac-
celeration factor of 30. In this case resid-
ual contrast was present and the acceler-
ation is due to a factor of 4.5 in volume
coverage and a factor of 7 reduction in
voxel volume.
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Fic 4. Basic PCVIPR in vitro average flow measurement vali-
dation on a pulsatile flow on the flow phantom. Ten flow rates
were measured. The PCVIPR results are plotted against the
computer-set flow rates. One standard deviation is plotted as

the error bar on each data point. A linear relationship was
reached, with a linear fit slope of 0.94 and an R? = 0.99.

Quantitative In Vitro and In Vivo Flow
Measurements

In Vitro Quantitative Flow Measurements

Flow rates calculated from the PCVIPR images
varied between 0.75 and 5 mL/s at the 10 selected
flow rates and correlated very closely with the flow
rate prescribed in the phantom (Fig 4). One standard
deviation was used as the error bar on each data
point, which was less than 7% for any data point. The
measured flow rates had a linear relationship to the
actual flow rates with a slope of the fitted line equal
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Fic 3. Comparison of 3DPC (A, B) with a
PCVIPR (C, D) acquisition having an ac-
celeration factor of 61. The acceleration is
due to a factor of 4.5 in volume coverage,
a factor of 7 reduction in voxel volume,
and a factor of 2 reduction in imaging time.
Visualization of some small vessels is de-
creased in the PCVIPR examination,
which indicates insufficient SNR to sup-
port this acceleration factor.
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Fic 5. In vivo flow measurement validation by using 2D cine
PC MR on the right ICA and the basilar artery of six volunteers.
One standard deviation is used to plot the error bar on each data
point. The correlation of the two methods is shown here with
R? = 0.97.

to 0.94. The R* was 0.99. The 0.94 slope (lower than
the theoretical 1.0) may be due to the use of the 30%
threshold applied to the complex difference image to
define the region of interest for flow measurement.

In Vivo Quantitative Flow Measurements

The mean flow rates measured with PCVIPR in the
right internal carotid artery and the basilar artery
matched very closely with those obtained from 2D cine
PC. The correlation for the 12 values acquired by using
these two methods is shown in Figure 5, with an R* =
0.97. R is 0.87 for the right internal carotid artery and
0.99 for the basilar artery data if analyzed separately.
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Fic 6. When no posterior communicating arteries exist in the volunteer, the basilar artery is the only blood supplier to the two PCAs
(B). The flow rates from the two PCAs were measured as shown in C, whereas the flow rate of the basilar artery was measured at the
location as shown in B. As shown in A, the sum of the two PCA flow rates were very close to that of the basilar artery, where 1 SD was

used as the error bar.

As shown in Figure 6, the flow in the left and right
posterior communication arteries (PCAs) corre-
sponded closely with the flow in the basilar artery
except in one patient with a large PCA, whose data
are not shown here. This study shows one of the
advantages of the 3D PCVIPR data acquisition.
Without additional images, flow information can be
acquired in any vessel in the image volume. No inde-
pendent flow measurements by using 2D PC MR
were carried out to validate this study.

Discussion

PCVIPR offers a significant increase in the ability
to acquire isotropic, large-volume high-resolution im-
ages in a short time. PCVIPR can produce arbitrarily
large acceleration factors by increasing the readout
resolution. This process ultimately can be limited by
the available SNR. Therefore larger acceleration fac-
tors (higher resolution, coverage, imaging speed) can
be accomplished when contrast material is present.

At very high acceleration factors, the voxels in
PCVIPR may become so small or the acquisition time
may become so short that inadequate SNR can limit
the detection of vessels. Therefore a compromise
between spatial resolution and SNR needs to be cho-
sen. When contrast material is present, PCVIPR with
a matrix of 384 produces an SNR that appears to be
adequate to support acceleration factors of about 30
relative to 3DPC. The resolution advantages of

PCVIPR are particularly noticeable in imaging planes
for which the 3DPC requires phase encoding.

The present article is limited to a comparison with 3D
PC. For clinical studies, PCVIPR has provided signifi-
cant advantages over conventional 3D PC methods. It
might be possible that ultimately the PCVIPR examina-
tion could provide both anatomy and flow in a single
examination. Although not reported here, ultimately we
intend to compare PCVIPR with 3D TOF. Fifty pa-
tients have been imaged with both techniques and will
be the subject of a future report. Acceleration factors
relative to 3D TOF are typically 4-10. Voxel volumes
are typically four times smaller than for 3D TOF. Qual-
itatively, preliminary results show a large number of
images in which some structures were much more
clearly seen with PC VIPR (10). Because of the longer
echo times used in PCVIPR, however, there is a greater
potential for intravoxel signal intensity loss. Although
this should be at least partially offset by the small voxels
in PCVIPR, a detailed comparison of image quality for
various detection tasks must be carried out. If PCVIPR
were found to be adequate to replace 3D TOF, the
single PCVIPR examination could potentially be used
to provide all anatomic and flow information.

In this article, our flow quantification was performed
by using a 256> matrix without contrast material. Good
agreement with 2D cine PC MR has been achieved both
in vitro and in vivo. Accurate average flow measure-
ments can be acquired in any vessel in the 3DPCVIPR
acquisition retrospectively. Time-resolved flow quantifi-
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cation can also be achieved by incorporating ECG gat-
ing into the PCVIPR acquisition.

The limitations in this study warrant some discus-
sion. Flow in the phantom was underestimated by
about 6%. The underestimation may be due to the
use of the 30% threshold applied to the complex
difference image to define the region of interest for
flow measurement. The choice of this threshold is
somewhat arbitary, and better agreement with the
flow rates provided by the pump would be better with
a somewhat lower threshold.

Conclusion

The PCVIPR sequence can be used to acquire
angiographic images over a large imaging volume
with high and isotropic spatial resolution in a short
imaging time. It is not sensitive to pulsatile flow arti-
facts and provides useable acceleration factors up to
about 30 relative to 3DPC when residual contrast
material is present. Retrospective measurements of
average flow rates in the 3D volume agree well with
flow pump values and with in vivo 2D cine PC MR
results.
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