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Technical Note

DIfferential Subsampling With Cartesian Ordering
(DISCO): A High Spatio-temporal Resolution Dixon
Imaging Sequence for Multiphasic Contrast
Enhanced Abdominal Imaging

Manojkumar Saranathan, PhD,'* Dan W. Rettmann, BS,? Brian A. Hargreaves, PhD,!
Sharon E. Clarke, MD, PhD,! and Shreyas S. Vasanawala, MD, PhD!

Purpose: To develop and evaluate a multiphasic contrast-
enhanced MRI method called DIfferential Sub-sampling
with Cartesian Ordering (DISCO) for abdominal imaging.

Materials and Methods: A three-dimensional, variable
density pseudo-random k-space segmentation scheme
was developed and combined with a Dixon-based fat-
water separation algorithm to generate high temporal re-
solution images with robust fat suppression and without
compromise in spatial resolution or coverage. With insti-
tutional review board approval and informed consent, 11
consecutive patients referred for abdominal MRI at 3
Tesla (T) were imaged with both DISCO and a routine
clinical three-dimensional SPGR-Dixon (LAVA FLEX)
sequence. All images were graded by two radiologists
using quality of fat suppression, severity of artifacts, and
overall image quality as scoring criteria. For assessment
of arterial phase capture efficiency, the number of tempo-
ral phases with angiographic phase and hepatic arterial
phase was recorded.

Results: There were no significant differences in quality
of fat suppression, artifact severity or overall image qual-
ity between DISCO and LAVA FLEX images (P > 0.05, Wil-
coxon signed rank test). The angiographic and arterial
phases were captured in all 11 patients scanned using
the DISCO acquisition (mean number of phases were two
and three, respectively).

Conclusion: DISCO effectively captures the fast dynamics
of abdominal pathology such as hyperenhancing hepatic
lesions with a high spatio-temporal resolution. Typically,
1.1 x 1.5 x 3 mm spatial resolution over 60 slices was
achieved with a temporal resolution of 4-5 s.
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MULTI-PHASIC CONTRAST enhanced MRI (CEMRI) is
commonly used for detection and characterization of
primary and metastatic lesions in the abdomen and
pelvis. However, compromises are often made between
temporal and spatial resolution. A high spatial resolu-
tion is required to characterize lesion morphology and
relationship to adjacent structures whereas a high
temporal resolution is required to accurately charac-
terize and/or quantify contrast uptake as well as to
capture the arterial phase of enhancement. In hepatic
imaging in particular, the late arterial phase is criti-
cal, particularly for tumors such as hepatocellular
carcinoma (HCC) and hypervascular metastases.
These lesions often exhibit brief arterial phase
enhancement and potentially become iso-intense with
the liver on subsequent portal venous and equilibrium
phase images. For contrast-enhanced abdominal
imaging applications in a clinical setting, a TI1-
weighted three-dimensional (3D) RF spoiled gradient
recalled echo (SPGR) sequence with fat suppression is
still the most commonly used imaging method,
referred to as LAVA/VIBE/THRIVE by three of the
major manufacturers (General Electric/Siemens/Phi-
lips). The temporal resolution is typically on the order
of 1520 s for adequate spatial resolution and
coverage.

Various methods have been proposed to address the
spatio-temporal resolution tradeoff in MRI. Some of
the earlier keyhole-based methods (1,2) suffered from
increased blurring and ghosting artifacts in regions
where rapid dynamic changes occur, often the regions
of high clinical interest (2). Generalized series model-
ing methods like RIGR or TRIGR (3,4) can help over-
come this problem by using more sophisticated algo-
rithms to extrapolate the missing data but require
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solution of large systems of equations, introducing
instability and noise amplification. Several k-t seg-
mentation based time resolved imaging schemes have
been proposed and demonstrated but have mostly
been confined to high spatio-temporal resolution MR
angiography (MRA). Time Resolved Imaging of Con-
trast KineticS (TRICKS) (5) and Cartesian Acquisition
with Projection Reconstruction like sampling (CAPR)
(6) segment elliptically ordered 3D k-space (7) into an-
nular or radial regions and time interleave the acqui-
sition of central and peripheral k-space regions to
achieve temporal acceleration. Highly constrained
back projection (HYPR) (8) imaging uses radial under-
sampling and a composite image to constrain the
reconstruction of the subsampled data and eliminate
streaking artifacts. Undersampled projection recon-
struction imaging with k-space weighted image combi-
nation (KWIC) has been demonstrated in breast imag-
ing by Dougherty et al (9). Parallel imaging techniques
(10-12) have also shown considerable potential in
improving spatio-temporal resolution, often in con-
junction with these other methods.

In addition to high spatio-temporal resolution, uni-
form fat suppression can be critical for lesion conspi-
cuity as well as for avoiding inadvertent water excita-
tion. This is even more relevant at higher field
strengths where fat suppression can be challenging
due to more heterogeneous B;. Conventional fat sup-
pression techniques apply inversion or saturation
pulses centered on the lipid resonance followed by ac-
quisition of multiple lines of k-space to restrict scan
time increase. Recently, variants of the in-phase/out-
of-phase method originally proposed by Dixon (13)—
the 3-point Dixon based IDEAL (Iterative Decomposi-
tion of water and fat with Echo Asymmetry and Least-
squares estimation) (14) and the 2-point based MEDAL
(Multi-Echo with 2-Point Dixon Reconstruction for
Decomposition of Aqua/Lipid) (15)—have been shown
to be robust for fat-water separation, in the presence
of Bo inhomogeneity. The elimination of magnetization
preparation pulses provides these Dixon-based meth-
ods complete flexibility in the order of k-space acquisi-
tion, and in particular enables combination with ellipti-
cal centric or other novel nonsequential Ic-space
ordering approaches. However, the temporal resolution
of these sequences for abdominal imaging is on the
order of 15-20 s (16,17), making them suboptimal for
visualization of fast enhancing lesions.

Recently, TRICKS (5) was applied to liver DCEMRI
in conjunction with a 2-point Dixon based fat sup-
pression method (18). In this acquisition approach
called META, k-space was divided into elliptical
regions and the central k-space regions were acquired
more frequently than the peripheral regions. At each
reconstructed time frame, missing k-space data were
estimated using linear interpolation from previous
and succeeding time frames. One drawback of this
method was the interpolation across successive
breathholds, which could lead to ghosting artifacts
due to inconsistent breathholding. This could partly
be addressed using higher channel-count receive
array coils, which would enable higher parallel imag-
ing acceleration and better view sharing schemes.
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In this study, we develop and demonstrate clinical
feasibility of a new high spatio-temporal resolution
DCEMRI technique, referred to as DISCO (DlIfferential
Sub-sampling with Cartesian Ordering), that com-
bines a dual-echo SPGR sequence with pseudo-ran-
dom variable density k-space segmentation and a
view sharing reconstruction. DISCO samples an ellip-
tically ordered central k-space region every time, and
sub-samples the outer regions with pseudo-random
segmentation such that the aliasing artifacts from
subsampling are rendered somewhat incoherent.
Robust fat suppression is achieved using a 2-point
Dixon fat-water reconstruction algorithm, which is
completely compatible with the irregular I-space
ordering scheme as described above.

MATERIALS AND METHODS
Pulse Sequence and Reconstruction:

A variable density k-space undersampling strategy
was developed to generate a pseudo-random distribu-
tion of k-space points. All points in k,-k, space are
first sorted in the order of increasing k, = \/ (ky2 +
k,?). This elliptically ordered k,~k, space is segmented
into N annular regions and each region i is sub-
sampled by a factor of S; (typically S; > i) with the cen-
tral region being fully sampled and the outer regions
being progressively subsampled by retaining every She
sample (again in order of increasing k, within the
region). For each region, S; different sampling pat-
terns can be generated by staggering the starting
sample from 1 through S;. Note that all k-space points
are still confined to a Cartesian grid to retain the
advantages of Cartesian image reconstruction. We call
this method DlIfferential Sub-sampling with Cartesian
Ordering or DISCO.

 The temporal footprint (i.e., total time extent of sam-
ples used to reconstruct a temporal phase) was mini-
mized by nearest-neighbor view sharing of the under-
sampled views. View sharing was restricted to nearest
neighbors and to k-space segments acquired within
the same breathhold, minimizing temporal blurring
and motion mis-registration. For N = 2 and S; = i, the
region schedule is AB;AB;AB3AB;... where X; refers
to the under-sampled subset of the fully sampled
region X (Fig. 1b). Because each sub-region is ellipti-
cally ordered in increasing k;, points are traversed
smoothly and eddy current artifacts that can accrue
due to true stochastic sampling are mitigated while
still imparting a degree of “randomness”, when viewed
in ky-k, space.

The DISCO Ik-space segmentation scheme was
incorporated into a dual-echo bipolar-readout 3D
SPGR sequence depicted in Figure lc. A 2-point Dixon
reconstruction with a region-growing based fat-water
separation method proposed in Ma (15) was used for
fat-water separation. The use of high receiver band-
widths (£167 kHz) enabled the acquisition of
opposed-phase and in-phase echoes at approximately
1.2 ms and 2.4 ms (optimal for 3T) in a single TR,
greatly reducing scan times and enabling reliable fat-
water separation. Self-calibrated hybrid space parallel
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Figure 1. The DISCO k-space segmentation scheme (a), acquisition schedule (b) and the pulse sequence diagram of the pro-
posed DISCO scheme (¢). The central red region is acquired every time and the outer pseudorandom subsampled regions
(blue, green, yellow) are interleaved. The in-phase and the opposed-phase echoes are both acquired in a single TR of a fast
spoiled gradient recalled echo sequence and the pulse parameters adjusted such that TE1 and TE2 are approximately 1.1 ms

and 2.2 ms at 3T field strength.

imaging (ARC) enabled the use of two dimensional
acceleration (along k, and k,) (19). Following nearest
neighbor view-sharing and ARC parallel imaging
reconstruction, full k-space in-phase and opposed-
phase complex images were available at each recon-
structed time point. These were then passed through
the Dixon reconstruction algorithm with a phase cor-
rection as described in Ma (15) to yield fat-only and
water-only image volumes at each reconstructed
phase. All reconstruction algorithms were imple-
mented on-line on the vendor-supplied (GE Health-
care) eight-processor (2.4 GHz) cluster to minimize
image reconstruction latency. Each temporal phase
took approximately 60 s to reconstruct after the
acquisition of the requisite k-space data.

EXPERIMENTS
Simulations and Phantom Experiments

MATLAB (MathWorks, Natick, MA) simulations were
used to compute the Point Spread Function (PSF) of
sub-sampled TRICKS, CAPR, and DISCO trajectories.
For each trajectory, a central k-space region (A) and
one peripheral region—a ring in the case of TRICKS, a
set of spokes in the case of CAPR, a set of pseudo-
randomly distributed points confined to an annulus

in the case of DISCO—was used to generate the PSF.
The size of the central k-space region and the total
number of points was kept constant for all three tra-
jectories. Using a 120 x 120 matrix, the size of the
central A region was 1600 and the peripheral B region
2800 for all three cases.

To evaluate the impact of PSF on image quality, a
doped resolution phantom was used to compare the
effect of motion on the three trajectories. Halfway
through a 25-s scan, the phantom was moved by 5
mm to simulate motion that could, for example, arise
from loss of breathholding. The scan parameters used
were identical to the human subject scans detailed
below with the exception that parallel imaging was not
used. For both the phantom experiments and PSF sim-
ulations above, a single A region (fraction 0.16) and
three B regions with equal number of k-space points
(fraction 0.28) were used to span full k-space, with the
B regions being elliptical annuli for TRICKS, radial sec-
tors for CAPR and pseudorandom regions for DISCO.

Human Subjects

Human experiments were conducted following institu-
tional review board approval and informed consent.
To evaluate DISCO’s motion robustness and reduced
temporal footprint, healthy volunteers were asked to
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Table 1
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Scoring Criteria for Image Comparisons Between DISCO and LAVA FLEX

Score Overall image quality Artifact severity Quality of fat suppression

0 Non-diagnostic Uninterpretable images Complete failure of fat suppression

1 Only large and intensely enhancing Large lesions are still detectable Large regional fat-water swaps
lesions would be detectable due to failure of the Dixon algorithm

2 Only large or intensely enhancing Artifacts limiting detection Regional fat-water failures
lesions would be detectable of small lesions but still interpretable

3 Image quality for detection of small Subtle artifacts but diagnostic Minimal failures in image periphery
subtly enhancing lesions

4 No artifacts and minimal image noise No noticeable artifacts Perfect fat-water separation

hold their breath at slightly different positions in the
first and second end-inspiration breathholds and two
sets of images reconstructed: (i) view sharing within a
breathhold and (ii) across breathholds. Imaging was
performed on a GE 3T MR750 system (GE Healthcare,
Waukesha, WI) with the following parameters: 12°
flip, +167 kHz bandwidth, TR/TE,/TE, 4.1/1.2/2.4
ms, 320 x 224 matrix, 30-35 cm FOV, 3 mm slice
thickness, 60 slices, ARC 2 x 2 outer acceleration.
Using a net acceleration factor of 3.4 (to account for
ARC calibration), the total ky-k, points is ~3000,
assuming an elliptical k-space region. This yields an
A region size of 0.16*3000 = 480 and three B regions
of size of 0.28*3000 = 840. The total number of points
for each phase is hence 1320 yielding ~5.2 s temporal
resolution.

After validation experiments in volunteers, eleven
consecutive patients referred for abdominal MRI were
recruited into the study. A 32-channel torso array coil
optimized for high acceleration factors was used with
the upper 19 elements enabled for the data acquisition
and reconstruction of the abdominal scans. Following
localizer scans and axial fat-suppressed fast spin echo
T, weighted imaging, DISCO was run to acquire a full
k-space breathheld data set, which also served as a
pre-contrast reference phase. For contrast enhanced
imaging, gadoxetate was used in three patients and
gadobenate in eight patients. After injection of a single
dose of gadolinium contrast (0.2 mL/kg for gadoben-
ate, 0.1 mL/kg for gadoxetate) at 2 cc/s followed by
20-mL saline chaser at the same rate, the remaining k-
space data were acquired as shown in Figure la. This
second 24-28 s breathhold typically yielded 6-7 tem-
poral phases with a temporal resolution of 4-5 s. The
timing for this dynamic breathhold was fixed at 15 s
following contrast injection to minimize any possibility
of early arrival of contrast. For image quality compari-
sons, a 3D SPGR with 2-point Dixon reconstruction
(3D LAVA FLEX) scan was acquired in an immediately
subsequent breathhold with the same sequence
parameters including parallel imaging acceleration
factors. The temporal resolution of this sequence was
~14 s. All breathhold image acquisitions including the
scout scans were performed during end-inspiration to
maximize patient comfort.

Data Analysis

In all patients, the 3D LAVA FLEX scan acquired im-
mediately after DISCO was used for comparing overall

image quality, severity of artifacts, and quality of fat
suppression. The last DISCO phase was used for the
comparisons to use a temporal phase closest to that
of the LAVA FLEX scan. The number of angiographic
and arterial temporal phases that were captured by
the DISCO acquisition were also recorded. The criteria
for designating a temporal phase as an angiographic
phase were both a bright hepatic artery and no portal
vein enhancement. The criteria for a hepatic arterial
phase were some portal venous enhancement that
was less intense than that of the hepatic artery, as
well as no enhancement of hepatic veins. The images
were randomized and graded for quality of liver delin-
eation on a scale of 0-4 by consensus review of two
experienced board-certified radiologists. The catego-
ries for image scoring were overall image quality, arti-
fact severity and quality of fat suppression. Table 1
summarizes the criteria and the scoring scale. A non-
parametric Wilcoxon signed rank test was used to
compare qualitative ordinal image scores.

RESULTS

Figure 2 compares subsampling point spread func-
tions obtained from simulations of TRICKS, CAPR,
and DISCO k-space segmentation schemes (a—c) for
the same total number of sampled points. Note the
significant dispersal of ghosting energy in DISCO (f)
compared with that of TRICKS (d) and CAPR (e) due to
the pseudo-random nature of sampling in DISCO sug-
gesting that artifacts arising due to view sharing and
potential signal discontinuities between regions being
shared may be much more dispersed in DISCO com-
pared with TRICKS or CAPR. Comparable sections
from a 3D acquisition on a resolution phantom, where
the phantom was displaced by 5 mm midway through
the scan are shown in (g-i) for the three different k-
space segmentation schemes. Note that the artifacts
(arrows) are stronger and more coherent in TRICKS
and CAPR (g,h) compared with DISCO (i), agreeing
with the point spread function simulations.
Comparable slices from the first temporal phase of
the second breathhold of a DISCO scan on a healthy
human subject with view sharing spanning across
two end inspiration breathholds (a) and view sharing
restricted to within the second end inspiration breath-
hold (b) are shown in Figure 3. Note that the ghosting
artifacts in (a) (white arrow) due to mis-registration of
the first and second breathholds, are completely
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Figure 2. The k,-k, segmentation scheme for TRICKS (a), CAPR (b), and DISCO (¢) and the corresponding subsampled point
spread functions (d-f). Note that the point spread function for DISCO (f) shows significantly reduced coherent artifacts
around the main lobe and in the periphery compared with that of TRICKS (d) and CAPR (e). Comparable sections from a 3D
acquisition on a resolution phantom, where the phantom was displaced by 5 mm midway through the scan are shown in (g-
i). Note that the artifacts (arrows) are stronger and more coherent in TRICKS and CAPR (g,h) compared with DISCO (i), agree-
ing with the point spread function simulations. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

eliminated in (b), allowing the use of end-inspiration
breathholding in DISCO.

Figure 4 shows box-whisker plots of radiologist
image score distribution using overall image quality,
artifact severity and degree of fat suppression as scor-
ing criteria of the proposed DISCO method and con-
ventional 3D LAVA FLEX sequence. There were no sig-
nificant differences between the two techniques (P >

0.05) for any of the scoring criteria. At least one
angiographic phase and one arterial phase were cap-
tured in each of the 11 cases (mean number of angio-
graphic and arterial phases identified—1.91 = 0.8
and 3.27 = 1.5, respectively) attesting to the high
temporal resolution of the proposed DISCO technique.

Representative results with eight temporal phases
(~4 s temporal resolution) obtained on a 67-year-old
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Figure 3. Comparable slices from the first temporal phase of the second breathhold of a DISCO scan on a healthy human
subject with view sharing spanning across two end inspiration breathholds (a) and view sharing restricted to within each
breathhold (b). Note that the motion artifacts in (a) (liver) are eliminated in (b).

male with two foci of likely hepatocellular carcinoma
are shown in Figure 5. Non-contrast-enhanced fully
sampled data was obtained in one breathhold (a),
followed by a second breathhold of seven DISCO
dynamic contrast enhancement phases (b-h) showing
first arteries (black arrow), tumors (nondashed and
dashed white arrow), portal veins (solid grey arrow),
and hepatic veins (thin long black arrow) enhancing
with a single-dose gadoxetate injection. Note that the
tumors show hyper-enhancement on only two tempo-
ral phases, mostly at the time the portal vein has its
first blush of contrast (thin dashed black arrow in e).
Also note that by this time, contrast has already
washed out from the hepatic arteries.

Another multiphasic DISCO acquisition from a 53-
year-old female with a likely hepatocellular carcinoma
is shown in Figure 6. Non-contrast-enhanced fully
sampled data was acquired in one breathhold (a) fol-
lowed by a second breathhold of six DISCO dynamic
contrast enhancement phases with ~4 s temporal reso-
lution (b-g) showing an enhancing tumor (white arrow)
and an adjacent transient hepatic intensity difference
(dashed white arrow) with a single-dose gadobenate
injection. Note regions of hyper-enhancement of the tu-
mor are rapidly reaching same signal intensity as back-
ground liver (black arrows in g). The fully sampled
LAVA FLEX data obtained in a third breathhold a few
seconds later (h) shows comparable image quality.

DISCUSSION

Contrast enhanced body MRI applications, especially
hepatic and renal imaging, require high spatio-tempo-
ral resolution to reliably capture the angiographic and
arterial phases with robust fat suppression and mini-
mal motion blurring/artifacts. The proposed DISCO
pulse sequence combining a variable density pseudo-
random k-space segmentation scheme, view sharing,
a 2-point Dixon-based fat-water separation, and 2D
parallel imaging using ARC provided excellent fat sup-
pression at 3T where conventional fat saturation tech-
niques are often suboptimal. It also provided a high
spatio-temporal resolution for excellent visualization

of structures with rapid contrast enhancement and
washout and visualization of the angiographic and ar-
terial phases in all 11 patient cases scanned. Approxi-
mately 6-7 phases were reconstructed from data
acquired in a 28-30 s end-inspiration breathhold,
resulting in a temporal resolution of ~4 s with ~1 x
1.5 x 3 mm spatial resolution. The use of a Dixon-
based fat-water separation scheme was critical to
enable the use of a pseudo random k-space segmenta-
tion scheme because conventional fat suppression
schemes require sequential or linearly segmented -
space for optimal performance. The image quality of
the DISCO images were comparable to and statisti-
cally no worse than the 3D LAVA FLEX despite higher
frame rates that captured arterial and angiographic
phases in all 11 cases and enabled clear visualization
of hypervascular tumors.

One advantage of our k-space segmentation and
view sharing scheme over the previously proposed
META technique (18) is its immunity to breathhold
mismatching. In Saranathan et al (18), k-space data
was linearly interpolated across multiple breathholds
necessitating the use of end-expiratory breathholding,

LAVA FLEX
Degree of fat
suppression
P DISCO
LAVA FLEX
Artifacts
DISCO
) LAVA FLEX
Overall image
ualit
- < oo DISCO

']

b

0 i 2
Figure 4. Distribution of scores from radiologist rankings in
overall image quality, artifact severity and quality of fat sup-
pression between DISCO and conventional LAVA FLEX
acquisitions. There were no significant differences found
amongst the two methods for all three criteria (P > 0.05).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 5. 67 year old male with two foci of likely hepatocellular carcinoma. Non-contrast-enhanced fully sampled data
obtained in one breathhold (a), followed by a second breathhold of seven DISCO contrast enhancement phases (b-h) with ~4
s temporal resolution showing first arteries (black arrow), tumors (nondashed and dashed white arrow), portal veins (solid
grey arrow), and hepatic veins (thin long black arrow) enhancing with a single- dose gadoxetate injection. Note that the
tumors show hyper-enhancement on only two phases, mostly at the time the portal vein has its first blush of contrast (thin
dashed black arrow in e). Also note that by this time, contrast has already washed out from the hepatic arteries. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

which is challenging for many patients. While end-ex-
piratory breathholding is more consistent, it is still
possible to have mismatches between successive
breathholds, resulting in motion artifacts. DISCO

within a breathhold and thereby reducing its temporal
footprint compared with META. This can be seen in
Figure 3 where the across breathhold reconstruction
resulted in artifacts compared with the within breath-

eliminates this by restricting the view sharing to hold reconstruction. Furthermore, the pseudo-

Figure 6. A 53-year-old female with a likely hepatocellular carcinoma. Non-contrast-enhanced data acquired in one breath-
hold (a) followed by a second breathhold of six DISCO contrast enhancement phases (b-g) with ~4 s temporal resolution
showing enhancing tumor (white arrow) and a transient hepatic intensity difference (dashed white arrow) with a single-dose
gadobentate injection. Note regions of hyper-enhancement of the tumor are rapidly reaching same signal intensity as back-
ground liver (black arrows in g). Fully sampled LAVA FLEX data obtained in a third breathhold a few seconds later (h) shows
comparable image quality.
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random nature of outer k-space in the DISCO k-space
segmentation scheme disperses motion artifacts in
much the same way as undersampling artifacts are
dispersed in radial imaging as illustrated in the PSF
simulations of Figure 2. The use of higher channel
count surface coils could enable META acquisition
with higher acceleration than was reported in Sarana-
than et al (18) but the limitations of a linear interpola-
tion based reconstruction method would still require
that some of the k-space data be shared between
breath holds or reduce the total number of dynamic
phases acquired compared with nearest-neighbor
viewsharing.

The DISCO k-space segmentation bears similarity to
the recently proposed TWIST scheme (20), which has
been applied to peripheral MRA (21), renal imaging
(22) and more recently to breast DCEMRI (23). DISCO
uses a variable density undersampling scheme, i.e.,
I-space is progressively undersampled away from the
center and is capable of achieving higher subsampling
rates than the spiral in- spiral out scheme of TWIST.
Unlike TWIST, where the k-space radius k; of the
acquired Jk-space points oscillates as a function of
time within each temporal phase, it monotonically
increases from the center outward in DISCO, perhaps
making it better suited for capture of contrast
kinetics, akin to true elliptical centric k-space order-
ing. Furthermore, the work of Herrmann et al (23)
used a mask subtraction scheme in the breast to
eliminate fat, which is suboptimal for breathholding
applications. Even in breast imaging with relatively
minimal motion, the authors had to resort to a retro-
spective image registration scheme. The use of Dixon
fat-water separation in conjunction with DISCO
makes it ideal for applications like breast and liver
imaging, where fat suppression is especially challeng-
ing due to Bp/B; heterogeneity. Recently, Dixon fat-
water separation has been shown to be superior to
conventional fat suppression in reducing motion arti-
facts in breast imaging (24).

This preliminary study had some limitations. We
studied a small number of patients (n = 11) to assess
the feasibility and image quality of the DISCO tech-
nique. While the last DISCO phase which was tempo-
rally close to the LAVA FLEX scan was used for image
comparisons, in some cases, they were in different
stages of enhancement (late arterial vs. portal venous
for example). However, the comparisons were more to
evaluate potential artifacts that could be introduced
by the DISCO viewsharing scheme rather than fea-
tures specific to stage of enhancement. A comparison
of the arterial phase capture efficiency of the conven-
tional method (3D LAVA FLEX for example) using,
say, a cohort of n successive patients imaged was not
possible due to large variations in the protocol param-
eters of the conventional sequence stemming from the
tailoring of imaging parameters by the technologist to
individual patient size and predicted breathholding
capacity. Using DISCO, the angiographic and arterial
phases were captured on each of the 11 cases, span-
ning an average of two and three temporal phases,
respectively. While there were no artifacts introduced
due to view sharing compared with the conventional
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3D LAVA FLEX scans, some degree of temporal blur-
ring could be expected with view sharing especially in
fast enhancing lesions. The inherent pseudo-random
sampling of the DISCO trajectory (which results in a
relatively incoherent PSF) is compatible with a com-
pressed sensing reconstruction. Future developments
would investigate the use of compressed sensing
reconstruction techniques to reconstruct a single
phase without view sharing. A larger clinical study
comparing the DISCO technique to conventional LAVA
FLEX as well with alternative reconstruction strat-
egies is currently underway.

Optimizing arterial phase timing for contrast-
enhanced MRI can be challenging in hepatic MRI,
particularly for lesions such as hepatocellular carci-
noma and neuroendocrine metastases which are
sometimes visualized briefly during the arterial phase
(25). This is particularly relevant when using a con-
trast agent with a fast vascular clearance such as
gadoxetate as illustrated in Figure 5, where the rapid
contrast wash-in and wash-out has been effectively
captured by the DISCO technique. In addition, the
angiographic phase can be of considerable value in
planning chemo-embolization procedures for treat-
ment planning to visualize collateral arteries to
lesions. Our feasibility study demonstrates some of
the advantages of the DISCO technique compared
with conventional 3D LAVA FLEX or SPGR imaging
including significantly improved efficiency of arterial
phase capture, and comparable overall image quality
and artifacts. Beyond hepatic imaging, other potential
applications of this technique include MR urography,
and dynamic contrast enhanced imaging of the breast
and prostate.

In conclusion, the DISCO technique allows acquisi-
tion of 3D volumes with an effective temporal resolu-
tion of 4-5 s while preserving spatial resolution, fat
suppression and image quality and its feasibility has
been demonstrated in a clinical setting. This tech-
nique may help to alleviate some of the variability in
the appearance of arterial phase images from exami-
nation to examination and thereby allow more confi-
dent assessment of interval growth or stability of
small enhancing lesions.
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