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Advanced Methods in Dynamic Contrast 
Enhanced Arterial Phase Imaging of 
the Liver

INTRODUCTION

Hepatocellular carcinoma (HCC) is the most primary malignant cancer of the liver. It 
has high incidence rates in Eastern Asia (1, 2). Its incidence is increasing in the United 
States (2). Dynamic contrast enhanced (DCE) liver magnetic resonance imaging (MRI) 
with multi-detector computed tomography (CT) plays an important role in detecting 
and characterizing primary and metastatic lesions (3, 4), including HCC (5). A DCE liver 
MRI protocol consists of acquisition of a set of volumetric images at pre-contrast, 
arterial, portal venous, and delayed phases as illustrated in Figure 1. Other non-
contrast enhanced images such as diffusion weighted imaging (DWI) and T2-weighted 
imaging are helpful for the diagnosis. Thus, they are acquired along with DCE imaging 
in a routine abdominal scan protocol. In portal venous and delayed phases, contrast 
enhancement becomes relatively stationary over time. A static three-dimensional 
(3D) imaging is performed within a breath-hold to robustly image the liver without 
respiratory motion artifact. Fast 3D imaging with sub-Nyquist sampling and parallel 
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Review Article 

Dynamic contrast enhanced (DCE) magnetic resonance (MR) imaging plays an 
important role in non-invasive detection and characterization of primary and 
metastatic lesions in the liver. Recently, efforts have been made to improve spatial 
and temporal resolution of DCE liver MRI for arterial phase imaging. Review of recent 
publications related to arterial phase imaging of the liver indicates that there exist 
primarily two approaches: breath-hold and free-breathing. For breath-hold imaging, 
acquiring multiple arterial phase images in a breath-hold is the preferred approach 
over conventional single-phase imaging. For free-breathing imaging, a combination 
of three-dimensional (3D) stack-of-stars golden-angle sampling and compressed 
sensing parallel imaging reconstruction is one of emerging techniques. Self-gating 
can be used to decrease respiratory motion artifact. This article introduces recent 
MRI technologies relevant to hepatic arterial phase imaging, including differential 
subsampling with Cartesian ordering (DISCO), golden-angle radial sparse parallel 
(GRASP), and X-D GRASP. This article also describes techniques related to dynamic 3D 
image reconstruction of the liver from golden-angle stack-of-stars data.
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imaging is helpful in reducing scan time while maintaining 
spatial resolution and anatomic coverage. A combined use 
of compressed sensing and parallel imaging has potential to 
further reduce the scan time. 

Regardless of the type of contrast agent (either 
extracellular or hepatobiliary agent), the arterial phase is 
characterized by rapid enhancement of MR signal in the 
liver. Due to its transient nature, image acquisition needs 
to be sufficiently fast as well as well-timed. Thus, arterial 
phase is more challenging than other phases. High spatio-
temporal resolution dynamic imaging is desirable for 
capturing hemodynamics of lesion enhancement. However, 
its trade-offs of anatomic coverage, spatial resolution, 
and temporal resolution need to be compromised given 

limitations of MR hardware and subject’s breath-hold 
capability. In this article, recent MR imaging strategies for 
DCE arterial phase imaging in the liver are discussed. They 
can be largely divided into two categories: breath-hold 
imaging and free-breathing imaging. Selected publications 
and image acquisition techniques for arterial phase imaging 
are summarized in Table 1. Subsequent sections describe 
imaging technologies in detail.  

BREATH-HOLD IMAGING

Breath-hold imaging is intended to acquire images free 
from respiratory motion. Scan time is limited by the length 

Table 1. Summary of Selected Image Acquisitions for Arterial Phase Imaging

Respi-
ratory 

control

Publications Scanner Field 
strength

Sequence No. of 
phases

ACQ time 
(sec)

Contrast agent Advantage Disadvantage

BH

Michaely 
et al., 2013 

(48)

Siemens 
Skyra

3T Cartesian 
(CDT-VIBE)

14 29 Gd-DOTA 
(extracellular)

High spatio-temporal 
resolution (1.2 × 1.2 × 

3.0 mm3, 2.1 sec), robust 
fat suppression

Long BH time

Hope et al., 
2013 (9)

GE 
MR750

3T Cartesian 
(DISCO)

5 25 Gadoxetic 
(hepatobiliary)

No need of bolus timing 
technique, robust fat 

suppression

Long BH time

Fujinaga et 
al., 2014 

(13)

Siemens 
Trio

3T Radial 
(r-VIBE-
KWIC)

8 20-24 Gadoxetic 
(hepatobiliary)

Less susceptible to 
motion than Cartesian

Longer BH time than 
Cartesian VIBE

Ichikawa 
et al., 2018 

(10)

GE 
MR750

3T Cartesian 
(DISCO)

6 22-26 Gadoxetic 
(hepatobiliary)

Ring-like enhancement 
in HCC visualization 

better than single phase 
imaging

Longer BH time than 
single phase imaging

FB

Chandarana 
et al., 2013 

(14)

Siemens 
Verio

3T Radial 
(GRASP)

N/A 90 Gadopentetate 
dimeglumine 
(extracellular)

Flexible retrospective 
selection of temporal 

resolution

No respiratory motion 
correction

Chandarana 
et al., 2015 

(17)

Siemens 
Avanto

1.5T Radial (XD-
GRASP)

N/A 318-340 Gadoxetic 
(hepatobiliary)

Multiphase images with 
additional respiratory 

motion states

Potential increase in 
reconstruction and 

processing time
Kaltenbach 
et al., 2017 

(30)

Siemens 
Prisma

3T Cartesian 
(XD-VIBE)

16 188 Gadobutrol 
(extracellular)

Reconstruction 
complexity lower than 

XD-GRASP

Longer reconstruction 
time than CS-VIBE

Weiss et al., 
2018 (31)

Siemens 
Aera

1.5T Cartesian 
(CS-VIBE)

16 128 Gadobutrol 
(extracellular)

Reconstruction 
complexity lower than 

XD-VIBE

More pronounced 
artifacts than XD-VIBE

Yoon et al., 
2018 (26)

Siemens 
Skyra

3T Radial 
(GRASP)

N/A 210 Gadoxetic 
(hepatobiliary)

No TSM artifacts in 
patients showing TSM in 

BH imaging  

No respiratory motion 
correction

ACQ = acquisition; BH = breath-hold; CDT-VIBE = CAIPIRINHA-dixon-twist volume-interpolated breath-hold examination; CS = compressed sensing; DISCO = differential 
subsampling with cartesian ordering; FB = free breathing; GRASP = golden-angle radial sparse parallel imaging; HCC = hepatocellular carcinoma; KWIC = k-space 
weighted image contrast; N/A = not available; T = tesla; TSM = transient severe motion
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of a breath-hold, approximately 12-15 s in clinical exams. 
Arterial enhancement is rapid. It is desirable to perform 
imaging within a narrow temporal window. Hence, a proper 
coordination of imaging and breath-hold timing between 
MRI operator and patient is critical for the success of 
breath-hold arterial phase imaging.  

Timing of the arterial phase image acquisition can be 
adjusted based on real-time MR fluoroscopy. In real-time 
MR fluoroscopy, a 2D slice in the descending aorta or other 
regions of interest is imaged at every second and the actual 
3D arterial phase imaging is initiated when the contrast 
enhancement from MR fluoroscopy is observed. Meanwhile, 
a simple approach is to pre-determine a time delay 
between the start of bolus injection and the time of peak 
aortic enhancement and take account of the time delay 
for actual arterial phase imaging. Fixed delay time method 
may produce sub-optimal lesion enhancement in images 
of certain patients. Test-injection method is an alternative 
approach that estimates a delay interval of patient-specific 
time-to-peak aortic enhancement with a test bolus for 
an individual patient. It uses the delay interval to acquire 
k-space center at lesion enhancement in the patient. The 
test-injection method has been demonstrated to be able 
to improve lesion conspicuity over the fixed delay time 
method in breath-hold arterial phase imaging (6), although 
a drawback of the method is that an additional dosage of 
contrast agent is needed. 

A simple and conventional imaging protocol is to apply 
the same breath-hold single phase 3D imaging sequence to 
the pre-contrast, arterial phase, portal venous phase, and 
delayed phase (Fig. 1a). A T1-weighted 3D radiofrequency 
(RF) spoiled gradient echo sequence with fat suppression 
is the most commonly used sequence. It is referred to as 
eTHRIVE (enhanced T1 high resolution isotropic volume 
excitation; Philips), VIBE (volumetric interpolated breath-
hold examination; Siemens), and LAVA-Flex (liver acquisition 
with volume acquisition; GE). However, the breath-hold 
single phase imaging during the arterial phase is known 
to be problematic in some cases partly because of image 
quality degradation.  

Multiple phase imaging is a viable approach to potentially 
resolve the image quality issue raised by single-phase 
imaging. It is designed to reduce temporal window per 
frame. It possibly allows one to select an image frame free 
of motion artifact (7). DISCO (differential subsampling with 
Cartesian ordering) is based on random sub-sampling of 
the k-space periphery (Fig. 2). It has been demonstrated 
in hepatic arterial imaging within a breath-hold (8, 

9). Six-phase (10) and seven-phase (11) acquisitions 
using DISCO have also been demonstrated. CAIPIRINHA 
(controlled aliasing in parallel imaging technique results 
in higher acceleration; Siemens) has been used in a 3D 
spoiled gradient echo to achieve higher acceleration than 
conventional parallel imaging (12). It has been shown 
that radial imaging with KWIC (k-space weighted image 
contrast) view-sharing technique can obtain eight phases, 
with each phase having 2.5-3.0 s temporal resolution (13). 

FREE BREATHING 

Free-breathing imaging is well-suited to subjects 
who are unable to tolerate many repetitions of breath-
hold, especially to children or elderly patients. However, 
respiration can cause motion in the diaphragm and 
abdomen, resulting in data inconsistency in k-space data. 
Minimal respiratory motion is preferred during imaging 
and the subject is instructed to perform shallow breathing 
during the scan. To decrease respiratory motion during 
free-breathing, navigator signals can be acquired along 
with imaging data or respiration belts can be used to track 
respiration dynamics and prospectively acquire data only 
during a certain respiratory phase. This approach is helpful 
in reducing respiratory motion artifacts in reconstructed 
images. However, it also reduces k-space sampling 
efficiency or image acquisition speed. 

In free-breathing liver imaging, an early approach 
does not consider correcting respiratory motion. It uses 
continuous golden-angle radial acquisition and compressed 
sensing parallel imaging reconstruction to improve spatio-
temporal resolution (14). This technique is referred to as 
GRASP (golden-angle radial sparse parallel) (15). Continuous 
data acquisition with GRASP is an emerging technique as 
it is flexible in retrospectively selecting temporal resolution 
and the center of temporal window (Figs. 3, 4). 

Respiratory motion can be reduced if one can extract 
respiratory information from raw data itself (i.e., self-
gating), properly bin the raw data into respiratory phases, 
and finally perform image reconstruction from the data in 
each respiratory bin. Figure 5 illustrates processes related 
to binning raw data into respiratory phases using raw 
data acquired from a GRASP sequence. XD-GRASP adds an 
additional dimension related to respiratory motion state 
to an image to be reconstructed and exploits transform 
sparsity in the respiration dimension (16) to achieve 
higher acceleration. The framework is helpful in resolving 
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respiratory phases and recovering images with reduced 
respiratory motion artifacts. XD-GRASP in hepatic arterial 
imaging has been demonstrated previously (17). 

CONTRAST AGENTS

There are largely two different types of gadolinium-based 
contrast agents used in DCE liver MRI: extracellular contrast 
agents and hepatobiliary contrast agents. Extracellular 
agents allow diagnosis of HCC based on vascularity only 

Fig. 1. DCE liver MRI scan protocols. (a) Schematic of a conventional DCE liver imaging protocol. All acquisition sequences 
have the same single-phase 3D fast gradient echo (GRE), which is referred to as eTHRIVE for Philips, VIBE for Siemens, and 
LAVA for GE, acquired within a breath-hold (BH), typically lasting for 15 seconds. (b) Schematic of a modified protocol 
where a multi-phase imaging method (green box) is substituted for the conventional single-phase acquisition of arterial 
phase. BH: breath-hold; FB: free-breathing. (c) Schematic of a modified protocol where a multi-phase FB imaging (green 
box) is used and the duration of FB imaging is extended to cover the portal venous phase. (d) Time versus MR signal curves 
from normal liver region of interest (ROI) and tumor ROI. The orange box indicates the acquisition time interval of single-
phase BH imaging and the green box shows that of multi-phase FB imaging. In single-phase BH imaging, start time of the 
acquisition is critical for differentiation of tumor enhancement from normal tissue.  

a

b

c

d
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while hepatobiliary contrast agents allow diagnosis of HCC 
based on both vascularity and hepatocellular functions. 
The important advantage of hepatobiliary agents over 
extracellular agents is that hepatobiliary agents are 
capable of assessing hepatocellular function to help detect 
hypovascular and small HCCs (i.e., early stage HCCs) in 
delayed hepatobiliary phase (18-20). 

Gadoxetate disodium (gadoxetic acid; Gd-EOB-DTPA; 
Primovist, Bayer Schering Pharma; Eovist, Bayer HealthCare) 
and gadobenate dimeglumine (MultiHance, Bracco) are two 
different types of hepatobiliary agents. Gadoxetate disodium 
is more frequently used than gadobenate dimeglumine in 
clinical liver imaging as it affects higher hepatocellular 
uptake and results in shorter time needed to reach 
hepatobiliary parenchymal enhancement (i.e., 20 minutes 
delay vs. 1-3 hours delay) (18). Hence, delayed hepatobiliary 
imaging with gadoxetate disodium occurs earlier than that 
with gadobenate dimeglumine. For comparison, delayed 
phase imaging with extracellular agents typically occurs 
3-5 minutes after the injection of contrast agents. 

Although gadoxetate disodium is beneficial due to 
potentially high sensitivity of tumor detection in delayed 
hepatobiliary phase, arterial phase imaging with gadoxetate 
disodium is known to be more challenging than arterial 
phase imaging with extracellular agents (21). Recommended 
dose of gadoxetate disodium is 0.025 mmol/kg, four 
times lower than the recommended dose (0.1 mmol/kg) 
of extracellular agents. Although gadoxetate disodium 

has a higher relaxivity, the overall signal enhancement 
of gadoxetate disodium is lower due to its low dose than 
extracellular agents. Because of its low dose usage, time 
window of arterial phase contrast enhancement is relatively 
narrow in gadoxetate disodium. Hence, it is likely to miss 
the image acquisition time for conventional single-phase 
breath-hold imaging. Although higher dose of gadoxetate 
disodium may improve contrast to noise ratio, it is likely 
to increase the risk of transient severe motion (TSM) in 
arterial phase imaging (22). TSM in gadoxetic acid agents 
is observed more frequently than that in other extracellular 
agents when a standard breath-hold imaging is used (23-
25). It has been reported that free-breathing imaging with 
GRASP can provide acceptable image quality of arterial 
phases in patients with TSM (26).   

IMAGE ACQUISITION

Cartesian Sampling
Cartesian imaging acquires k-space data on a uniformly 

spaced Cartesian grid. It is the most commonly used 
sampling scheme in clinical MR exams. Since arterial phase 
imaging requires time-efficient imaging strategies, pulse 
sequence has been developed to highly undersample on the 
Cartesian grid while maintaining diagnostic image quality.  

TRAK (time-resolved angiography with keyhole; Philips), 
TWIST (time-resolved angiography with stochastic 

Fig. 2. Schematic illustration of DISCO. (a) Sampling distribution. Section A is fully sampled in (ky, kz) while sections B, C, 
and D are under-sampled in a pseudo-random manner. The union of samples from sections B, C, and D is fully sampled. (b) 
Temporal acquisition order of the k-space sections. Note that section A is acquired more frequently in time than sections B, C, 
and D. 

ba
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trajectories; Siemens), and TRICKS (time-resolved imaging 
of contrast kinetics; GE) are frequently used to sample 
the central sector in (ky, kz) (i.e., phase-encode and slice-

encode) and sub-sample peripheral sectors. They use view 
sharing for image reconstruction where frame rate is 
determined by the frequency of acquisition of the central 

Fig. 3. Schematic illustration of 3D GRASP. (a) 3D view of k-space sampling pattern. (b) 2D view in (kx, kz). (c) 2D view 
in (kx, ky). For a given angle spoke, it samples uniformly in kz axis until it fills out the kz space. The spoke angle is then 
incremented by golden angle α ≈ 180°/1.618 ≈ 111°, followed by filling out the kz space. This process is repeated until it 
reaches the prescribed number of radial spokes. (d) Continuous imaging sequence in 2D golden-angle radial sequence. The 
same principle can also be applied to 3D GRASP without loss of generality. The number in the green box indicates spoke 
order. (e, f) Sampling patterns after retrospective selections of temporal window by grouping (e) five consecutive spokes per 
frame and (f) three consecutive spokes per frame. For both cases (one with grouping of 5 spokes and the other with grouping 
of 3 spokes), patterns of angle spacing in radial spokes are similar in all frames. This is relevant to the fact that golden angle 
radial sampling guarantees temporal stability. Per frame basis, (e) is more densely sampled (less spatial aliasing) than (f). (e) 
has a lower frame rate than (f).

a b c

d

e

f
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sector. TRAK, TWIST, and TRICKS differ in how sub-sampling 
in the k-space periphery is distributed temporally (8, 27).

DISCO (8, 9, 28) is based on a variable density 
undersampling scheme in (ky, kz), in which a pseudo-
random distribution is generated in the periphery of (ky, 
kz) space and the central region is fully sampled (Fig. 2). 
Since pseudo-random undersampling promotes incoherency 
in aliasing, it is well suited to compressed sensing 
reconstruction (29). Notably, incoherent variable density 
Cartesian sampling (referred to as CS VIBE or VIBECS) has 
been recently demonstrated to have compressed sensing in 
free-breathing DCE liver imaging (30, 31)  

Radial Sampling
Radial sampling covers the k-space by acquiring k-pace 

lines, each of which passes through the k-space origin. It 
is less sensitive to motion than Cartesian sampling since 
it samples the k-space origin, in which signal intensity is 
concentrated, more frequently than Cartesian sampling. 
However, it is sensitive to hardware imperfections such 
as gradient timing delays (32) and eddy currents. In the 
presence of off-resonance, image quality can be degraded 
and manifested as spatial blurring (33). Inherently, in radial 
sampling, low spatial frequency in k-space is more densely 
sampled than high spatial frequency portion. When it is 

Fig. 4. Retrospective reconstructions from GRASP data. (a) Schematic of retrospective adjustment of a starting point (red 
dashed line) and temporal window (green and blue) from continuously acquired raw data in GRASP. (b) Retrospective 
reconstructions with choices of 40, 55, and 70 spokes. Results exhibit stable image reconstruction quality in all frames for 
the three cases.

b

a
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under-sampled, the aliasing appears like streak artifact 
rather than fold-over artifact manifested by Cartesian 

undersampling. However, the structure of an object is often 
noticeable to human eyes. Undersampled streak artifact 

Fig. 5. Illustration of data binning procedures in XD-GRASP. (a) Raw data samples at the center in (kx, ky) are extracted for 
each spoke t’ and are denoted by d1(kz, t’). (b) One-dimensional Fourier transform is performed along kz to transform data 
d1(kz, t’) to d2(z, t’) for each spoke t’. d2(z, t’) represents 1D projection signal projected to superior-inferior (S-I) direction. (c) 
Construction of a 2D image d3(z, t) by concatenating 1D projection data for all coils and all radial spokes. (d) A result of the 
first principal component after performing principal component analysis (PCA) of the 2D image d3(z, t). (e) A result of smooth 
version of (d) after taking a median filter in time. (f) Estimation of the envelope (red line) after a spline fitting to peak points 
in (e). (g) Flattened curve after division of (e) by (f). Final motion state assignment is indicated by different colors (state 1: 
red, state 2: blue, state 3: black, state 4: green). Contrast phases are differentiated by background colors in the plot. 

g

d fe

a b c
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appears overlaid to the structure of an object. Compressed 
sensing parallel imaging reconstruction is highly effective 
in removing the streak artifact and recovering alias free 
images (34).         

In dynamic radial imaging, high spatial frequency data 
from adjacent temporal frames can be exploited to fill 
out unacquired k-space locations in a current temporal 
frame. KWIC (35) is a reconstruction technique that can 
achieve high frame rate imaging with substantially reduced 
aliasing by taking advantage of the fact that unacquired 

high spatial frequency data can be filled in by those of 
adjacent temporal frames without causing significant loss 
of temporal fidelity.  

Radial sampling has gained more popularity in research 
and clinical domains thanks to the introduction of golden-
angle radial sampling framework (36). Golden angle 
sampling simply increments the angle of radial spoke 
by the golden angle at every repetition time (TR) (36). 
GRASP adopts golden-angle radial sampling for volumetric 
imaging (Fig. 3) and accelerates imaging speed by using 

Fig. 6. An example of reconstructed images using XD-GRASP. (a) Final reconstructed images of XD-GRASP. These images 
contain an additional respiratory motion-resolved dimension. (b) Comparison of GRASP and XD-GRASP for contrast phase 
5. GRASP exhibits an image of averaged motion from all respiration states. XD-GRASP contains images, each of which is 
from a respiration state. Note that there are differences in image appearance between respiration states 1 and 4 (yellow and 
green arrows). Also note motion-averaged image appearance in the GRASP image (red and white arrows). 

a

b
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compressed sensing parallel imaging reconstruction from 
highly undersampled data (15). An advantage of continuous 
golden angle radial imaging is that reconstructed images 
exhibit temporal stability for all frames given any arbitrary 
choice of temporal offset and temporal window (37) (Fig. 4).

Alternatively, pseudo-golden angle radial sampling that is 
also referred to as radial-eTHRIVE (Philips) can be designed 
to acquire k-space lines by angle increments close to the 
golden angle, although sample may have azimuthally 
and uniformly distributed spokes in k-space. Hence, in 
case of static single-phase imaging, pseudo-golden angle 
sampling can theoretically produce less streak artifact than 
conventional golden angle sampling. It has potential to 
produce less motion artifact than conventional Cartesian 
imaging (38, 39).

In 3D imaging using radial sampling, there are largely 
two approaches: 1) 3D stack-of-stars (e.g., GRASP), and 
2) pure 3D radials (a.k.a., Kush-ball). In 3D stack-of-
stars, the principle of 2D radial sampling is applied to 
(kx, ky) space while Cartesian sampling is applied in kz 
space. Straightforwardly, 3D golden-angle stack-of-stars 
acquisition samples the (kx, ky) space following golden 
angle radial trajectories and the kz space uniformly (Fig. 
3). Partial Fourier sampling is often applied to kz encode 
to increase acquisition speed. The 3D radial projection 
sampling (i.e., Kush-ball) is used less often than 3D stack-
of-stars sampling due to the need for a compact field-of-
view setting the slice encode and sampling inefficiency 
of pure 3D radials. Imaging based on 3D radial projection 
sampling in time-resolved imaging of the liver in DCE MRI 

Fig. 7. Illustration of water fat separation from continuously acquired dual-echo 3D stack-of-stars golden-angle radial 
raw data. (a) Schematic of a radial dual-echo pulse sequence. (b) TE1 and TE2 images can be separately reconstructed using 
compressed sensing and parallel imaging. These complex-valued images are input to a 2-point Dixon water fat separation 
algorithm. The output is a set of water and fat images. Water-fat swap artifact is indicated by red arrows. (c) Final fat 
suppressed dynamic image frames are shown. 

c

a b
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has been demonstrated (40). 

Spiral Sampling
Spiral sampling is less sensitive to motion than Cartesian 

sampling since the spiral trajectory traverses the k-space 
center at every TR. A major drawback of spiral imaging is 
that it suffers from image blurring and distortion due to 
off-resonance and hardware imperfections (41). Correction 
of these artifacts may be subject to MR operator’s trial 
and error of parameter tuning, thus potentially lacking 
reproducibility of the same image quality or lengthening the 
exam time. This is regarded as a main obstacle to adoption 
of spiral imaging for clinical exams, especially in high-field 
MRI. A 3D golden-angle stack-of-spirals imaging technique 
(i.e., spiral encoding in [kx, ky] and Cartesian encoding in 
[kz]) with 3-second temporal resolution in hepatic arterial 
phase imaging at 1.5 Tesla (T) has been demonstrated (42, 
43).

Controlled Aliasing in Parallel Imaging
CAIPIRINHA (44, 45) is a modification of conventional 

parallel imaging by changing image acquisition and 
reconstruction scheme. In 2D parallel accelerations in 3D 
imaging, CAIPIRINHA is advantageous over conventional 
parallel imaging with regard to signal-to-noise ratio (SNR) 
for high acceleration factors (46, 47). CAIPIRINHA has been 
used by numerous groups for clinical 3D DCE liver imaging 
(12, 48-50). A sequence referred to as CAIPIRINHA-Dixon-
TWIST (CDT) VIBE, as the name implies, adopts CAIPIRINHA 
in DCE arterial phase imaging in the liver (48). Acquisition 
of dynamic 3D images with 2.6 sec temporal resolution 
within a single breath-hold has been demonstrated (48).    

IMAGE RECONSTRUCTION

Compressed Sensing Parallel Imaging
Image reconstruction in compressed sensing parallel 

imaging can be posed as an optimization problem where a 
data consistency term is related to fitting of measured data 
to an MR signal model and a regularization term promotes 
sparsity in transform domain. Eq. [1] describes an example 
of optimization formulation for estimating an image . 

 = argmin
m

|| F·C·m-d||2
2

 + λ1||S1·m||1,              Eq. [1]

where m is 3D dynamic image in x-y-z-t, C is coil sensitivity, 
F is undersampled Fourier encoding, d is undersampled 

k-space data in kx-ky-kz-t-coil, S1 is temporal sparsifying 
transform operator, and λ1 is a regularization parameter. 
Temporal L1-norm regularization is highly effective in 
reducing incoherent aliasing artifact from pseudo-randomly 
undersampled data in Cartesian sampling such as DISCO 
or in reducing streak artifact reconstructed from highly 
undersampled radial data such as GRASP.

In Cartesian acquisition such as DISCO, frequency encode 
(i.e., kx) is fully sampled. In practice, to save memory space, 
k-space data can be Fourier-transformed along kx to obtain 
k-space data in x-ky-kz-t-coil. For a given x, an image 
series in y-z-t can be reconstructed. Coil sensitivity maps 
can be derived from fully sampled central portion in (ky, kz).  

In 3D stack-of-stars acquisition such as GRASP, slice 
encode (i.e., kz) is fully sampled (or often performed in 
partial k-space where the acquired sample spacing meets 
the Nyquist sampling criterion). In practice, to save memory 
space, k-space data can be Fourier- transformed along kz 
to obtain k-space data in kx-ky-z-t-coil. For a given z, an 
image series in x-y-t can be reconstructed. Coil sensitivity 
maps can be derived from densely sampled central portion 
in (kx, ky). 

Respiration as an Additional Dimension
In free-breathing continuous acquisition, images can 

be reconstructed with respiratory motion as an additional 
dimension. Eq. [2] describes an example of optimization 
formulation for estimating an image . 

 = argmin
m

|| F·C·m-d||2
2

 + λ1||S1·m||1+λ2||S2·m||1,     Eq. [2]

where m is the respiratory motion resolved 3D dynamic 
images in x-y-z-t-r, C is coil sensitivity, F is undersampled 
Fourier encoding, d is undersampled k-space data sorted 
based on respiratory motion in kx-ky-kz-t-coil-r, S2 is 
sparsifying transform operator along respiratory motion 
state, and λ1and λ2 are regularization parameters. Figure 6 
demonstrates X-D GRASP reconstructed images that contain 
respiration states for all contrast phases. X-D reconstruction 
framework in a variable density Cartesian sampling scheme 
with 1-D navigation sequence has also been demonstrated 
(30).  

FAT SUPPRESSION

Adipose tissue, or fat, has unique characteristics in MR 
imaging. First, fat has short T1 recovery time. Second, 
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fat has a distinct resonance frequency offset known as 
chemical shift. Because T1 of fat is short, fat signals appear 
bright in images acquired with a T1-weighted gradient 
echo sequence. The brightness of fat may not be well-
differentiated from the brightness of lesions in arterial 
phase imaging. Hence, fat suppression is important to 
improve lesion conspicuity. There are two methods that can 
suppress fat: fat saturation and water-fat separation. 

Fat Saturation
Fat saturation pulses can be applied before imaging 

pulses to suppress fat. As 3T MRI is increasingly used over 
1.5T for liver imaging, fat suppression pulses that are 
robust to B0 and B1field inhomogeneity are advantageous. 
SPAIR (spectrally adiabatic inversion recovery; Siemens) 
uses a 180° fat-selective adiabatic inversion pulse for the 
robustness to B1 field inhomogeneity and nulls fat signal 
at imaging. SPIR (spectral pre-saturation with inversion 
recovery; Philips) is based on a 110-180° fat-selective 
inversion recovery and nulling of fat signal at imaging. 
SPAIR or SPIR is typically used in conventional single 
breath-hold 3D DCE liver imaging. For a longer acquisition 
lasting beyond a single breath-hold which is attempted 
in arterial phase imaging, fat saturation pulses need to be 
periodically applied to maintain adequate fat suppression 
(51). A drawback of this approach is that images are not 
acquired during fat saturation preparation pulses. 

Water-Fat Separation
Water-fat separation (a.k.a., Dixon technique) is an 

alternative approach for fat suppression. It takes advantage 
of chemical shift property of fat. A thorough review of 
water-fat separation has been provided by Eggers and 
Bornert (52). Typically, in-phase, oppose-phase, water and 
fat images are obtained after processing. Since data are 
acquired with more than one echo, TR is longer than the 
single echo sequence. Dual echo imaging is advantageous 
over triple echo imaging in DCE liver MRI because it is 
faster due to the use of shorter TR. Echo time can be 
flexibly adjusted and shortened to reduce TR (53, 54). For 
arterial phase imaging of long acquisition time, dual echo 
Dixon imaging may be more suitable than imaging with 
fat saturation preparation pulses since imaging can be 
continuous without needing preparation pulses. Figure 7 
illustrates water-fat separation from dual-echo GRASP data. 
Although not shown in the Figure, with the same dual-
echo GRASP data, water-fat separation can be obtained 
along with respiratory motion resolved when X-D GRASP 

reconstruction is performed. In addition, a feasibility of 
image reconstruction concurrent with water-fat separation 
has been demonstrated in a recent study by Benkert et 
al. (55). The method was based on an MR signal model, 
incorporating chemical shift encoding. It demonstrated 
that fat suppressed liver images were reconstructed with 
reduced imaging blurring.

QUANTITATIVE LIVER PERFUSION

Workflow for Quantification
The main goal of quantitative liver perfusion imaging is 

to separately obtain arterial and portal venous blood flow 
in the liver (56). Free-breathing T1-weighted dynamic 3D 
acquisition sequences are typically used with sufficiently 
long acquisition time encompassing arterial and portal 
venous phases. Parallel imaging with view sharing is 
used to increase spatial-temporal resolution. Image 
registration of dynamic image frames is often necessary 
to correct for respiratory motion and improve accuracy of 
liver perfusion quantification (57). MR signal intensity is 
converted to contrast agent concentration for absolute 
quantification. Quantification of blood flow can be typically 
performed based on dual-input single-compartment model 
and numerical optimization involving deconvolution. 
Here, "dual-input" implies blood supplies from 1) the 
hepatic artery and 2) the portal vein. Notably, dual-
input two-compartment model, unlike dual-input single-
compartment model, assumes extracellular and intracellular 
compartments in the pharmaco-kinetic modeling. Sourbron 
et al. (58) have demonstrated the benefit of dual-input 
two-compartment model in improved data fitting of 
concentration-time curves. Estimated quantities include 
arterial flow, venous flow, arterial fraction, extracellular 
volume, and hepatocellular (intracellular) uptake rate. 

Accelerated Imaging
Fast 3D imaging with high spatial-temporal resolution is 

important for accurate estimation of arterial input function, 
leading to accurate perfusion quantification. Although 
conventional view-sharing reconstruction schemes can 
help increase frame update rate, it has limitation of wide 
temporal footprints due to the use of adjacent temporal 
frames for k-space filling. A variety of advanced imaging 
techniques without view sharing can be employed to 
increase spatial-temporal resolution in perfusion MRI of 
the liver. For example, through-time spiral GRAPPA with 
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temporal resolution of 1.6-1.9 sec/volume and scan time 
of 3.5 min has been used to obtain liver 3D perfusion maps 
using a dual-input single-compartment model (59). It has 
been demonstrated that GRASP with temporal resolution 
of 2.2-2.4 sec/volume and scan time of 5-6 min can 
quantify liver function such as total plasma flow, portal 
venous flow, arterial perfusion fraction, and mean transit 
time using a dual-input two-compartment model (60). The 
same continuously acquired data with GRASP have been 
used to obtain images for morphologic assessment with 
larger temporal window reconstruction (i.e., approximately 
10 seconds of temporal resolution). The flexible temporal 
resolution selections doable in the golden-angle sampling 
scheme are intriguing because both morphological and 
functional assessments are feasible without needing 
additional scan time or additional contrast agent injection.  

In conclusion, conventional breath-hold single-phase 
liver imaging during arterial phase may suffer from low 
sensitivity of lesion detection related to improper image 
acquisition timing or artifacts related to transient severe 
motion mainly caused by hepatobiliary contrast agents. To 
overcome these aforementioned limitations, researchers 
have developed multi-phase acquisitions for breath-hold 
imaging and dynamic continuous acquisitions for free-
breathing imaging. Compressed sensing parallel imaging 
is a key element for improving spatial and temporal 
resolution. Recent radial imaging techniques such as GRASP 
and X-D GRASP have enabled free-breathing arterial phase 
imaging with multiple phases and demonstrated higher 
frame-rate images and more reliability in capturing arterial 
enhancement than conventional breath-hold arterial phase 
imaging. However, due to their flexibility in the selection 
of temporal resolution and reconstruction parameters, how 
one can systematically standardize parameter selection 
remains unclear. A drawback of dynamic compressed 
sensing parallel imaging reconstruction schemes is its long 
image reconstruction time which can be a limiting factor 
in routine clinical exams. Recently, machine learning-based 
image reconstruction framework has demonstrated its 
potential to generate image quality similar to compressed 
sensing parallel imaging and significantly reduce 
reconstruction time (61). This topic may be relevant to 
multi-phase DCE liver image reconstruction in the future.  
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