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ABSTRACT

Velocity-encoded cine (VEC) imaging is potentially an important clinical diagnostic technique for
cardiovascular diseases. Advances in gradient technology combined with segmentation approaches
have made possible breathhold VEC imaging, allowing data to be obtained free of respiratory arti-
facts. However, when using conventional segmentation approaches, spatial and temporal resolutions
are typically compromised to accommodate short breathhold times. Here we apply a sparse sampling
technique, turbo-BRISK (i.e., segmented block regional interpolation scheme for k-space) to VEC
imaging, allowing increased spatial and temporal resolution to be obrained in a short breathhold
period. BRISK is a sparse sampling technique with interpolation used to generate unsampled data.
BRISK was implemented to reduce the scan time by 70% compared with a conventional scan. Further,
turbo-BRISK scans, using segmentation factors up to 5, reduce the scan time by up to 94%. Phantom
and in vivo results are presented that demonstrate the accuracy of turbo-BRISK VEC imaging. In
vitro validation is performed using conventional magnetic resonance VEC. Pulsatile centerline flow
velocity measurements obtained with turbo-BRISK acquisitions were correlated with conventional
magnetic resonance imaging measurements and achieved 1 values of 0.99 = 0.004 (mean * SD) with
stroke volumes agreeing to within 4%. A potential limitation of BRISK is reduced accuracy for rapidly
varying velocity profiles. We present low- and high-resolution data sets to illustrate the resolution
dependence of this phenomenon and demonstrate that at conventional resolutions, turbo-BRISK can
accurately represent rapid velocity changes. In vivo results indicate that centerline velocity waveforms
in the descending aorta correlate well with conventional measurements with an average r value of
0.98 + 0.01.
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INTRODUCTION

Phase-based velocity-encoded cine (VEC) imaging
has been shown by many investigators to provide accu-
rate quantitative flow information with pixel resolution
and to have clinical application (1-11). However, a fea-
ture of VEC imaging is that data are resolved over the
heart cycle, substantially prolonging the acquisition time.
Additionally, blood-flow patterns in cardiac chambers
and great vessels are generally complex and require mea-
suring velocity in three dimensions, which further pro-
longs the acquisition time (12). Thus, phase velocity
mapping applied to the cardiovascular system, although
feasible, is time consuming and requires the develop-
ment of rapid acquisition strategies to achieve clinical
utility.

Because phase velocity mapping requires the combi-
nation of two data sets (either velocity compensated and
velocity encoded or positive and negative velocity en-
coded), it is potentially sensitive to respiratory artifacts.
Data acquired under breathhold conditions typically
contain fewer artifacts compared with non-breathhold
data sets but at the expense of increased motion blur
and reduced spatial resolution due to increased acquisi-
tion times within each cardiac cycle (13-17). Thus, in
many applications, compromises in the segmentation
factor, spatial resolution, and breathhold duration are
made (18).

To date, reductions in scan time have accompanied
advances in gradient technology. However, state-of-the-
art gradient sets (with slew rates in the range of 100 to
150 mT/m/msec) are currently limited not by gradient
technology but by the physiologically acceptable limit of
dB/dt (to avoid stimulating muscular spasms). Higher
gradient strengths are also associated with higher re-
ceiver bandwidths, leading to lower signal-to-noise ra-
tios. These restrictions present substantial obstacles to
further reduction of acquisition time due purely to ad-
vances in gradient hardware. Although future improve-
ments in gradient technology might one day overcome
these obstacles, at present other means of reducing scan
duration are required to promote the clinical utility of
VEC imaging and allow its extension to further appli-
cations (19).

We and other investigators have shown that for dy-
namic cardiovascular imaging, variable sampling rate
strategies can be applied to limit motion artifacts and re-
duce scan times while maintaining spatial resolution
(20,21). For the specific case of VEC cardiac imaging,
Liao et al. (22) demonstrated that most dynamic informa-
tion is concentrated toward the center of k-space. Re-
cently, we introduced BRISK (block regional interpola-
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tion scheme for k-space), a rapid scanning strategy that
we applied to reduce the acquisition time for gradient
echo cardiac cine acquisitions (21). BRISK is a sparse
sampling strategy that acquires data over the cardiac cy-
cle at varying rates (a high sampling rate is applied to
the central lines of k-space and progressively slower rates
are applied to outer lines). In the BRISK strategy, data
that are not directly acquired are retrospectively gener-
ated by Fourier interpolation over the full cardiac cycle.
BRISK acquires a typical cardiac cine image set in 30%
of the conventional scan time, a time reduction compara-
ble with using a segmentation factor of 3. The first appli-
cation of the BRISK approach to VEC imaging was im-
plemented by Jhooti et al. (23). Further reductions in
acquisition time are possible by combining BRISK with
the segmentation strategy to obtain the turbo-BRISK scan
(i.e., a segmented version of BRISK) (24). Standard
phase velocity mapping has been verified at multiple sites
(including ours) to accurately (typically within 7%) quan-
tify steady-state flow in phantoms (25,26). Additionally,
the accuracy of VEC imaging applied to pulsatile flow
imaging has been established for conventional gradient
echo, spiral, and segmented gradient echo imaging meth-
ods to be within 7% (16,26-28). Here we apply BRISK
and turbo-BRISK VEC imaging to pulsatile flow and
compare it with conventional magnetic resonance im-
aging (MRI) and electromagnetic flow (EMF) probe mea-
surements in vitro. Additionally, in vivo breathhold
turbo-BRISK VEC images are compared with conven-
tional MR images acquired over 4 min.

METHODS

Conventional, BRISK, and turbo-BRISK VEC im-
aging was performed in a pulsatile flow phantom. Valida-
tion was performed using EMF measurements. In vivo
acquisitions using conventional MRI and turbo-BRISK
were performed in five normal volunteers imaged at the
level of the descending aorta. Unless otherwise stated,
results are quoted as mean * SD,

In Vitro Measurements

The conventional gradient echo-based VEC imaging
sequence available on our scanner (Philips ACS, 1.5 T,
Best, The Netherlands) was modified to accommodate
BRISK and turbo-BRISK acquisitions (21,24). The scan-
ner is equipped with gradients with a maximum strength
of 10 mT/m and a maximum slew rate of 10 mT/m/msec.
In our implementation of VEC, velocity-compensated
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and velocity-encoded data sets were acquired in an inter-
leaved manner (i.e., the velocity-compensated data were
acquired in one heart cycle and the corresponding veloc-
ity-encoded data were acquired in the next). In the pres-
ence of motion and flow variations, this approach allows
close coupling of acquisition conditions between veloc-
ity-compensated and velocity-encoded k-space lines. A
Harvard flow pump (Harvard Apparatus 1421 pulsatile
flow pump, South Natick, MA) was used to generate pul-
satile flow representative of human aortic flow: Stroke
volume was set at 100 ml, systolic/diastolic ratio was
30%, and the pump rate was 60 beats per minute. The
maximum centerline velocity was approximately 100
cm/sec, and the maximum Reynolds number was calcu-
lated to be 22,000, indicating turbulent conditions at peak
flow. Synchronization of the spectrometer with the pump
cycle was accomplished by the pump’s triggering cir-
cuitry. The flow test section consisted of a rigid circular
cross-section Plexiglas tube of inner diameter 18.9 mm
and length 15 cm, connected to the pump via flexible
polyvinyl chloride tubing. The fluid used was a copper
sulfate water solution. Phantom scans were performed at
large (300 mm) and small (190 mm) fields of view
(FOV). Parameters used were flow sensitivity =150 cm/
sec, matrix 256 X 256, slice thickness 8 mm, and full
echo acquisition. For the 300-mm FOV acquisitions, TR/
TE/flip were 16/9.2/40°, and for the 190 FOV acquisi-
tions, TR/TE/flip were 21/12.5/40°. All data were ac-
quired using a body coil. Conventional and BRISK scans
were performed in addition to turbo-BRISK acquisitons
with turbo factors ranging from 2 to 5. Data were ac-
quired over the complete pump cycle starting after a de-
lay of 8 msec from the trigger point. Details of scan pa-
rameters for the phantom are given in Table 1.

Stroke volume was measured using a blood flow probe
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(model EP675P1, Carolina Medical Inc., King, NC)
along with a square-wave electromagnetic flow meter
(model FM 501D, Carolina Medical). The EMF probe
was incorporated upstream from the test section, and data
were acquired and recorded using a computer with a Na-
tional Instruments (Austin, TX) AT-MIO-16X data ac-
quisition board and the virtual instrument software pack-
age LabVIEW. ‘

In Vitro Data Analysis

For the BRISK and turbo-BRISK acquisitions, sparse
k-space data were exported from the scanner’s database
for off-line processing on a SPARCstation 20 computer
where temporal interpolation was performed to generate
a complete k-space data set for each time frame. Modulus
and phase images were generated on the SPARCstation
using programs written in the Matlab (The Mathworks,
Natick, MA) environment. All image analysis was per-
formed in this environment, including production of ve-
locity images by comparison of phase maps. At maxi-
mum flow rate conditions, velocity profiles and average
velocities corresponding to the flow section center and
four circumferential regions (at 3, 6, 9, and 12 o’clock
positions) were plotted for each scan series. Calculations
of vessel area, stroke volume, and maximum and mini-
mum centerline velocities were made based on vessel
boundaries found by means of threshold masks. These
masks -were derived from the mean of the modulus im-
ages for all phases, and the threshold was adjusted for
each data set to approximately 13-14% of the maximum
modulus image intensity for the low-resolution phantom
and 33-35% for the high-resolution phantom. To allow
comparison of data sets, data were standardized by inter-
polating to 128 time points. Fourier and regression analy-

Table 1
Parameters for Conventional, BRISK, and Turbo-BRISK VEC
Acquisitions
Conv Bl B2 B3 B4 BS5

Acq time (min:sec) 8:47 2:24
HPI (msec) 16/21  16/21
60/46 60/46 30/23 20/15 15/11 12/9

No. HPs

1:18 0:51 0:383  0:30
32/42 48/63 64/84 80/105

In fields with dual occupancy, the first number refers to the high FOV (300 mm)
acquisition and the second number to the low FOV (190 mm) acquisition. Acquisi-
tion parameters are for a matrix of 256 X 256 and data are assumed to be acquired
for approximately 95% of the cardiac cycle.

Acq time, total acquisition time assuming a heart rate of 60 bpm; HPI, the heart
phase interval; No. HPs, number of heart phases acquired over the cardiac cycle;
Conv, conventional scan; B1-B5, BRISK through turbo-BRISK 5 scans.
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sis was conducted on the velocity waveform integrated
over the vessel area. The number of Fourier coefficients
with squared magnitude (i.e., energy) greater than 1% of
that of the zeroth coefficient was determined. Correlation
analysis was performed for the centerline velocity, com-
paring the conventional with BRISK data.

In Vivo Acquisitions

In five normal volunteers, turbo-BRISK breathhold
scans were performed with matrix 256 X 128, FOV 300
mm (in-plane resolution of 1.2 X 2.3 mm), turbo factor
of either 3 or 4 (dependent on heart rate), scan time 20
sec, velocity sensitivity 150 cm/sec, TR/TE/flip 14/7/
20°, and 75% partial echo. Partial echo acquisitions
were used to reduce the heart phase interval for any given
turbo factor. For each volunteer a conventional (non-
breathhold) scan was also performed at 40 to 60 cardiac
phases, depending on heart rate, with scan times ranging
from 3 to 4 min. For all cases, a thoracic section of the
descending aorta was imaged at a position approximately
10 cm distal to the aortic arch and flow data were ex-
tracted in a manner similar to the phantom analysis.

In Vivo Data Analysis

For the turbo-BRISK scans, k-space assemblage was
performed off-line as with the in vitro data, and velocity
map generation was performed using the scanner’s stan-
dard image processing software. For each VEC image
series, the frame corresponding to peak flow was deter-
mined, and using Matlab software, a mask was generated
from the modulus image to define the extent of the vessel.
The mask required manual editing to remove noise
points. Using this mask, the average peak velocity, vessel
area, and stroke volume were calculated. For the conven-
tional and turbo-BRISK scans, velocity profiles resolved
over the cardia cycle were plotted for two regions, one
positioned over the center of the descending aorta and
another positioned over static tissue. The turbo-BRISK
and conventional images were Fourier interpolated to 128
time frames to allow direct comparison of waveforms,
and Fourier, regression, and correlation analyses were
performed for the in vitro data.

RESULTS AND DISCUSSION
In Vitro Results

The centerline velocity curves averaged over nine pix-
els for the 300-mm and 190-mm FOV data sets are com-
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Figure 1. Centerline velocities resolved over time are plotted
for (A) the low-resolution series and (B) the high-resolution
series.

pared in Fig. 1. In the plots, the time origins of the turbo-
BRISK data have been cyclically adjusted to synchronize
with the conventional scan (12). Excellent correlation r
values (0.99 £ 0.004) were obtained for centerline curves
comparing conventional MRI with the BRISK series,
with no trend associated with increasing turbo-BRISK
factor. Flow parameters and regression results comparing
turbo-BRISK with the conventional data are shown in
Table 2 for the low-resolution data sets and in Table 3
for the high-resolution data sets. MRI estimates of vessel
area were determined from threshold masks obtained in-
dividually for each data set and were in excellent agree-
ment within each of the high- and low-resolution scan
series and between the two series. The calculated stroke
volumes were similarly in close agreement within each
series and close to the 100 ml measured by the EMF
probe. The slopes of the regression analysis were very
close to unity (low resolution 1.0 = 0.05, high resolution
0.99 = 0.05) and the intercept was very close to zero
(low resolution 0.02 = 0.02, high resolution 0.06 =
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Table 2

Results Summary for the Low-Resolution In Vitro Study
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Stroke
Volume  Area  Peak/Trough
(ml) (mm?  (cm/sec) r Slope Intercept  SE
Conv 100 292 95/10 NA NA NA NA
Bl 102 297 97/10 0.99 1.06 —0.03 0.03
B2 100 297 94/12 1.00 1.02 0.00 0.02
B3 102 297 92/11 0.99 0.99 0.01 0.03
B4 102 298 98/13 0.99 1.04 0.01 0.03
BS 100 296 91/13 0.99 0.94 0.03 0.03

Scan series designations are the same as in Table 1. The peak/trough column represents the
maximum and minimum velocity values for the central flow regions. The stroke volume calcu-
lated from the EMF measurements was 100 mi, and the theoretic vessel cross-sectional area
was 280 mm’. Correlation and regression analysis was performed against the conventional

data. NA, not applicable.

0.03), indicating excellent agreement between conven-
tional and turbo-BRISK data sets.

Flat velocity profiles that vary over time can present
a severe challenge for the BRISK strategy. To investigate
this, velocity profiles through the vessel center aligned
along read and phase-encoding directions were plotted
at peak flow. These profiles are shown in Fig. 2 for the
low- and high-resolution series. As expected, the turbo-
BRISK profiles aligned with the read direction better
represent the relatively high-velocity gradients at the ves-
sel boundaries compared with profiles aligned along the
phase-encoding direction. This disparity is less pro-
nounced in the high-resolution series, where it can be
seen that profiles aligned with both the read and phase-

encoding directions retain sharp profiles for low-order
turbo-BRISK acquisitions.

A more detailed investigation of the velocity response
for BRISK and turbo-BRISK scans was performed by
plotting regional velocities at peak flow against the scan
series for five regions as shown in Fig 3. Regions close
to the vessel wall were positioned over the area of maxi-
mum deviation from the 100% scan. For both the low-
and high-resolution series, peak velocity in the central
region is accurately represented for the full range of
turbo-BRISK scans. Additionally, in the low resolution
series, circumferential region pairs aligned along the
read-encoding direction are accurately represented,
whereas region pairs along the phase-encoding direction

Table 3

Results Summary for the High-Resolution In Vitro Study

Stroke
Volume Area Peak/Trough
(ml) (mm?  (cm/sec) r Slope  Intercept  SE
Conv 96 277 94/8 NA NA NA NA
Bl 96 274 96/7 1.00 0.99 0.01 0.02
B2 96 275 93/8 0.99 1.00 0.01 0.04
B3 95 275 90/12 0.99 1.06 —-0.03 0.03
B4 95 275 94/2 0.99 0.93 0.04 0.03
BS 96 276 98/8 0.99 0.96 0.00 0.04

Scan series designations are the same as in Table 1. The peak/trough column represents the
maximum and minimum velocity values recorded for the central flow regions. The stroke
volume calculated from the EMF measurements was 100 ml, and the theoretic vessel cross-
sectional area was 280 mm?>. Correlation and regression analysis was performed against the

conventional data. NA, not applicable.
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Figure 2. Velocity profiles for the low-resolution scan, aligned along (A) the phase-encoding direction and (B) the read direction,
with corresponding profiles for the high-resolution scans shown in C and D. To allow details to be visualized, the plots have been
offset by uniform progressive amounts, because all profiles essentially overlie one another. Conv, conventional.

exhibit a uniform decrease in velocity by an average of
9% for the BRISK series compared with the conventional
scan. The high-resolution series in Fig. 3, C and D shows
that for region pairs along both major directions, veloci-
ties are accurately represented for low-order turbo-
BRISK factors but accuracy diminishes with increasing
turbo-BRISK factor. This reduction in measured peak ve-
locity for pulsatile flow waveforms has previously been
noted as a limitation of segmentation methods (16). Fou-
rier analysis of the integrated velocity over the vessel
cross-section for the conventional low- and high-resolu-
tion data sets revealed that energy fell to below 1% of

that of the zeroth coefficient after 3 coefficients (for a
128 time-point function).

The interaction of spatial and temporal resolution ef-
fects in rapid imaging of pulsatile flow through a vessel
with BRISK and turbo-BRISK is complex. Higher reso-
lution images generally represent finer detail of the flow
field with greater fidelity. However, Steinman et al. (19)
noted that increasing spatial resolution can result in pro-
gressive velocity underestimation as data readout times
increase. Additionally, the phantom investigated here
was stationary, and although the flow was pulsatile, the
vessel walls were rigid. Walls that move, either in a bulk
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Figure 3. Low- (A) and high-resolution (B) magnitude images for turbo-BRISK, indicating regions chosen for average velocity
plots of C and D, respectively. The pair of regions at the 3 and 9 o’clock positions are aligned along the phase-encoding direction.
In C and D, the central region is shown as a single solid line and the paired regions are represented by dashed lines, with the mean
for each pair plotted as a solid line. Conv, conventional.

Results Summary for the In Vivo Study

Table 4

Adjusted
Stroke Stroke
Volume Volume Area Fourier
Volunteer (mb) (ml) (mm?) Coefficients r Slope  Intercept SE
1 102/83 102/100  385/408 3 098 099 ~16.97 15.03
2 94/107 94/73 426/376 4 0.98 0.77 33.99 12.25
3 45/68 45/46 317/345 4 0.99 1.05 19.99 9.36
4 61/83 61/68 27771331 5 0.98 1.12 1483 22.83
5 54/50 54155 282/309 5 0.96 1.02 —5.03 13.17

All values relate to flow in the descending aorta. In dual-occupancy fields, the first number is derived from the
conventional data and the second number from the turbo-BRISK data. The number of Fourier coefficients with
energy above 1% of that of the zeroth coefficient are given, along with the correlation coefficient and regression
analysis parameters for conventional vs. turbo-BRISK. The adjusted stroke volume corrects for the offset pre-
dicted by regression analysis (see text for details).
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fashion or due to compliance, potentially can be blurred
by the BRISK acquisition.

In Vivo Results

For the normal volunteer scans, flow parameters for
the descending aorta are summarized in Table 4. The in-
tegrated velocity over the vessel cross-section is com-
pared for the conventional and turbo-BRISK data sets by
regression analysis, revealing an average slope coeffi-

cient very close to unity (0.99 = 0.1), indicating excellent -

agreement in representation of the flow waveform with
respect to both shape and amplitude. However, the aver-
age intercept coefficient was significantly different from
zero (9 * 20 ml). A non-zero intercept is indicative of
a constant offset between data sets. From these and addi-
tional scans (not discussed here) we determined that this
offset is not inherent to turbo-BRISK acquisitions but is
a processing artifact associated with reconstruction of
partial echo data. For comparison purposes, each turbo-
BRISK value was adjusted by the offset indicated, reduc-
ing the stroke volume difference from 15 = 28 0 6 =
14% ml (Table 4). The-adjusted difference in stroke vol-
ume is comparable with the variations in the descending
aorta cross-sectional area, 6 = 11% ml. Fourier analysis
of the standardized waveforms showed that on average,
4.2 coefficients had energy above 1% of that of the zeroth
coefficient, indicating that the highest frequency informa-
tion was slightly higher than that of the in vitro phantom.
Turbo-BRISK was capable of representing these normal
waveforms with high fidelity. However, pathologic flow
conditions might be expected to result in an increase in
the number of significant Fourier coefficients, and further
evaluation of turbo-BRISK in vivo is warranted.

Images obtained with ¢onventional and breathhold
turbo-BRISK are shown in Fig. 4. For the conventional
scan, volunteers were instructed to breathe in a light man-
ner, as seen by the nonblurred rendering of the chest wall
in Fig. 4A. However, during the approximately 4-min
study, flow variations resulted in artifacts comparable in
magnitude with true aortic flow as seen in the velocity
plot for a static region in Fig. 4A (the image set shown
was chosen to highlight the potential impact of respira-
tory artifacts, which are lower in other series but are nev-
ertheless unpredictable in their manifestation). The corre-
sponding turbo-BRISK image shown in Fig. 4B was
acquired at the same resolution during a single breathhold
of 20-sec duration. For aortic flow, turbo-BRISK velocity
waveforms are similar to those of the conventional scan.
Slight flow and motion artifacts were observed in the
breathhold turbo-BRISK data series, which were primar-
ily associated with cardiac motion.
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Figure 4. Magnitude images acquired with (A) the conven-
tional scan and (B) the turbo-BRISK scan. Superimposed on
the images are the time-resolved mean velocity plots fora 9 X
8 pixel region in the center of the aorta (solid line) and an 8 X
8 pixel region of static tissue (dashed line).

CONCLUSIONS

We implemented VEC imaging with BRISK and
turbo-BRISK gradient echo acquisitions. Turbo-BRISK
with low to moderate turbo factors permits rapid acquisi-
tion of high spatial and temporal resolution data sets with
accurate representation of velocities in vitro. Fine details
of the flow field were slighly distorted by the turbo-
BRISK sampling strategy. Turbo-BRISK tended to un-
derestimate velocities in the high-velocity gradient re-
gion near the vessel wall, which was more pronounced
for the lower spatial resolution series and at higher turbo
factors. In vivo turbo-BRISK scans were performed in a
single breathhold, with moderate turbo factors of 3 or 4.
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The in vivo turbo-BRISK data acquired in one breathhoid
compared well with the conventional data and accurately
represented the flow waveforms (after correction for a
constant offset unrelated to BRISK). Turbo-BRISK data
acquisitions allowed capturing aortic flow in a single 20-
sec breathhold, thereby eliminating significant and poten-
tially unacceptable respiratory artifacts.
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