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Rapid Imaging: Recent Advances in Abdominal MRI for
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Magnetic resonance imaging (MRI) plays an important role in abdominal imaging. The high contrast resolution offered by MRI
provides better lesion detection and its capacity to provide multiparametric images facilitates lesion characterization more
effectively than computed tomography. However, the relatively long acquisition time of MRI often detrimentally affects
the image quality and limits its accessibility. Recent developments have addressed these drawbacks. Specifically,
multiphasic acquisition of contrast-enhanced MRI, free-breathing dynamic MRI using compressed sensing technique,
simultaneous multi-slice acquisition for diffusion-weighted imaging, and breath-hold three-dimensional magnetic resonance
cholangiopancreatography are recent notable advances in this field. This review explores the aforementioned state-of-the-
art techniques by focusing on their clinical applications and potential benefits, as well as their likely future direction.
Keywords: MRI; Compressed sensing; Sparse; Simultaneous multi-slice; GRASP; Free breathing; MRCP; Diffusion weighted
imaging; GRASE

INTRODUCTION However, compared with computed tomography (CT) or
ultrasonography, MRI requires a long scan time, which often
In recent years, magnetic resonance imaging (MRI) has limits its clinical applicability. For abdominal MRI, this
been widely used for abdominal imaging. The enhanced lengthy acquisition time often induces motion artifacts,
soft tissue contrast of MRI has improved lesion detection which can significantly hinder image quality. Respiratory-
in abdominal organs. In addition, its capability of triggering or gating have been used for some sequences,
providing multiparametric images has greatly assisted but these techniques do not completely eliminate motion
in the characterization of lesions and monitoring of artifacts. Furthermore, they are not feasible to use in
treatment response. The performance of MRI has led to it dynamic contrast-enhanced MRI, due to scan inefficiency.
being perceived as a problem-solving imaging modality. In addition, the longer acquisition time, often causes MRI
to fail in capturing the optimal phase during dynamic
Received December 31, 2018; accepted after revision July 22, phase acquisition. In particular, for liver MRI scans using
2019. gadoxetic acid, because the arterial window is relatively
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short, effective capturing of the arterial phase has been
a troublesome issue for radiologists (1, 2). Efforts have
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parallel imaging (12-14). In this review, we present a brief
overview of compressed sensing, focusing on its clinical
application in abdominal MRI, in addition to other recently
implemented strategies aimed at reducing scan time for
diffusion-weighted imaging (DWI) and magnetic resonance
cholangiopancreatography (MRCP).

Parallel Imaging and Compressed Sensing to
Accelerate Scan Speed in Abdominal MRI

Parallel Imaging

The long acquisition time of MRI is closely related with
k-space sampling. If it were possible to reconstruct images
with partially sampled k-space data, it would improve
the temporal resolution of MRI. To reduce the scan time,
parallel imaging is often applied. Parallel imaging involves
simultaneous data acquisition via the multiple receiver coil
elements of phase array coils, a feature available on most
clinical scanners; this results in data redundancy. Phased array
coils acquire data from multiple elements simultaneously, and
variation in sensitivity profiles among those elements can
then be exploited in image reconstruction.

For conventional parallel imaging, the required phase-
encoding steps are undersampled on a regular sublattice.
In other words, k-space is undersampled by skipping phase-
encoding lines in equidistant steps (Fig. 1). This violates
the Nyquist criterion and results in aliasing artifacts in
a naive zero-padded reconstruction, and affects image
quality and diagnostic performance. Aliasing artifacts are
mitigated by parallel imaging reconstruction, which can
be done in image (x, y), k-space (kx, ky), or in hybrid (x,
ky) domains (Fig. 2A). The methods involved are classified
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into two categories, depending on where the images are
reconstructed and artifacts are corrected: image domain or
k-space domain. The most commonly used techniques in
the clinical field are sensitivity encoding (SENSE), which
performs post-Fourier transformation in the image domain
(4) and generalized autocalibrating partially parallel
acquisition (GRAPPA), which works in the k-space domain
(3). The former uses coil sensitivity maps to disentangle
aliased data, while the latter exploits correlations

among neighboring k-space lines and coil elements to
calculate weights by which non-acquired k-space data

are reconstructed. SENSE has the advantage of numerical
efficiency, but is prone to a mismatch of reference data and
scan data. Thus, SENSE requires compensatory strategies to
overcome the possible mismatch (15). Conversely, GRAPPA
usually uses auto-calibration and deals with the mismatch
between measured and reference data, but it has a lower
numerical efficiency than SENSE. Parallel imaging is well-
established for both two-dimensional (2D) and three-
dimensional (3D) Cartesian data acquisitions. It can also be
extended to non-Cartesian samplings with the underlying
concept being to utilize coil sensitivity data or correlations
between different data from different coil elements. Indeed,
parallel imaging has been shown to improve abdominal
MRI through efficient k-space sampling, thereby improving
spatial resolution, and reducing acquisition time and
sensitivity to motion (3, 4, 16, 17).

However, the acceleration factor, specified by the ratio of
fully sampled k-space data to undersampled k-space data,
is limited by several factors. A high acceleration factor may
cause a decreased signal-to-noise ratio, additional noise
amplification quantified by the geometry factor due to the
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Fig. 1. Different k-space sampling schemes.

Cartesian acquisition with fully sampled k-space (A), uniformly undersampled with acceleration factor of 2 (B), or non-Cartesian acquisition
with skipping spokes in radial acquisition (C). Solid and dashed lines refer to acquired and skipped k-space data, respectively. K. = frequency

encoding direction, K, = phase encoding direction

1598

https://doi.org/10.3348/kjr.2018.0931 kjronline.org




Recent Advances for Rapid Abdominal MRI

coil setup, and remaining aliasing artifacts. Consequently, it
is often challenging to achieve stable and acceptable image
quality for acceleration factors larger than 4 in clinical
practice.

Compressed Sensing

For further acceleration of MR acquisition speed, the
concept of compressed sensing has been investigated
(12); this relies on the premise that a natural image is
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compressible. Based on our long-standing experience with
using picture archiving and communication systems, we can
safely assume that medical images are also compressible,
without loss of essential information or degradation of
image quality. This also implies redundancy in MRI scans.
If most acquired data can be discarded without perceptual
loss, there is no need to acquire unnecessary data in the
first place, and exploiting the redundancy of MRI data
would mean that fewer samples should be sufficient for
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Fig. 2. Graphical representation of principles of parallel imaging and compressed sensing.

In parallel imaging (A), uniform subsampling gives typical aliasing artifacts. Parallel imaging reconstruction makes it possible to achieve alias-
free image. For SENSE, parallel imaging reconstruction is done in image space, whereas de-aliasing is already done before FFT in generalized
autocalibrating partially parallel acquisitions (GRAPPA). In compressed sensing (B), variable-density, pseudo-random subsampling produces
incoherent noise-like aliasing artifact after FFT. Sparsity (in this case, wavelet) transform allows setting of sparsity constraints. Image is
obtained after IWT into image domain. IFFT back to k-space allows data consistency checking. After several iterations, final image is delivered
with optimal balance between data consistency and sparsity constraints. FFT = Fourier transform, IFFT = inverse Fourier transform, IWT = inverse
transform, PI = parallel imaging, SENSE = sensitivity encoding, WT = wavelet transform
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reconstructing images with relevant information, thereby
reducing the scan time. In contrast, compression of medical
images after acquisition does not change the acquisition
time. However, the application of compressed sensing for
MRI acquisition has been slow, because it is not clear which
parts of the signals contain essential information and which
parts are redundant.

Compressed sensing requires three conditions: sparsity,
incoherence, and non-linear reconstruction (12, 14, 18).
Sparsity refers to a condition in which only a small number
of coefficients carries the relevant information in images in
a suitable transform domain. Strong sparsity, i.e., involving
only a few non-vanishing coefficients, is desired to achieve
higher compression. As described earlier, MRI is inherently
sparse in its transform domain. Even though an image may
be sparse, the challenge remains to find the non-vanishing
components from any image with a fixed acquisition
scheme. The basis of compressed sensing is choosing
samplings that have sufficient overlap with any sparse
representation in the transform domain. An incoherent
and random sampling scheme achieves this requirement,
because the associated aliasing artifacts are noise-like,
and thus thresholding in the transform domain allows
identification of relevant coefficients (12, 14, 18). In
practice, however, pure random sampling is not likely to be
feasible, because of hardware or physiological constraints,
such as slew rate, eddy currents, and nerve stimulation (12,
14). Consequently, pseudo-random sampling patterns are
often used (14, 19). Figure 2B illustrates the process of
image acquisition using compressed sensing.

As with parallel imaging, compressed sensing can be
combined with various sequences, including Cartesian and
non-Cartesian acquisition schemes (20-24). In particular,
non-Cartesian sampling schemes have several advantages

A

Fig. 3. Effect of regularization parameters.
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for compressed sensing. The typical aliasing artifacts

from radial or spiral sampling schemes in non-Cartesian
sequences are less coherent than those of the regular
undersampling used for Cartesian parallel imaging, and
therefore comply more naturally with the prerequisites

(14, 18). In addition, central k-space is inherently densely
sampled and it contributes to a better signal-to-noise ratio,
even when acquisition time is reduced.

The final prerequisite for compressed sensing is non-linear
reconstruction, which is necessary to determine the sparse
representation discussed above (14, 18). The strategy of
image reconstruction provides a balance between data
consistency and sparsity, typically through optimizing the
following cost function (14, 18):

= argmin, lly -Ay I3 + X ¥y I,

Here, § is the reconstructed image, y represents the
acquired k-space data, and A is the system operator that
maps the image y to the k-space data. The system operator
A includes information about the k-space trajectory, the
coil sensitivities, and Fourier transformation. Furthermore,
Y is a sparsifying transformation applied to the image and
A is the regularization factor. The first term ensures data
consistency and is identical to the term in a non-regularized
SENSE reconstruction. The second term enforces sparsity
in the transform domain though the chosen [1 norm. The
regularization factor (X) balances the data consistency and
data sparsity (Fig. 3).

Unlike parallel imaging, compressed sensing uses sparsity
to reduce the number of required phase-encoding steps,
which are independent of the coil setup. However, as
shown by the equation above, it can be naturally combined
with parallel imaging. Thus, a combination of compressed

Same dataset was reconstructed using no regularization parameter (A), suggested regularization parameter (B), and 10-fold higher regularization
parameter than that suggested (C). Images show different imaging textures and signal-to-noise ratios, according to regularization parameters.
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sensing and parallel imaging tends to accelerate the MRI
speed more than does parallel imaging alone (25). In
addition, this combination reduces the risk of losing small
coefficients (and in turn low-contrast objects) and of
temporal or spatial blurring.

Clinical Applications

Current Issues Related to Obtaining Dynamic 3D
T1-Weighted Imaging

As mentioned above, the extended acquisition time is
a limiting factor for abdominal imaging, and this often
causes motion artifacts in breath-hold examinations. It is
particularly troublesome for dynamic T1-weighted imaging,
which is the most important sequence for lesion detection
and characterization. For liver MRI using a hepatocyte-
specific contrast agent, in particular, transient motion often
occurs and results in motion artifacts at critical time points
(26, 27). Furthermore, compared with extracellular contrast
media, a shorter arterial time window challenges the
acquisition of optimal arterial phase imaging. The incidence
of motion artifacts due to limited breath-hold capacity or
transient motion is known to be reduced by shortening the
acquisition time (28). For this purpose, multiple arterial
phase images are widely performed for liver MRI (2, 9).
Although parallel imaging has improved the temporal
resolution, multi-arterial phase often achieves a high
temporal resolution at the expense of spatial resolution; and
this may negatively affect image quality, and potentially
diagnostic performance. For further acceleration of MRI

A
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while balancing both types of resolution, other strategies
have been suggested including view-sharing down to
keyhole techniques (9, 10). Such strategies have been
applied to dynamic contrast-enhanced sequences to acquire
an optimal arterial phase for liver MRI (9, 10). However, it
is possible that all phases may be degraded due to motion
and that temporal blurring may occur because sampled data
are shared throughout the phases. Hence, there has been an
ongoing attempt to achieve optimal arterial phase timing
without significant motion artifacts.

3D T1-Weighted Images with High Temporal Resolution

Static Imaging

Compressed sensing with parallel imaging acquisition
can achieve higher acceleration for static imaging by using
sparsity in the spatial domain. Using a combination of
compressed sensing and parallel imaging allows acceleration
by a factor greater than four (29), and the acquisition time
can be reduced to less than 10 seconds, without significant
compromise of image quality (Fig. 4). High temporal
resolution of breath-hold sequences can be helpful for
patients with limited breath-holding capacity.

Dynamic Imaging

Contrast-enhanced dynamic sequence is a good
application of compressed sensing, because sparsity in the
temporal domain can additionally be exploited. Achieving
T1-weighted dynamic images with high temporal resolution
has been attempted using compressed sensing and either

Fig. 4. Hepatobiliary phase of gadoxetic acid-enhanced MRI in 69-year-old man.

A. First image was obtained with parallel imaging alone (SENSE) with acceleration factor of 2.8. B. Next image was acquired using compressed
sensing and SENSE with acceleration factor of 7.17. Although both images show comparable image quality and spatial resolution (reconstruction
voxel size 0.99 x 0.99 x 3 mm), image acquisition time was 15 seconds in (A) and 6 seconds in (B).
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Cartesian or non-Cartesian acquisition.

Cartesian sampling schemes should follow a pseudo-
random, underdamping pattern to utilize compressed
sensing (18, 30-32). Multiple arterial phase acquisitions
can be obtained in a single breath-hold. This is similar
to previous studies in which dual or triple arterial phase
acquisitions were obtained in a single breath-hold (2, 9, 10,
28). However, this combination of compressed sensing and
parallel imaging allows both higher temporal and spatial
resolution than does multi-arterial phase acquisition using
parallel imaging only (Fig. 5) (2). In addition, it minimizes
the concerns about temporal blurring with appropriate
reconstruction algorithms and the contamination by motion
artifacts as compared to view-sharing techniques (Figs.

6, 7) (9, 10, 28). If high temporal resolution is critical,
view-sharing techniques can be combined with compressed
sensing and parallel imaging for further acceleration of
scan speed (33). As parallel imaging, a combination of
compressed sensing and parallel imaging can be applied to

A
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both spectrally adiabatic inversion recovery and the Dixon
technique for fat suppression (Figs. 5, 7).

Non-Cartesian acquisition schemes, such as radial or
spiral sampling, can be performed for dynamic imaging
in combination with compressed sensing and parallel
imaging. Stack-of-stars sampling, which uses radial
acquisition (Fig. 1C), is the most common acquisition
scheme for body imaging. It uses in-plane radial acquisition
and through-plane Cartesian acquisition (24, 34). For
the radial trajectory, a golden-angle ordering scheme is
beneficial. With a suitable increment between angles of
subsequent spokes, e.g. 112.2°, it can be guaranteed that
k-space is almost uniformly sampled in almost arbitrary
time intervals (35). In golden-angle radial sparse parallel
(GRASP) imaging, a following spoke fills the largest gap
between prior spokes, which results in uniform k-space
coverage at any time during a scan (23, 24, 36, 37). Using
the technique, high temporal resolution and high spatial
resolution can be obtained for dynamic phases. In other

C

Fig. 5. Multi-arterial phase of gadoxetic acid-enhanced MRI in 63-year-old man obtained using compressed sensing and parallel

imaging.

First (A), second (B), and third (C) arterial phases clearly captured different timings of contrast-enhancement of liver, with sufficient spatial
resolution (reconstruction voxel size of 0.98 x 1.41 x 3 mm), without noticeable temporal blurring in single breath-hold. Temporal resolution of

each phase was 5.3 seconds.

A

C

Fig. 6. Multi-arterial phase of gadoxetic acid-enhanced MRI in 66-year-old man obtained using view-sharing technique.
All three arterial phases (A-C) show persistent motion artifacts, which decrease image quality.
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Fig. 7. Multi-arterial phase of gadoxetic acid-enhanced MRI in 88-year-old woman obtained using compressed sensing and

parallel imaging.

Even though patient failed to hold her breath during scan, first (A) and second (B) phases were saved because motion artifact was limited to

last phase (C).

words, images can be “retrospectively” reconstructed using
subsets of data owing to the uniform coverage (38, 39).
Using GRASP, images with variable temporal resolution

can be reconstructed from a single examination (36, 38,
39) (Fig. 8), and the highest temporal resolution has

been reported as less than 3 seconds per volume for liver
MRI (38). Although images with the highest temporal
resolution (less than 3 seconds) are not desired in routine
clinical practice, due to substantial artifacts, the achievable
temporal resolution of GRASP is encouraging. In addition,
the radial acquisition itself is motion-resistant as compared
with Cartesian sampling, and data are often acquired under
free-breathing conditions. The unique features of GRASP are
further discussed in the following subsection.

Free-Breathing T1-Weighted Images with Continuous
Data Acquisition

Although imaging with high temporal resolution can
provide sufficient image quality in most patients, it does
not eliminate the demand for breath-holding, nor address
existing motion artifacts. Free-breathing images provide a
potential solution to this issue. Free-breathing T1-weighted
imaging can also be achieved using either Cartesian or non-
Cartesian acquisitions.

Free-breathing Cartesian acquisitions have been reported
for dynamic imaging of liver MRI (31, 32). Variable density
undersampling scheme is combined with parallel imaging
and compressed sensing using a prototypical sequence
(compressed-sensing volumetric interpolated breath-hold
examination [CS-VIBE], Siemens Healthineers, Erlangen,
Germany), with an 11-second temporal resolution (31,

32). Because the Cartesian acquisition is more sensitive

kjronline.org https://doi.org/10.3348/kjr.2018.0931

to motion, motion correction is mandatory for achieving
acceptable image quality. However, current respiratory
triggering or gating techniques are not suitable for dynamic
phase acquisition, due to scan inefficiency (40). For this
sequence, the navigator signal is aligned with a preparation
pulse and no temporal penalty is observed (9, 10). In
combination with motion correction, free-breathing Cartesian
undersampling provided fewer motion artifacts and better
overall image quality than breath-hold Cartesian dynamic
images in patients with limited breath-holding capacity or
those at high risk of transient motion (Fig. 9) (31, 32).

Non-Cartesian acquisitions are often less sensitive to
motion, which is an advantage for free-breathing imaging.
GRASP, describe above, belongs to this category. However,
substantial motion also creates motion artifacts in radial
acquisitions, and motion correction would be helpful for
improving image quality as compared with non-gated
images (39).

For both free-breathing Cartesian and non-Cartesian
sampling schemes, motion correction can be performed
retrospectively (41). For Cartesian sampling, an implemented
navigator signal can be used (31, 32). For GRASP, central
k-space is sampled continuously and a self-gated signal (Fig.
10) can be extracted without additional navigator signals
or respiratory bellows (39, 42). The simplest method of
motion correction is “hard gating” in which an acceptance
window is defined and the obtained motion signal is used to
determine whether the data would be used or discarded for
image reconstruction (31, 32, 39). “Soft gating” is another
option for reducing motion-related image blurring (43); it
incorporates motion state weighting to penalize the motion
state inconsistency. Motion-resolved reconstruction is a more
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advanced option in which motion state data is implemented ~ (XD)-GRASP or XD-VIBE (Fig. 11). Compared with hard-

during the image reconstruction process (31, 32, 42, 44). gating, XD-VIBE showed better image quality due to further
Because the reconstruction includes extra dimensions of reduction of motion artifacts (31, 32).
the motion state, it is referred to as either eXtra-Dimension Both free-breathing Cartesian and non-Cartesian

Fig. 8. Flexible temporal resolution of GRASP imaging of liver MRI in 61-year-old man.
Images with temporal resolution of 13.3 seconds (A) and 3.3 seconds (B) were retrospectively reconstructed from single free-breathing
examination. GRASP = golden-angle radial sparse parallel

1604 https://doi.org/10.3348 /kjr.2018.0931 kjronline.org



Recent Advances for Rapid Abdominal MRI

sequences are clinically important in several ways. First,
they reduce the need for patients to hold their breaths by
providing motion robustness. This is presumably beneficial
for patients with limited breath-holding capacity, non-
cooperative patients, including children, and patients at
risk of transient motion after administration of contrast

Korean Journal of Radiology

media. Even for patients with sufficient breath-holding
capacity, it may enhance comfort by eliminating repeated
breath-holding. Second, they provide a better workflow

for radiology technicians by allowing continuous data
acquisition (Fig. 12). Repeated instructions for optimal
respiration would be omitted and arterial phase acquisition

Fig. 9. T1-weighted images of gadoxetic acid-enhanced liver MRI in 56-year-old woman with limited breath-holding capacity.
Motion artifacts are significantly less in free-breathing, motion-resolved reconstructed images (extra-dimension-VIBE, A) than in subsequent
breath-hold 3D GRE transitional phase images (breath-hold VIBE, B). GRE = gradient-echo, VIBE = volumetric interpolated breath-hold

examination, 3D = three-dimensional

0 20 \/ \N/\”\
MM /\ o
A
20
£ (sec)
B

Fig. 10. Self-gated signals extracted from k-space in GRASP imaging sequence.
Regular breathing pattern (A) and irregular breathing pattern (B) are seen.
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Fig. 11. Fast fat-saturated T1-weighted imaging acquires imaging data in form of echo trains following fat-suppression pulse. For
free-breathing acquisitions, additional GRE with same excitation but with selectable readout direction can be inserted (top). Consequently, head-
feet projections for each coil element can be obtained along with imaging data (middle). This can either be used for gated reconstruction that
only utilizes specified fraction of data with smallest variation (bottom left) or for extracting gating signal to assign each echo train to motion
state, followed by motion-resolved reconstruction (bottom right). FS = fat-suppressed, SI = signal intensity, TR = repetition time

using MR fluoroscopy may be unnecessary. Furthermore,
they potentially reduce the need for re-examination of
patients with motion during the acquisition. Currently,
patients are referred for re-examination if motion artifacts
cannot be corrected. Using the aforementioned sequences,
retrospective motion correction is possible, and it provides
clinically acceptable images in patients with motion
during the scan. Third, GRASP provides a flexible temporal
resolution from a single examination (Fig. 8). It makes it
possible to recover a missing “arterial phase” without re-
administration of contrast media. Furthermore, the high
temporal resolution images can capture critical hemodynamic
information related to abdominal organs as well as tumors.
Thus, current issues relating to dynamic imaging can be
mitigated in coming years.

3D T1- and T2-Weighted Images with High Spatial
Resolution

Compared with CT or ultrasound, MRI has a lower spatial
resolution. High spatial resolution images on MRI have been

1606

attempted using various techniques, and they have shown
better lesion conspicuity (45, 46). However, there are
inevitable drawbacks of aliasing artifacts and lowering the
signal-to-noise ratio by increasing the acceleration factor
of parallel imaging. By combining compressed sensing and
parallel imaging, we may obtain images with high spatial
resolution in an acceptable time frame. The aforementioned
combination would reduce unfolding artifacts, which occur
in images obtained with parallel imaging. In addition,

the signal-to-noise penalty can be also decreased by
combining parallel imaging and compressed sensing. By
using compressed sensing, parallel imaging, and contrast
media, MRI can achieve both high contrast resolution

and high spatial resolution, which would be useful for
detecting small lesions and anatomic structures (Fig. 13).
Because compressed sensing can be combined with other
sequences in addition to T1-weighted sequences, T2-
weighted imaging can also be acquired with better spatial
resolution in an acceptable time frame by using compressed
sensing (compressed SENSE, Philips Healthcare, Best, the

https://doi.org/10.3348/kjr.2018.0931 kjronline.org
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Netherlands) (Fig. 14). the bile duct or pancreatic diseases. It is non-
invasive, as compared with endoscopic retrograde
3D MRCP cholangiopancreatography, and provides near isotropic
3D MRCP is one of the key sequences for evaluating volumetric data, as compared with 2D MRCP. Indeed, there

Breath-hold | Breath-hold | Breath-hold

CM administration

Continuous data acquisition in free-breathing state

| CM administration |

B
Fig. 12. Shift of acquisition scheme in contrast-enhanced abdominal MRI.
Current protocol of dynamic sequence (A) includes several pauses and instances of breath-holding. In dynamic sequences using compressed
sensing VIBE or GRASP, continuous data acquisition is possible (B) without breath-holding, because images are retrospectively reconstructed
including motion correction. CM = contrast media

Fig. 13. Hepatobiliary phase of gadoxetic acid-enhanced liver MRI in 51-year-old man.

Image obtained with compressed sensing and parallel imaging (A) shows less image noise and better overall image quality than that obtained
with parallel imaging only (B). Treated hepatocellular carcinoma (arrowheads) is more visible in image obtained by using both compressed
sensing and parallel imaging, than in that obtained with parallel imaging alone. Acquisition time is 15 seconds for both images and spatial
resolution is same (reconstruction voxel size: 0.98 x 0.98 x 1.5 mm).
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Fig. 14. T2-weighted image of 49-year-old man with hemangiomas.

2D T2-weighted images using compressed sensing and parallel imaging with 4-mm slice thickness and 4-mm gap (A, B) provide better
conspicuity of small hemangiomas (arrowheads) than that obtained in 2D T2-weighted images with 8-mm slice thickness and 8-mm gap (C, D).
TR/TE were 3240/80 ms (A, B) and 2050/83.6 ms (C, D), respectively. TE = echo time, 2D = two-dimensional

have been several reports that 3D MRCP showed better duct
visibility or diagnostic performance than 2D MRCP (47-49).
However, the acquisition time is long because respiratory
triggering is routinely used to obtain volumetric data of

a large field of view. Compressed sensing is an effective
strategy for acquiring 3D MRCP because 3D MRCP is sparse
in the image domain. In other words, 3D MRCP uses the
high contrast of fluid-containing structures, such as the bile
duct or pancreatic duct, and any other background signal

is suppressed. Thus, it is easily anticipated that image
reconstruction can be achieved from a small number of data
samples, and therefore, that scan time can be reduced.

To reduce data sampling, variable-density, random
undersampling has been used; this includes a variable-
density Poisson disk pattern (50-52) or a variable-density
Gaussian incoherent sampling model (53, 54). In addition,
either GRAPPA or SENSE can be applied to accelerate the
scan speed, as well as to aid in the preservation of data

1608

consistency and reduction of the reconstruction time.
As expected, the combination of compressed sensing
and parallel imaging shortened the scan time of 3D
MRCP in previous studies (50, 51, 54). In those studies,
applying compressed sensing and parallel imaging reduced
acquisition time by 50%. Specifically, respiratory-triggered
3D MRCP can be achieved within 2 or 3 minutes (50, 51,
54). In addition, overall image quality was not significantly
different from that of 3D MRCP using parallel imaging only
(Fig. 15) (50, 51, 54). This was an encouraging result in
terms of improving MRI workflow and reducing the burden
for radiologists, radiology technicians, and patients.
Regardless of these benefits, respiratory-triggered of
3D MRCP still has several issues. A scan time of 2 or 3
minutes is still lengthy as compared with thick-slab 2D
MRCP. Moreover, image quality and acquisition time depend
heavily on patients’ respiratory pattern. In other words, the
scan time is often unpredictable and image quality is often
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Fig. 15. Respiratory-triggered 3D MRCP in 67-year-old man.
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Conventional 3D MRCP (A) and compressed sensing 3D MRCP (B) show comparable image quality, with acquisition times of 5 minutes 35 seconds
and 2 minutes 4 seconds, respectively. TR/TE was 4172/702 ms for conventional 3D MRCP (A) and 3861/725 ms for compressed sensing 3D MRCP (B).

MRCP = magnetic resonance cholangiopancreatography

unsatisfactory when patients have an irregular breathing
rhythm. In those patients, respiratory-triggered 3D MRCP,
even using both compressed sensing and parallel imaging,
is unable to solve the problem.

Continuous efforts have been made to reduce scan time
further. Now 3D MRCP can be acquired with a single breath-
hold by exploiting the capability of a combination of
compressed sensing and parallel imaging (50-52). In these
studies, only 4.5-5% of k-space data was sampled, resulting
in a more than 10 times faster acquisition speed than that
of conventional respiratory-triggered 3D MRCP sequences.
The image quality was not significantly inferior to that of
conventional respiratory-triggered 3D MRCP (52) and was
even better in terms of blurring and motion artifacts (50,
51). Compared with respiratory-triggered 3D MRCP, breath-
hold 3D MRCP also reduced the incidence of undiagnostic
scans or severe artifacts (50, 51). This is a remarkable
advance in abdominal MRI and compressed sensing
implementation in clinical practice. Even though breath-hold
3D MRCP has been attempted since its initial presentation,
using techniques and sequences other than compressed
sensing (47, 55), those techniques were not implemented in
clinical practice due to the inconsistent and unsatisfactory
image quality as compared with conventional respiratory-
triggered 3D MRCP. However, compared with prior methods,
the new breath-hold 3D MRCP using compressed sensing
seems to provide consistent image quality and is useful in
patients failing to breathe reqularly (Fig. 16).

A recent study has suggested a modified protocol for
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breath-hold 3D MRCP with high resolution and a small field
of view, using a large acceleration factor, oversampling, and
saturation band (56). As expected, high-resolution breath-
hold 3D MRCP was better than the original breath-hold 3D
MRCP in terms of image quality and peripheral bile duct and
pancreatic duct visualization, resulting in a better depiction
of pancreatic duct abnormality (56).

Other Methods for Rapid Abdominal MRI

Simultaneous Multi-Slice DWI

Although compressed sensing is a promising technique for
accelerating the acquisition speed of MRI, its benefit seems
to be limited in DWI. This is because the single-shot echo-
planar imaging (EPI) scheme that is the most commonly
used in DWI is highly effective, and there is insufficient
room to achieve sparsity in 2D static images as compared
with 3D or dynamic images. Simultaneous multi-slice DWI
(SMS-DWI) would be an option for reducing the scan time
for DWI. SMS imaging excites several slices simultaneously
using a multiband pulse (57, 58) that is carefully designed
with consideration of constraints from increased specific
absorption rates (59, 60). Slices are separated using
information about coil sensitivities from phased array coils,
gradients, or radiofrequency encoding. Because phased array
coils typically have limited encoding power in transverse
abdominal protocols in the slice direction, slice shifting
is applied to separate slices and to improve the geometric
factor (16, 61). A combination of parallel imaging and SMS
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Fig. 16. 3D MRCP using compressed sensing in 68-year-old woman.

Conventional respiratory-triggered 3D MRCP using parallel imaging (A) shows substantial motion artifacts due to irregular breathing patterns,
whereas breath-hold 3D MRCP using compressed sensing and parallel imaging (B) shows acceptable image quality. TR/TE was 4421/699 ms for
conventional respiratory-triggered 3D MRCP (A) and 1700/674 ms for breath-hold 3D MRCP (B).

A

Fig. 17. Respiratory-triggered DWI using b-value of 800 s/mm? in 64-year-old man.

Images of conventional DWI (A) and SMS-DWI (B) show comparable image quality, but scan time was significantly shorter in SMS-DWI than
in conventional DWI. TR/TE were 2100/60 ms for conventional DWI (A) and 2200/62 ms for SMS-DWI (B). Field of view (400 x 320 mm?) and
matrix (150 x 120) were identical. DWI = diffusion-weighted imaging, SMS = simultaneous multi-slice

can create a synergistic effect for the following reasons.
First, parallel imaging improves in-plane resolution and
reduces echo train lengths. It can improve image quality

by reducing blurring and distortion. SMS works in the slice
direction, which significantly reduce scan time. Furthermore,
SMS does not suffer from the inherent signal-to-noise ratio
loss of undersampling acquisition (62).

It has been reported that SMS-DWI can provide
acceptable image quality with a shorter acquisition time
than conventional DWI (Fig. 17) (63-66). For abdominal
protocols, SMS acceleration is now limited to a factor of 2
to ensure acceptable image quality (66, 67), because higher
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slice accelerations result in noise enhancement, related

to increased g-factors, as well as more aliasing artifacts.
This needs to be addressed in future. In addition, apparent
diffusion coefficients should be compared between SMS and
conventional DWI for quantitative measurements.

Gradient and Spin-Echo for 3D MRCP

Gradient and spin-echo (GRASE) is a combination of
GRASE sequences. It uses a fast spin-echo or turbo spin-echo
acquisition scheme and EPI readouts that follow the refocusing
pulse of a fast spin-echo sequence (68). The acquisition
speed can be accelerated by both the turbo factor of the
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Fig. 18. 3D MRCP in 61-year-old woman with limited breath-holding capability.
Breath-hold 3D MRCP using gradient and spin-echo (A) shows comparable image quality to that of breath-hold 3D MRCP using compressed
sensing (B), and better image quality than that of respiratory-triggered 3D MRCP (C).

turbo spin-echo sequence and the EPI factor of the gradient-
echo sequence (68, 69). Consequently, GRASE provides a
lower acquisition time than a comparable turbo spin-echo
sequence. In addition, the specific absorption rate is lower in
GRASE, by using fewer radiofrequency pulses. Compared with
EPI, GRASE has several advantages, including a better signal-
to-noise ratio and fewer susceptibility artifacts, owing to
multiple refocusing pulses. Even though GRASE was developed
in the early 1990s (68, 69), it has been selectively used for
neuroimaging, until being applied for volumetric 3D MRCP
(70, 71). This is because of its inherent limitation compared
with turbo spin-echo sequences and a lack of parallel imaging.
Although GRASE is less prone to susceptibility artifacts than
EPI, it is more susceptible to field inhomogeneity than a turbo
spin-echo sequence. In the case of old scanners, it would be
challenging to achieve sufficient field homogeneity for 3D
MRCP that covers a large field of view, resulting in inconsistent
image quality in 3D MRCP using GRASE. Fortunately, recent
scanners offer better field homogeneity and parallel imaging
is available (70). Recent papers have reported that 3D MRCP
can be achieved in a single breath-hold using a combination
of GRASE and parallel imaging and that it provided reduced
motion artifacts and better overall image quality than
conventional respiratory-triggered 3D MRCP (Fig. 18) (70, 71).
Although compressed sensing and parallel imaging techniques
provide excellent results, 3D MRCP using GRASE would be an
alternative option for scanners where compressed sensing is
not available (Fig. 18).

CONCLUSION

Rapid MRI is crucial for abdominal imaging due to the
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critical limitation with regard to breath-holding. Compressed
sensing has improved the temporal resolution and spatial
resolution of abdominal MRI, when used in combination
with parallel imaging. In addition, it allows continuous
data acquisition in free-breathing for dynamic images in
combination of other techniques and breath-hold volumetric
data acquisition for 3D MRCP. Therefore, the compressed
sensing technique is likely to change clinical practice in the
coming years. Regarding dynamic images, a combination of
compressed sensing and parallel imaging would minimize
breath-holding duration or eliminate the need for holding
the breath by simultaneously using a motion correction
technique. In addition, free-breathing techniques can
potentially correct motion artifacts retrospectively in MR
images. As mentioned earlier, free-breathing, continuous
data acquisition with retrospective motion correction

would improve patients’” comfort, in addition to reducing
the workload of radiologists and radiology technicians, by
reducing the necessity of re-examination, and enhancing
overall image quality.

In available scanners, conventional respiratory-triggered
3D MRCP has already been replaced with compressed
sensing respiratory-triggered 3D MRCP that reduces scan
time by approximately 50%. This will have a marked clinical
impact, especially when breath-hold 3D MRCP is the first
sequence performed; the scan time will then be reduced
from 5-6 minutes to less than 20 seconds. Furthermore,
compressed sensing respiratory-triggered 3D MRCP will be
performed only in patients with limited breath-holding
capacity. It will substantially improve the current workflow
and image quality. Furthermore, SMS-DWI can reduce the
scan time for DWI.
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The major limitation of compressed sensing in clinical
practice would be the computational burden, leading a long
reconstruction time. Although this can be ameliorated by
using a graphics processing unit, advanced reconstruction,
including extra dimension reconstruction, is still demanding.
We expect that this issue will also be resolved by technical
developments, including artificial intelligence for image
reconstruction, in the coming years.

In summary, rapid MRI using compressed sensing, parallel
imaging, and SMS acquisition have been implemented in
clinical examinations. They have contributed to enhancing
both the temporal and spatial resolution of abdominal
MRI, optimizing the workflow, and improving patients’
experience.
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