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Introduction

Liver magnetic resonance imaging (MRI) is subject to 
continuous technical innovations through advances in 
hardware, sequence and contrast agent development. 
When compared to its main competitor CT, MRI has the 
advantage of without ionizing radiation exposure, better 
tissue contrast, administration of contrast agent is not 
obligatory and if administered, contrast agent is of much 
smaller volume and hepatocyte-specific contrast agents 
are available. Liver MRI typically includes T1 weighted 

imaging (T1W), T2 weighted imaging (T2W), diffusion 
weighted imaging (DWI) and apparent diffusion coefficients 
(ADC) mapping, and contrast agent enhanced imaging. 
More recent developed quantification techniques of 
practical values include quantification of liver fat and iron, 
MR elastography, and dynamic contrast-enhanced (DCE) 
imaging.

Constraints associated with liver MRI include high cost, 
long acquisition time, greater need for patient collaboration 
and individual patient limitations such as claustrophobia 
and presence of pacemakers/metal implants, etc. Liver 
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imaging is particularly susceptible to various physiological 
movements, particularly respiratory motion and cardiac 
motion for the left liver. A number of strategies, including 
external trigger techniques, have been developed for 
reducing or eliminating liver motion influences. Methods to 
speed up data acquisition are also introduced to overcome 
the constrains for liver imaging. As the availability of high 
field and ultra-high-field whole body MR system increase, 
the B1 inhomogeneity, and high specific absorption rate 
(SAR) and safety concerns also increased. There is a 
need for better coil design, acceleration techniques, and 
sequences to address these issues. 

In order to utilize the abilities of liver MR to its full 
extent and perform high-quality efficient exams, it is 
mandatory to use the best imaging protocol, to minimize 
artifacts and to select the most adequate type of contrast 
agent. In this article, we review the routine clinical MR 
techniques applied currently and some latest developments 
of liver imaging techniques to help radiologists and 
technologists to better understand how to choose and 
optimize liver MRI protocols that can be used in clinical 
practice. 

Liver fat signal suppression

Fat suppression is commonly used in MRI to suppress the 
signal from adipose tissue and can have abnormalities other 
than the adipose tissue enhanced, which will otherwise be 
bright signal due to their long T2. Fat signal suppression 
is achieved through two principles: (I) the difference in 
the resonance frequency between lipid and water protons, 
which is also called chemical shift (1). (II) the difference in 
T1 between lipid and water protons. The application of fat 
suppression techniques depends on the amount of adipose 
tissue to be suppressed in MR signal as well as the field-of-
view (FOV) location relative to the field center (2,3). 

Short TI inversion recovery (STIR) sequence uses an 
inversion pulse and time delay (TI) according to T1 of fat 
protons (2). In order to suppress signal from adipose tissue 
by nulling its longitudinal magnetization, so that fat will 
not contribute to signals in the subsequent image signal 
acquisition, an inversion-recovery pulse with specific timing 
is applied. The longitudinal magnetization of fat protons 
recovers faster than of water. Consequently, after a time 
delay [TI, usually 165 and 220 ms on 1.5T (T) and 3T MR, 
respectively] selected for the more rapidly-recovering fat 
signal reaches zero, a 90° pulse flips the magnetization into 
the transverse plane so that the fat transverse magnetization 

is zero. While the water protons still had a negative z 
component and pertain transverse magnetization signal. 
Image contrast between tissues depends on the tissue T1 
values as well as the selected TI. However, the dependency 
of relatively long inversion recovery time sometimes causes 
conflicts with the respiratory trigger and causes images 
sensitive to motion. In addition, the intuitive SNR of 
STIR image relatively lower than the other fat suppression 
techniques described below. Hence this method is currently 
only limited applied in liver imaging. 

Another family of fat-suppression pulse sequences are 
based on chemical shift effect or its hybrid technique with 
STIR. The difference in electronic shielding of the protons 
in fat molecules and water molecules results in different 
precession frequencies of fat and water (chemical shift 
effect). The fat peak is approximated 3.5 ppm away from 
water peak in MR spectroscopy (4), with the main fat peak’s 
resonance frequency 447 Hz lower than that of water at 
3T, 223 Hz lower at 1.5T and 149 Hz lower at 1T (3). It is 
more effective for the frequency selective fat suppression 
methods at 3T compared with a weaker magnetic field 
because the two peaks are separated wider with higher 
magnetic field strength, other than potentially overlapped 
in a weaker magnetic field and cause het erogeneous fat 
suppression. However, frequency selective fat suppression 
methods are less suitable for a large field of view, off-
center imag ing and anatomic regions with challenging 
geo metric features because of the higher B0 heterogeneity, 
neither for patients with metallic implants due to the strong 
susceptibility effect. 

The STIR method can be modified with a combination 
of chemical selective or spectral pre-saturation attenuated 
inversion-recovery pre-pulses [spectral pre-saturation with 
inversion-recovery (SPIR)] (1,5). A spectral fat suppression 
RF preparation pulse is applied to rotate only the fat 
magnetization with an angle of 180°. The fat magnetization 
is then flipped in the z-direction, and starts the longitudinal 
relaxation. After a time TI, selected to null fat signal, the 
90° excitation pulse is applied. As fat has no longitudinal 
magnetization at this point, the excitation pulse produces 
no fat transverse magnetization, therefore, the fat signal is 
suppressed. SPIR is mostly applied in T2W. Particularly 
because of its short pulses, it is used with multi-shot 
imaging methods, such as periodically rotated overlapping 
parallel lines with enhanced reconstruction (PROPELLER) 
and radial acquisition (6). 

The spectral adiabatic inversion recovery (SPAIR) 
method uses a spectral selective adiabatic inversion pulse 
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to invert the fat spins (1,7). Comparing to conventional RF 
pulses with flip angle proportional to the amplitude of the 
B1 field hence modulated by the elec tric characteristics of 
the tissue, adiabatic RF pulses sweep a range of frequencies 
and are largely insensitive to the absolute amplitude of the 
RF field. A large spoiler is usually immediately applied 
to eliminate residual transverse magnetization. The fat 
spins, after flipped by the adiabatic pulse, start the T1 
relaxation, and the longitudinal magnetization will be zero 
after a TI selected for fat suppression. Then an excitation 
pulse is applied for image acquisition, with no fat spin 
signals flipped from the z-direction. SPAIR fat suppression 
generates more homogeneous fat saturations because it is 
less sensitive to RF field inhomogeneities and only fat spins 
are suppressed/inverted. The signal-to-noise ratio (SNR) 
in SPAIR images is usually superior to STIR and SPIR, 
hence it is more widely accepted in clinical use for T2W. 
However, the adiabatic RF pulses are usually longer, its 
application is mostly limited in single shot image methods, 
such as single shot turbo spin echo sequence (3). 

Thomas Dixon introduced a chemical shift imaging (CSI) 
method using the in-phase/out-of-phase cycling in 1984 (8),  
and this method has been evolved since then. Since 
water and fat protons have slightly different resonance 
frequencies, their spins get aligned and anti-aligned 
with each other at different time time-of-echo (TE). By 
measuring the signal at in-phase, the summation of water 
and fat proton signals is acquired; and subtraction of the 
signals is acquired at the out-phase time. Thus, water image 
is calculated by the sum of two measurements, and fat 
image by subtraction. Advanced methods via carefully tuned 
TE and reconstruction (9,10) or 3 points measurement (11)  

help reduce or even eliminate phase errors due to field 
inhomogeneities and improves stability of outcome. There 
have been a lot of improvements since its invention in 
image acquisition and reconstruction, and it is becoming 
the standard T1W method for liver. 

The fat suppression method principle of selective 
excitation technique (ProSet) (12), water excitation  
(WE) (13), or spectral-spatial RF (SSRF), also utilizes the 
resonance frequency difference between water and fat to 
separate the magnetization components of water and fat 
into longitudinal direction and the transverse plane. It 
applies a series of non-selective pulses with binomial flip 
angles (hence it is called binomial pulses) with ratio of 1:1, 
1:2:1, 1:3:3:1, etc. Precision of the excitation band could be 
improved with longer binomial chain of pulses, and majority 
imaging implementations use a 1:2:1 triplet. However, a 
triplet or higher binomial chain takes a little longer than a 
single Fat-Sat pulse, the image SNR is not as optimal, hence 
not routine used for liver exams. However, its advantage of 
less sensitivity to B1 inhomogeneity lead it to be commonly 
applied in spine MR imaging exams (13). 

Diffusion-weighted MR imaging (DW-MRI) 

Basic techniques of DW-MRI 

Any particle at a temperature above absolute zero possesses 
thermal energy that manifests as random movement 
(“molecular diffusion”) (14-16). Diffusion MRI measures a 
single phenomenon—the dephasing of proton spins in the 
presence of a spatially varying magnetic field (“gradient”). 
Diffusion measurement is not per se an MR parameter, it 
has been shown that there is no correlation between the 
diffusion coefficient and T1 and T2, but MRI is the only 
available imaging method to measure and evaluate diffusion 
in vivo with spatial resolution (14). 

Stejskal and Tanner (17) were the first to describe an MR 
experiment that could be used to observe and measure water 
diffusion. They modified a standard T2W sequence by 
applying a symmetric pair of diffusion sensitizing gradients 
on either side of the 180° refocusing pulse. For static (non-
diffusing) spins, the phase shifts induced by two opposing 
gradients are refocused. However, for moving (diffusing) 
spins, the cancellation is incomplete leading to residual 
phase dispersal and further signal attenuation. Diffusion 
NMR experiments can be extended to three dimensions 
by applying diffusion-weighting gradients in any direction 
(Figure 1). Liver DW-MRI is routinely conducted by using 

90°

RF

GR

GP

GS

180° Spin echo

Figure 1 Diffusion-weighted spin-echo magnetic resonance 
imaging (MRI) sequence. Radiofrequency (RF) shows the 90- and 
180-degree pulses, GR is the readout gradient (typically x-direction, 
left-right), GP is the phase-encoding gradient (typically y-direction, 
antero-posterior) and GS is the slice-select gradient (typically 
z-direction, supero-inferior). Reproduced with permission from (16). 
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tri-directional diffusion gradients along each of the three 
directions (x, y, and z), and the average DWI (trace) is 
evaluated. 

The degree of signal attenuation in the presence of such 
a symmetric pair of diffusion sensitizing gradients is given 
by the Stejskal-Tanner equation: 

2 2 2

0

S δln γ G δ D
S 3

b   = − ∆ −   
    

[1]

Where Sb and S0 are the echo signals in the presence and 
absence of the diffusion gradients, γ is the gyromagnetic 
ratio, G is the gradient amplitude, Δ is the gradient 
separation, δ is the gradient duration and D the diffusion 
coefficient. These parameters are usually combined into a 
single parameter known as the b-factor where: 

2 2 2 δb γ G δ
3

 = ∆ − 
   

[2]

Thus, the sensitivity of the imaging sequence to water 
diffusion can be altered by changing the b value, or b factor. 
Increasing b value can be theoretically obtained by (I) 
increasing the strengths (heights) of the diffusion sensitizing 
gradients, (II) increasing their durations, and (III) increasing 
the gap between the paired gradient lobes. The signal 
intensity from protons with larger diffusion distances per 
unit time (e.g., blood flow associated pseudo-diffusion) is 
attenuated with small b values. By comparison, when higher 
b values (e.g., ≥500 s/mm2) are used, there is usually less 
signal attenuation from cellular tumors containing protons 
with shorter diffusion distances, compared with the normal 
liver. The echo signal in a typical spin-echo sequence 
(Figure 1) combines T2 and diffusion-weighting (with only 
negligible T1 weighting): 

( )b 0
2

TES S exp exp bD
T

 
= − − 

   
[3]

In order to remove the effect of TE on diffusion 
measurement, increasing b value is obtained by increasing 
the strength of the diffusion gradients in practice to keep 
the same TE value. As such, by measuring the signal at 
two different b values, the effects of T2 decay can be 
removed, leaving just the diffusion-weighted attenuation. 
By combining Eqs. [1-3], it is obtained that 

b

0

Sln bD
S

 
= − 

   
[4]

Thus it is able to calculate the diffusion coefficient D 
in each voxel of the image. A more accurate estimate can 

be obtained via linear regression with a series of DWI of 
different b values. 

Using pure water at body temperature (37 ℃) as a 
reference standard, the average displacement of water 
molecules during a 50-ms interval is approximately  
30 μm (18). Because this is comparable to or greater than 
the dimensions of cells, there is a high probability that water 
molecules will interact with cells and their hydrophobic 
membranes and macromolecules will impede the motion 
of water. The observed or “apparent” diffusion of water 
within tissues is typically several-fold less than in pure 
water. Moreover, diffusion in biologic systems is affected 
by water exchange between intracellular and extracellular 
compartments and the tortuosity of the extracellular space 
(which in turn is affected by cell sizes, organization, and 
packing density). Thus, although the spatial resolution of 
DW-MRI is typically on the order of millimeters, DW-MRI 
is exquisitely sensitive to changes in diffusion measured on 
the cellular scale (e.g., micrometers). A clear example of the 
ability of DW-MRI to document directional diffusion from 
which architectural features can be derived is the anisotropy 
depicted in highly directional structures (e.g., myelinated 
white matter fiber tracts). 

Although a number of DWI sequences can be applied to 
evaluate the liver, single-shot spin-echo (SE) echo-planar 
imaging (EPI) technique is the most frequently used in 
combination with fat suppression (e.g., spectral attenuated 
inversion recovery or chemical excitation with spectral 
suppression) (19-21). EPI samples all the k-space data 
points necessary to reconstruct the image using a gradient 
echo train after a single 90–180 pair of RF pulses (22). 
However, the maximum attainable spatial resolution of EPI 
can be limited by T2*-decay during the long duration of the 
gradient echo train. In addition, EPI has only a very small 
bandwidth per pixel along the phase encoding direction. 
Hence, EPI is very susceptible to off-resonance effects, such 
as main field inhomogeneity, local susceptibility variations, 
and chemical shift, which all may lead to severe image 
artifacts (22). To reduce such artifacts, diffusion-weighted 
single-shot EPI can be combined with parallel imaging 
like SENSE and/or other acceleration strategies. Single-
shot SENSE-EPI reduces the train of gradient echoes in 
the EPI-readout leading to a faster k-space traversal per 
unit time. The resultant increased bandwidth per pixel in 
the phase-encoding direction and the shortened EPI train 
thus improve image quality. Imaging artifacts may also 
be ameliorated using other pulse sequences or alternative 
k-space trajectories (22).
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Al l  DW-MRI measurements  are  inf luenced by 
artifacts and machine imperfections. These include B0 
inhomogeneity resulting from susceptibility variations 
within biologic or physical test objects/samples (this includes 
patients, volunteers, and nonhomogeneous structured 
phantoms). Chemical shift artifacts result from the presence 
of more than one chemical species or scalar coupling. Other 
artifacts are measurement-induced, for example, Nyquist 
ghosting and geometric distortions from residual motion-
probing gradients (MPGs)-induced eddy currents.

Single-shot SE echo-planar DW MR imaging still has 
limited image quality, including poor SNR, limited spatial 
resolution, and EPI-related artifacts (mainly distortion, 
ghosting, and blurring) (23). 3T MRI has increased SNR, 
enabling higher spatial resolution compared with 1.5T. 
However, a fourfold increase in the SAR compared with 
1.5T, higher sensitivity to susceptibility artifacts, B1 
inhomogeneities and higher readout bandwidths were 
reported and in some cases, may significantly affect image 
quality. Uniform fat suppression for liver DWI has always 
been a challenge with 3T magnets and susceptibility artifacts 
are also more pronounced at 3T scanners. Promising 
strategies to obviate the disadvantages of 3T systems include 
the use of non-EPI sequences (turbo-FLASH, HASTE, 
SSFP) and dual-source parallel RF excitation DWI. 

To ensure high-quality DW-MR images, the following 
summarizes the key factors that would help to optimize 
image quality (24).

(I) Parallel imaging is used in the body as this shortens 
echo-train lengths and reduces susceptibility and 
magnetic field inhomogeneity-related artifacts. 

(II) Multiple averaging at high b-factor is used. To 
acquire additional averages at higher b value (e.g., 
>500 s/mm2) can be advantageous to compensate 
for reductions in SNRs at high b values.

(III) TR should be sufficiently long to avoid T1-
saturation effect, which results in an underestimation 
of ADC values. The TE should be kept as short as 
possible because this results in better SNR and it 
minimizes motion and susceptibility EPI related 
artifacts. TE is typically 50–90 ms at 1.5T and 
even shorter at 3T. Tetrahedral encoding or other 
simultaneous application of gradient schemes 
(e.g., three-scan trace (Siemens), gradient overplus 
(Philips) should be used to achieve the shortest 
possible TE.

(IV) Where available, use advanced or higher-order 
shimming techniques. Eddy currents related to 

diffusion gradients and EPI techniques lead to 
geometric distortions and image shearing, which 
can be reduced by increasing readout bandwidths or 
reducing the echo spacing, conversely reducing the 
length of image readout. For body imaging, this is 
typically 1 to 2 kHz per pixel. However, increasing 
bandwidths increases noise and Nyquist ghosting, 
and so bandwidths or echo spacing settings should 
be optimized.

(V) By reducing the amplitude of the higher b values 
either directly or by using three-scan trace 
methods (these generally reduce the amplitude 
of the individual gradients by a factor of 0.5–0.67 
depending on vendor implementation). 

Moreover, consider performing measurements in the 
fasting state to minimize air in the stomach, which may 
degrade images of the left liver.

ADC quantitation

When performing diffusion-weighted magnetic resonance 
imaging (DW-MRI) in the liver, it is advantageous to 
perform imaging by using both lower and higher b 
values (e.g., three b values, b=0, ≤100, and ≥500 s/mm2 
(typically 500–750 s/mm2). Images with b value less than  
100–150 s/mm2 nulls the intrahepatic vascular signal, 
creating the so-called black-blood images, which improves 
detection of focal liver lesions, while higher b values  
(≥500 s/m2) give diffusion information that helps focal 
liver lesion characterization. Additional b values can be 
considered when the primary aim is to obtain an accurate 
ADC since increasing the number of data points can reduce 
the error in the ADC estimation. Because of the relatively 
short T2 relaxation time of the normal liver parenchyma, 
the b values used for clinical imaging are typically no 
higher than 1,000 s/mm2. Liver signal is low when b value 
is  greater than 800 s/mm2, and noise may contribute 
substantially to the signal and influence the calculation of 
diffusion coefficients. To generate b values larger than this 
would generally require the use of longer diffusion-gradient 
pulses with longer echo times and thus being prone to loss 
of signal from T2 decay. 

ADC was introduced in 1986 (14), it is the most used 
diffusion parameter in liver. ADC (in mm2/s) is obtained 
by a mono-exponential fit of signal intensity function of 
b-value. Though most commercial software often performs 
mono-exponential regression with ≥2 b values, the ADC is 
most commonly calculated by mono-exponential regression 
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using two b values with the formula:

( ) ( )b1 b2 2 1/ADC=Ln S S / b b−  [5]

where SIb1 and SIb2 denote the signal intensity acquired with 
the b-factor value of b=b1 and b=b2 s/mm2, respectively. 

The value of the ADC strongly depends on the b values 
chosen for its calculation. ADC is overestimated when 
b=0 s/mm2 is included to calculate it because the effect of 
perfusion is also incorporated in the calculation (see the 
IVIM paragraphs below) (Figure 2). Another problem of 
ADC quantitation is the DW images’ signal can be much 
affected by noise. Even the same two b values are chosen, 
the reproducibility can be problematic. For b values  
>50–100 s/mm2, signal attenuation can be considered 

mono-exponential, and ADC calculated with b >50 s/mm2 
as the first value (and not b=0) is more reproducible (25) .

It should be noted that as a malignant liver tumor can 
have both restricted water motion and in the meantime 
increased perfusion. For ADC computed including b=0 
images, these two effects in the opposite directions may 
cancel each other to various extents, thus ADC becomes 
a less sensitive biomarker. However, it is recommended 
to acquire the nominal b=0 image to provide anatomic 
information. Usually, the b=0 image can be obtained 
quickly using single-shot techniques, because acquisition 
along three-orthogonal axes is not performed for the b=0 
weighting. It is possible to fractionate the calculation of 
the ADC if three or more b values are used at DW MR 
imaging. For example, if DW imaging is performed by 
using three b values of 0, 100, and 500 s/mm2, it is possible 
to calculate the ADC by using all three b values. However, 
it is also possible to calculate a perfusion-insensitive ADC 
by using just the higher b values (100–500 s/mm2) or a 
perfusion-sensitive ADC by using the lower b values (0– 
100 s/mm2). For clarity, the b values used to calculate the 
ADC can be systematically included after the term “ADC”, 
For example, if b values of 50, 200 and 400 s/mm2 are used 
to calculate the ADC, the ADC can be cited as “ADC (b=50, 
200, 400)” (25). 

Note the signal intensity observed on the diffusion image 
is dependent on both water proton diffusivity and the tissue 
T2-relaxation time. This means that a lesion may appear 
to show restricted diffusion on DW MR images because 
of the long T2-relaxation time rather than the limited 
mobility of the water protons. ‘T2-shine through’ is the 
term to describe hyper-intensity of tissues related to the 
intrinsic T2-weighting of DW images and to be present 
when mild hyperintensity is seen on high b value images  
(800–1,000 s/mm2) and on ADC maps. This phenomenon 
can be observed in the normal gallbladder, cystic lesions, 
and hemangiomas (Figure 3).  Areas demonstrating 
substantial T2 shine-through rather than restricted 
diffusion will show high diffusivity on the ADC map and 
high ADC values. 

The ADC values for all voxels can be displayed as a 
parametric map. Both region-of-interest and histogram 
analysis of ADC measurement can be obtained. For drawing 
ROI, the b=0 (or a very low b value image) is usually used, 
although high b value images may also be used. In the latter, 
it should be noted that high b value images may be associated 
with more severe image distortion. If traditional anatomic 
images, which are independent of the DW-MRI sequences, 
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Figure 2 Evolution of the signal measured using a diffusion-
weighted sequence with 16 b values (0, 5, 10, 15, 20, 25, 30, 35, 40, 
45, 50, 100, 200, 400, 600, 800 s/mm2) in a normal liver. Square 
points: measured values; red line: bi-exponential regression fitting 
[see intravoxel incoherent motion (IVIM) paragraphs below]; 
dashed blue line: 2-point mono-exponential regression (b=0,  
800 s/mm2) for apparent diffusion coefficients (ADC) calculation, 
dash green line: 2-point mono-exponential regression (b=0,  
600 s/mm2) for ADC calculation. Thick yellow line: multiple mono-
exponential regression (b=50, 100, 200, 40, 600 s/mm2) for ADC 
calculation. In a semi-logarithmic projection, a mono-exponential 
curve gives a straight line, whose slope is ADC. The first part 
(0<b<50 s/mm2) of the fitting curve (red dotted oval) represents 
both true diffusion and perfusion-related diffusion, whereas the 
second part (>50 s/mm2) reflects mostly true diffusion. The ADC 
(i.e., the slope) varies considerably (and is overestimated) when 
b=0 s/mm2 is used to calculate it, because the effect of perfusion is 
also incorporated in the calculation. In this example, ADC (b=0,  
600 s/mm2) > ADC (b=0, 800 s/mm2) > ADC (b=50, 100, 200, 400, 
800 s/mm2). Partially modified with permission from (25).
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Figure 3 ‘T2-shine through’ effect on the signal of gallbladder and CSF, both of them have high diffusivity. Due to their long T2 time, 
gallbladder and CSF show consistent high signal on images from b=0 to b=400 s/mm2 and show mild hyperintensity on b=600 s/mm2 image. 
CSF, cerebrospinal fluid.

are used to draw ROI, then image registration is required, as 
DWI images are more likely to suffer from distortions.

Note ADC quantification requires minimum acceptable 
SNR at higher b values. Use of low-SNR images for ADC 
quantification may negatively affect ADC quantification 
reliability. Low SNR pixel values can be eliminated before 
the ADC map calculation, and these pixels can be flagged as 
“not-a-number” for the exclusion (24). In tumor assessment, 
the inclusion of necrotic and cystic zones can include 
extremes in water ADC values, which may bias image 

analysis.
ADC values (thus also IVIM measurement) have been 

reported to be influenced by the presence of fat or iron 
within the liver. Liver tissue with high iron concentration is 
associated with decreased ADC measure (26).

Applications of liver DW-MRI

The ease of acquisition and ability to obtain perfusion and 
diffusion information without the necessity of intravenous 
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contrast administration have contributed to the growing 
interest in exploring clinical applications of DW-MRI. 
DW-MRI can be quick and performed within a breath-hold 
and it can be readily incorporated to existing protocols.

Applications of liver DW-MRI: liver lesion detection

DW-MRI improves sensitivity in the detection of focal 
lesions, helps tissue characterization (differentiating benign 
from malignant lesions), support monitoring treatment 
response and differentiating post-therapeutic changes from 
the residual active tumor as well as detecting recurrent 
cancer. DW-MRI can be included in routine liver MR 
protocols in combination with conventional unenhanced 
and contrast-enhanced MRI. It is usually performed prior 
to contrast agent administration, although performing DW-
MRI after the Gadolinium administration may not affect 
DW-MRI assessment. DW images should be interpreted 
concurrently with the ADC map and all other available 
morphologic imaging. 

Cellular tissues, such as tumors, demonstrate restricted 
diffusion (high signal intensity) on higher b value  
(≥500 s/mm2) images and low ADC value. By contrast, 
cystic or necrotic tissues will show a greater degree of 
signal attenuation on higher b value diffusion images and 
have higher ADC value. The reason(s) why malignant 
tumors have lower ADC values are poorly understood but is 
probably related to a combination of higher cellularity, tissue 
disorganization, and increased extracellular space tortuosity, 
all contributing to the reduced motion of water (24).  

DW-MRI at high b values (≥100 s/mm2) also provide a 
low background signal from normal liver parenchyma 
and thereby results in increased contrast between the 
background liver and lesions, enhancing the detection of 
focal liver lesions (Figures 4,5,6).

Studies comparing DW-MRI and T2 weighted sequences 
generally show better performance of DW-MRI. DW-
MRI is especially useful in the detection of small lesions 
around vessels and in the periphery of liver, which can 
be challenging to detect on routine T2 weighted images. 
DW-MRI adds value in oncologic patients by depicting 
more liver lesions when combined with contrast-enhanced 
MRI protocols, and improves reader confidence in lesion 
detection, particularly for small tumors (28-31).

Due to ‘T2-shine through’, tissues with long T2-
relaxation time show hyper-intensity on DW images and 
ADC maps (Figures 3,7).

Applications of liver DW-MRI: liver lesion characterization

In general, tumors have lower ADC value, whereas normal/
benign/reactive tissues have higher ADC value with a 
variable degree of overlap. Malignant lesions such as HCC 
and liver metastases usually display low ADC values, except 
when treated and/or necrotic. Focal nodular hyperplasia 
(FNH) and adenomas have intermediate ADC value that 
can overlap with those of malignant lesions and normal liver 
parenchyma. ADC values for distinguishing malignancy 
from normal/reactive tissues and benign disease depend on 
histologic characteristics such as tumor type, differentiation, 

T2WI b=100

BA

Figure 4 Lesion detection with diffusion-weighted MR imaging (DW-MRI) versus T2-weighted imaging (T2WI). Transverse fat-
suppressed (A) turbo SE T2-weighted image and (B) single-shot spin echo (SE) echo-planar diffusion image (b=100 s/mm2) in a 54-year-
old man with colorectal cancer. Application of diffusion weighting with low b value eliminates the high signal intensity from the intrahepatic 
vasculature, which makes the metastasis (arrows) in the caudate lobe of the liver more conspicuous on DW-MRI than on T2-weighted 
image. Reproduced with permission from (27).
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BA

Figure 5 Lesion detection at diffusion-weighted MR imaging (DW-MRI) versus mangafodipir trisodium-enhanced T1-weighted imaging. 
DW-MRI (b=750 s/mm2, A) and mangafodipir trisodium-enhanced T1-weighted image (B) in a 47-year-old man with colorectal cancer. The 
small metastatic lesions (arrows) show high conspicuity on (A), and these are easy to overlook on (B). Reproduced with permission from (27).

B

D EC

A

Figure 6 Diffusion-weighted MR imaging (DW-MRI) for lesion detection in a 51-year-old male with metastatic leiomyosarcoma of the 
thigh. (A) Contrast-enhanced CT scan demonstrates a subtle hypodensity in the right lobe of liver (black arrow); (B) post gadolinium 
T1-weighted MR image demonstrates a single metastatic lesion (black arrow); (C,D,E) DW-MRI at b value of 600 s/mm2 demonstrates 
additional lesions (white arrows). Reproduced with permission from (28).
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and necrosis. 
In malignant lesions, DW-MRI is useful in distinguishing 

the different components of tumors (cystic and/or necrotic 
vs. solid components). Hyper-intensity on high b value 
DWI associated with lower ADC value suggesting active 
tumor. Tumor necrosis corresponds to higher ADC values 
compared with viable tumor. Hepatic metastases that 
demonstrate substantial central necrosis can demonstrate 
high ADC. Mucinous malignant lesions that may show a 
lower restriction to diffusion and high ADC and can be 
misdiagnosed as benign lesions.

Liver cysts show pronounced decrease in signal intensity 
with increasing b values and the highest ADC values, 
followed by hemangiomas. The microscopic presence in 
hemangiomas of cellular components, such as endothelium, 
fibrous tissue, and blood, resulting in restricted diffusion 
compared with other cystic lesions with a more complete 
fluid content. 

The diagnostic performance of DW-MRI reported 
in the study by Parikh et al. (32) [area under the curve 
(AUC), sensitivity, and specificity of 0.839, 74%, and 
77%, respectively] likely reflects the realistic diagnostic 
performance of ADC for various liver pathologies. 

ADC va lue  corre l a te s  w i th  h i s topa tho log ica l 
differentiation and microvascular invasion with poorly 
differentiated HCCs showing lower ADC than well-
differentiated and moderately differentiated HCCs (33-36).  
Heo et al. (36) described that all iso- to hypovascular lesions 
on gadolinium-enhanced examinations, which were also 
visible on DW-MRI were poorly differentiated HCCs, 
whereas lesions not visible on DW-MRI were low-grade 
HCCs or dysplastic nodules. The recurrence-free survival 

was found to be shorter in low-ADC group than in high-
ADC group (34). Because HCCs often contain a few 
components with different histological grades, their DWI 
appearances are often inhomogeneous, so Nishie et al. (37) 
suggested measuring minimum ADC so to detect the worst 
histological grade of the tumor. 

Catalano et al. (38) described that, in patients with locally 
advanced HCC, DW-MRI was useful in characterization 
of the venous thrombus as bland vs. tumor thrombus. The 
mean ratio of the ADC of the thrombus to the ADC of the 
tumor in the bland thrombus group was 2.9 compared with 
0.998 in the neoplastic group.

DW-MRI in assessment of tumor response to treatment

DW-MRI is increasingly applied to evaluate tumor 
response to various therapies including biologics therapy, 
chemotherapy, radiation therapy, and local ablation. 
Generally speaking, effective tumor treatment results in 
an increase in the ADC value, which can occur prior to 
a measurable change in tumor size (24,39-41) (Figure 8).  
Higher ADC value likely represents post-therapeutic 
extracellular edema, whereas lower value parts are 
suspicious for active disease. An increase in ADC values 
following systemic chemotherapy can be a sign of tumor 
response with non-responders showing lower ADC values 
than responders (42,43).

However, a transient ADC decrease phase within  
24–48 hours after initiation of treatment has been observed; 
which may be related to cellular swelling, reductions in 
blood flow, or reduction in extracellular space (24,44). 

Following the increase in ADC with treatment, the 
ADC can eventually decrease, which is related to tumor 
repopulation and fibrosis. 

For a rigorous prospective study assessing treatment 
response, double-baseline scans, i.e., to perform baseline 
examination twice, will be valuable as this provides data about 
measurement error of imaging specific to the study and thus 
provides information of what constitutes a significant change 
in an individual and a group of patients (24).

Liver cirrhosis with DW-MRI

There is sufficient evidence that liver cirrhosis is associated 
with lower ADC measurement (45-47). The mechanism 
of diffusion restriction in liver cirrhosis fibrosis is 
multifactorial and not completely understood, but possibly 
related to the presence of increased connective tissue in 

b=0 image ADChigh b image

Benign lesion

Malignant lesion

T2 shine through 
(e.g., gallbladder, cyst)

Figure 7 A simplified presentation of liver lesion characterization 
by visual assessment with b of 0 s/mm2 and a higher b value and 
ADC maps. A benign fluid-containing lesion shows strong signal 
decrease with high ADC, whereas a cellular malignant lesion shows 
no or minimal signal decrease, with low ADC compared with the 
surrounding liver parenchyma. A lesion with long T2 can show a 
T2 shine-through effect. Reproduced with permission from (27).
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Figure 8 Assessment of treatment response with diffusion-weighted MR imaging (DW-MRI). Perfusion-insensitive ADC (ADChigh, using b 
values >200 s/mm2) maps show a metastasis in the left lobe of the liver (A) before and (B) after treatment with an antiangiogenic agent. (C) 
Voxel-wise histogram analysis shows a clear increase in the median ADChigh after treatment, with a shift of the histogram toward the right (red 
line) compared with the pretreatment distribution (blue line). Reproduced with permission from (27).

the liver, which is proton poor, and decreased blood flow. 
However, it can also be concluded that at present, simple 
ADC measurement cannot replace liver biopsy for liver 
fibrosis assessment (48,49). ADC is not sensitive for early-
stage liver fibrosis. 

As both HCC and cirrhosis have decreased ADC, thus 
in some cases HCCs may become difficult to differentiate 
from surrounding cirrhotic changes or dysplastic nodules. 

Fatty liver and DW-MRI

The presence of fat within the liver is associated with 
lower ADC measure (26). The histologic features of non-

alcoholic fatty liver disease (NAFLD) and steatosis is 
correlated with decreased ADC, which has been shown 
both in human and animal studies (49,50). 

Technical aspects of intravoxel incoherent 
motion (IVIM) analysis

In the traditional diffusion theory, the movement freely 
mobile water molecules diffusing from one location to 
another in a certain time is considered to have a Gaussian 
distribution. Based on this Gaussian diffusion behavior, a 
mono-exponential decay function of DWI signal intensity 
with regard to the increase of b value has been adopted 
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for diffusion analysis (15,16). However, water diffusion 
behavior in biological tissues is more complicated than 
the completely free water diffusion in space due to the 
complex cellular structures of tissues with many diffusion 
barriers like membranes. Consequently, the displacement 
probability of tissue water may substantially deviate from 
a Gaussian form and hence violates the validity of the 
monoexponential model to varying extents depending 
on in-vivo tissue characteristics. Several non-Gaussian 
diffusion models have been proposed to account for the 
non-Gaussian diffusion behavior of biological tissues  
(51-56). These non-Gaussian diffusion models were 
mostly proposed and applied for brain DWI initially, while 
their applications to other tissues have been increasing in 
recent years. By considering the continuous distribution of 
microscopic diffusion compartments attenuating at different 
rates with b-values, stretched-exponential model (SEM) (54)  
and statistical diffusion model (SDM) were proposed (53). 
Besides, diffusion kurtosis imaging (DKI) model used 
the Taylor expansion of the DWI signal attenuation in 
powers of b value to measure the excess diffusion kurtosis 
in addition to the diffusion coefficient (52). These different 
non-Gaussian diffusion models may reveal different aspects 
of tissue properties.

IVIM bi-exponential analysis

As the most tested example of Gaussian diffusion model, 
IVIM was proposed by Le Bihan et al. (15,55,56) to account 
for the effect of capillary perfusion on the aggregate DWI 
signal. Two separate parameters (along with their volume 
fractions) have been proposed to reflect the true tissue 

diffusivity and capillary perfusion, respectively, in the 
mathematical form of a bi-exponential decay function. 
According to IVIM theory, the fast component of diffusion 
is related to micro-perfusion, whereas the slow component 
is linked to molecular diffusion. The signal decay of IVIM 
diffusion MRI is therefore described with a bi-exponential 
model (15).

[6]( ) ( ) ( ) ( )0 slow fastSI b SI 1 PF exp b D PF exp b D = × − × − × + × − × 

where SI(b) and SI0 denote the signal intensity acquired 
with the b-factor value of b and b=0 s/mm2, respectively. 
The perfusion fraction (PF, or f) represents the fraction 
of  the  pseudo-di f fus ion compartment  re lated to 
microcirculation, Dslow (or D) is the diffusion coefficient 
representing the slow (pure) molecular diffusion, and Dfast 
(or D*) is the pseudo-diffusion coefficient representing the 
incoherent microcirculation within the voxel (perfusion-
related diffusion). 

The bi-exponential decay behavior of signal intensity on 
MR image and b-factor can be analyzed with segmented 
fitting or full fitting. For the segmented fitting, the signal 
value at each b value is normalized by attributing a value 
of 100 at b=0 s/mm2 [Snorm =(SI / SI0) × 100, where Snorm 

is the normalized signal, SI=signal at a given b value, and 
SI0=signal at b=0 s/mm2]. The estimation of Dslow is obtained 
by least-squares linear fitting of the logarithmized image 
intensity at the b values greater than a threshold b-value 
(such as 200 or 60 s/mm2) to a linear equation. The fitted 
curve is then extrapolated to obtain an intercept at b=0. The 
ratio between this intercept and the SI0, gives an estimate of 
PF. Finally, the obtained Dslow and PF are substituted into 
Eq. [6] and are non-linear least-square fitted against all b 

Figure 9 Bi-exponential segmented fitting curve of parenchyma in a healthy liver. The b value distribution is 0, 2, 4, 7, 10, 15, 20, 30, 46, 
60, 72, 100, 150, 200, 400, 600 s/mm2, and fitting starts from b=0 image. It can be seen that when a higher threshold b value (such as b= 
200 s/mm2) is used, the Dslow value (slope of Dslow2 line) will be smaller than when a lower threshold b value (such as b=60 s/mm2) is selected 
(slope of Dslow1 line). On the other hand, the computed PF is larger when a higher threshold b value is used (height of pf2) than when a lower 
threshold b value is used (height of pf1).
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Figure 10 The graphs show the normalized predicted signal values vs. normalized measured signal values for 50 intravoxel incoherent 
motion (IVIM) scans, with 16 b values of 0, 3, 10, 25, 30, 40, 45, 50, 80, 200, 300, 400, 500, 600, 700 and 800 s/mm2. The oblique diagonal 
lines assume perfect predictions where the signal values derived from model fitting are equal to the measured signal values. For bi-
exponential model, full fitting shows overestimation of the predicted signal for very low b values (a), and for b values range 80–400 s/mm2 
(c); while at b-values range 10–40 s/mm2 (b) and b values range 600–800 s/mm2 (d) the predicted signals are underestimated. The segmented 
fitting shows a stronger overestimation of the predicted signal for very low b values (e), and a trend of underestimation of the predicted 
signal for low b values (f). On the other hand, for the high b value part (≥200 s/mm2), the predicted signal values are more evenly distributed 
both below and above the reference line, i.e., the over- and under-estimations are more random and did not show an apparent trend (g). 
Reproduced with permission from (58).
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values to estimate Dfast. With the full fitting method, all the 
parameters (Dslow, Dfast, PF) are estimated by a single least‐
squares nonlinear regression. 

Typically, for healthy liver and bi-exponential fitting 
starting from b=0, Dslow is around 1.0×10−3–1.1×10−3 mm2/s,  
PF is around 18–22%; Dfast value can vary more widely, 
ranging from 40×10−3 to 100×10−3 mm2/s or even more. 
These values are also affected by how ROI is drawn. 
With ROI including more vessel pixels, IVIM parameters 
increase. Furthermore, the value of three IVIM parameters 
derived from IVIM analysis depends on the b value 
distribution, the fitting method, as well as the threshold b 
value for segmented fitting. For the segmented fitting, a 
higher threshold b value is associated with flatter Dslow curve 
(i.e., lower Dslow value) and leads to higher PF measurement. 
A lower threshold b value leads to Dslow curve containing 
more perfusion compartment, and therefore higher Dslow 
measurement and lower PF measurement (Figure 9). Only 
including low b values which correlate to the initial sharp 
signal decay lead to higher Dfast measurement (57,58). Note 
the dependence of PF, Dslow, and Dfast on threshold b value 
differs between healthy livers and fibrotic livers; with the 

healthy livers showing a higher degree of dependence (57). 
Segmented fitting remains an approximating approach 

that emphasizes the accuracy of Dslow estimation while 
allows less flexibility for Dfast calculation. For bi-
exponential model, full fitting provided better fit at very 
low and low b-values compared with the segmented fitting 
with the later tended to underestimate Dfast; however, 
the segmented method may have a lower error in signal 
prediction for high b values (58) (Figure 10). Theoretically, 
full fitting shall allow more flexibility and therefore 
the possibility to produce results closer to the true 
physiological value of IVIM parameters. However, the 
segmented fitting approach has commonly been used since 
the simultaneous fitting of all diffusion parameters usually 
gives less stable results (58,59). 

Tri-exponential IVIM

Compared with the bi-exponential model, earlier work of 
Cercueil et al. demonstrated that a third very fast diffusion 
compartment may exist (60). More recently, Wurnig  
et al. also demonstrated the presence of a third component 
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of diffusion in liver and kidney (61). Chevallier et al. (58) 
demonstrated that bi-exponential model cannot fit correctly 
very low (range: 3–10 s/mm2) and low b values (range: 
25–80 s/mm2) at the same time, which particularly lead 
to inaccuracy in Dfast estimation. Tri-exponential model 
provides a better fit for IVIM signal decay in the healthy 
liver than the classical bi-exponential model (Figure 11).

For tri-compartmental model, the signal decay is 
modeled according to the following Eq. [7]:

( ) ( ) ( ) ( )0 slow slow fast fast Vfast Vfastb F' exp b D' +F' exp b D' F' exp b D'SI SI × = × − × × − × + × − ×

( ) ( ) ( ) ( )0 slow slow fast fast Vfast Vfastb F' exp b D' +F' exp b D' F' exp b D'SI SI × = × − × × − × + × − ×

( ) ( ) ( ) ( )0 slow slow fast fast Vfast Vfastb F' exp b D' +F' exp b D' F' exp b D'SI SI × = × − × × − × + × − ×

[7]

Where D’slow represents the diffusion coefficient thus 
being similar to Dslow, D’fast and D’Vfast represent the fast and 
very fast perfusion-related pseudo-diffusion coefficients. 
F’slow, F’fast, and F’Vfast are the fractions of each compartment. 
F’slow is similar to the fraction of the slow diffusion 
compartment (1 − PF) and the combination of F’fast + F’Vfast is 
similar to PF of the bi-exponential model. (F’Vfast =1 − F’slow 
− F’fast) can be assumed to simplify the Eq. [7] with 5 rather 
than 6 parameters (58,60). 

For tri-exponential model, the difference between full 
fitting and segmented fitting tends to be small concerning 
the fitting quality (Figure 11), while segmented fitting is 

preferred due to its better scan-rescan reproducibility (i.e., 
fitting stability) (58). The more coefficients are added to a 
model, the more likely estimated parameters become less 
stable (58).

Earlier work of Gurney-Champion et al. (62) proposed 
the removal of voxels presenting high ADC value on ADC 
image created from b=0 and 10 s/mm2, i.e., the removal of 
voxels presenting tri-exponential decay. Gambarota et al. (63) 
proposed to first detect the number of the compartments 
by using non-negative least squares method and then to 
process the fit without b=0 data point in pixels presenting 
a tri-exponential decay. However, in Chevallier et al.’s  
work (58), ROI-analysis was used and the results suggest 
that the majority of pixels included in the ROI showed a 
tri-exponential behavior. Indeed, it can be shown that even 
when ROI is drawn on liver parenchyma to exclude bright 
pixels which would contain ‘visible’ vessel, a sharp drop 
of signal from b=0 to b=2 can still be seen, suggesting the 
inability of a bi-exponential model to fit the signal decay 
at very low b values (unpublished data, YX Wang, N Che-
Nordin, H Huang) (Figure 12). 

IVIM bi-exponential fitting without b=0

The signal difference between b=0 s/mm2 image and b=1 
or b=2 s/mm2 images can be very substantial, the vessels 
(including small vessels) particularly show high signal 

Figure 11 A comparison of fitted curves with the averaged signal of 50 scans using bi-/tri-exponential models with full or segmented fitting. 
The b values are 0, 3, 10, 25, 30, 40, 45, 50, 80, 200, 300, 400, 500, 600, 700 and 800 s/mm2. For the bi-exponential model, both fittings (A) 
do not fit well the initial part of the diffusion signal decay. Full fitting (A) tends to fit better at very low b values (b=3, 10 s/mm2) and some 
low b values (b=40, 45, 50 s/mm2) than segmented fitting model, and shows a steeper slope of the initial curve, leading to a higher Dfast value; 
while segmented fitting may underestimate Dfast. Segmented fitting model fits better at b ≥200 s/mm2, which leads to better accuracy for 
Dslow estimation; while full fitting shows a slightly steeper slope leading to a higher Dslow value. For the tri-exponential model, both fittings (B) 
show a good fit of diffusion signal decay, with the two fitted curves almost indistinguishable. Reproduced with permission from (58).
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without diffusion gradient while showing dark signal when 
the diffusion gradient is on even at b=1 s/mm2. With most 
of the reported IVIM analyses, the diffusion image signal 
decay is computed starting from b=0 s/mm2 image and then 
increasingly higher b values using a bi-exponential decay 
model. However, this decay process may not follow the 
bi-exponential model for ROI (region-of-interest) based 
analysis. While, due to the respiratory motion and low 
signal-to-noise ratio, we favor ROI-based analysis for liver 
IVIM as opposed to voxel-wise analysis. Respiratory motion 
is likely to cause voxel misalignment in the Z-direction. 
We propose that the relationship between liver DWI signal 
and b value can be separated into two parts: part-1 is the 
signal difference between b=0 image and the first very low 
b value image (usually b=2 image), and the rest is part-2 and 
fitted with bi-exponential decay (64-67). For this part-1, we 
propose that liver vessel density can be measured by a DWI 

derived surrogate biomarker (DDVD): DDVD/area(b0b1) 
= Sb0/ROIarea0 − Sb1/ROIarea1 or DDVD/relative = (Sb0 
− Sb1)/Sb1, where Sb0 refers to the measured liver signal 
intensity when b=0 s/mm2, and Sb1 refers to the measured 
liver signal intensity when b=1 s/mm2. This Sb1 can also be 
replaced by Sb2 or even Sb10 (measured liver signal intensity 
when b=2 s/mm2 or b=10 s/mm2). Of note, the sharp signal 
decay between b=0 image and image of very low non-zero b 
value does occur in liver parenchyma parts where no vessels 
can be visible with MR imaging (Figure 12). This is due 
to the rich micro-circulation being imaged; while due to 
intrinsic spatial resolution limitation of MRI, vessels of sub-
millimeter cannot be visualized by MRI.

For bi-exponential decay analysis with b=2 s/mm2 image 
as the starting point, the signal value at each b value is 
normalized by attributing a value of 100 at b=2 s/mm2 
[Snorm=(SI/SI2)×100, where Snorm is the normalized signal, 

Figure 12 Bi-exponential full fitting curves of three portions of liver parenchyma from three healthy livers. On b=0 images, small ROIs are 
drawn on liver parenchyma excluding bright pixels which would contain ‘visible’ vessel. The b value distribution is 0, 2, 4, 7, 10, 15, 20, 30, 
46, 60, 72, 100, 150, 200, 400, 600 s/mm2, and fitting starts from b=0 image. Note despite the ROIs do not contain visible vessel, a sharp 
drop of signal from b=0 to b=2 can still be seen, this would be caused by sub-pixel micro-vessels which show high signal on b=0 image while 
low signal on b=2 image.
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SI=signal at a given b value, and SI2=signal at b=2 s/mm2]. 
The signal attenuation is modelled according to Eq. [8]:

[8]( ) ( ) ( ) ( )2b 1SI SI PF exp b Dslow PF exp b Dfast = × − × − × + × − × 

Where SI(b) and SI2 denote the signal intensity acquired 
with the b-factor value of b and b=2 s/mm2. 

IVIM b value selection and image post-processing 

Due to its relatively high blood supply, the liver is a very 
suitable organ for IVIM analysis. However, the liver is 
in the meantime particularly affected by physiological 
motions such as respiration and heart beating; the left liver 
is also affected by susceptibility artefact due to contents in 
the stomach. IVIM diffusion imaging was for one period 
considered to be very difficult to implement in the liver. 
Scan-rescan reproducibility can be unsatisfactory for 
quantification of the perfusion related fast compartment 
of Dfast and PF (perfusion fraction), while Dslow may not be 
sensitive to pathological change (68-73). In a systematic 
review conducted in 2016, it was concluded that the 
literature till then showed liver IVIM was not able of 
detecting early-stage liver fibrosis and diagnosing liver 
fibrosis grades, nor can it differentiate liver tumors (68).

Recently it was demonstrated that, with sufficient and 
improved selection of b values and careful image post-
processing, PF and Dslow measurements can be quite 
reproducible, and Dfast can be moderately reproducible 
(58,74). Generally, more b values will improve fitting 
stability (68). Ter Voert et al. (70) recommended 16 b 
values for liver IVIM study, and this is the number of b 
values we have been using in recent years (58,66,67,74). 
With current MRI technology, multiple slices covering the 
whole liver can be obtained with respiration-gating and 16 
b values in approximately 5 min. Moreover, for standard 

Figure 13 Two 3T liver intravoxel incoherent motion (IVIM) signal vs. b value curves from b=0 to b=800 s/mm2. Two healthy subjects were 
scanned using the exact same data acquisition setups. Note in (A), the signal at b=700 s/mm2 is almost the same as at b=800 s/mm2, thus the 
exponential decay relationship is lost. However, in (B), exponential decay relationship remains for signals at b=700 and b=800 s/mm2. Note 
there is a sharp decrease of signal between b=0 vs. b=3 s/mm2, while the decrease of signal between b=3 vs. b=10 s/mm2 is much smaller. The 
region-of-interest (ROI) on liver parenchyma was drawn to avoid signal contamination from large vessels well. Modified with permission 
from (64).

Figure 14 Bi-exponential segmented fitting curves of two 
liver intravoxel incoherent motion (IVIM) scans. The b value 
distribution is 2, 5, 10, 15, 20, 25, 30, 40, 60, 80, 100, 150, 200, 
400, and 600 s/mm2, and fitting starts from b=2 s/mm2 image. (A) 
represents a good fit and (B) represents an unacceptable fit that 
does not provide reliable measure.
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clinical MRI scanner of current technology, b value  
≥800 s/mm2 may be substantially affected by noises, 
and may not be suitable for liver parenchyma DWI 
assessment (Figure 13). We also recommend discarding 
liver IVIM image series with substantial respiratory 
motions and poorly fitted curves (74). During the image 
post-processing, it is critically important to check the 
quality of the fitting curves before adopting the results of 
fitted results (Figure 14). When drawing an ROI, it is also 
important to avoid parts with artifacts or very low SNR 
(Figure 15). With free-breathing or respiratory-gating, 
human volunteers and patients should be comfortably 
secured within the magnet and their breathing well 
trained to keep regular shallow breathing during image 
acquisition. As post-meal and fasting status may influence 
the blood flow to the liver, it can be recommended that 
patients fast for 6 hours before liver IVIM DWI. 

With bi-exponential full fitting, the perfusion related fast 
compartment is estimated to contribute for around 17% 
of the total signal at b=0 s/mm2, then decreases to become 
negligible at b≥25 s/mm2 (58). Thus, the commonly used 
threshold b value of 200 s/mm2 to separate fast component 
and slow component may be too high. When b=0 image 
was not included for bi-exponential decay fitting, we also 
empirically showed that, as compared with the commonly 
used threshold b-value of 200 s/mm2, the threshold b value 
of 60 s/mm2 to separate Dfast and Dslow performed better in 
separating normal livers and fibrotic livers (57,66,67).

Three b value IVIM analysis

Some researchers described three b values technique to 
obtain Dslow and PF, while generally ignore Dfast as it could 
not be reliably estimated with three b values. If images 
of three b values can be acquired in a single breath-
hold, then voxel-wise parametric maps of Dslow and PF 
can be generated; this will allow a visual assessment of 
heterogeneous lesions and the targeted quantitative analysis 
of necrotic or viable areas for tumor. Mürtz et al. and 
Penner et al. reported that the approximation of Dslow and 
PF from b=0, 50, 800 s/mm2 was superior to that from b=0, 
250, 800 s/mm2 (within a given scan time) and provided 
more discriminatory power between different lesion groups 
than conventional ADC from b=0, 800 s/mm2 (75-77). 
This is understandable since the perfusion contribution at  
b=250 s/mm 2 is  a lready very low.  Regarding the 
differentiation between malignant and benign lesions, good 
differentiability between malignant and benign lesions was 
found in studies where the benign lesion group included 
cysts or consisted of haemangiomas (both are lesions with 
high ADC and high Dslow values). However, their results 
revealed a tendency towards a lower PF in malignant 
lesions, which does not agree with most of the other studies. 
Of note, the number of excitation (NEX, or number of 
signal averaging) was not reported in their studies (75-77). 

Murphy et al. (49) described more details with their 
three b value IVM method. They acquired multiple single 
excitation images, with 8, 16, and 32 repetitions at b=0, 
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Figure 15 Low signal-to-noise ratio (SNR) images negatively affect intravoxel incoherent motion (IVIM) analysis. (A,B) Bi-exponential 
full fitting curves of two portions of liver parenchyma of a healthy liver. (C) b=2 diffusion-weighted image. The b value distribution is 
2, 4, 7, 10, 15, 20, 30, 46, 60, 72, 100, 150, 200, 400, 600 s/mm2, and fitting starts from b=2 image. Measurement of upper right liver 
with good SNR derives normal Dfast, Dslow, and PF; while measurement of the lower right liver with low SNR derives falsely low Dfast and 
falsely low PF values. 
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100, and 500 s/mm2, respectively. Total imaging time was  
2.8 minutes. Patients were instructed to breathe freely during 
the acquisition, without cardiac or respiratory gating.

Single-breath-hold IVIM image series acquisition

Currently, IVIM data series have been acquired with free-
breathing or respiratory-gating, both approaches are still 
associated with respiratory motion. Thus, single-breath-
hold IVIM image series acquisition may be advantageous 
(Figure 16). The feasibility of single-breath-hold has been 
preliminarily demonstrated (Figure 17) (64). In our testing 
(unpublished data, O Chevallier & YX Wang), MR imaging 
was performed with a 3T magnet equipped with a dual 
transmitter. The IVIM DW imaging sequence was based 

on a single-shot DW spin-echo type EPI sequence, IVIM 
imaging parameters included pixel size =3×3 mm, slice 
thickness =15 mm, TR=104 ms, TE=45 ms, flip angle=90°. 
b=1 (dummy scan, NEX=1), 0 (NEX=1), 10 (NEX=1), 20 
(NEX=1), 40 (NEX=1), 60 (NEX=1), 80 (NEX=1), 100 
(NEX=1), 150 (NEX=1), 200 (NEX=2), 400 (NEX=2), 
800 (NEX=3) s/mm2. SPIR technique was used for fat 
suppression. The breath-hold duration was 14 s. 

We have developed experiences with our past work on 
breath-hold MRI image acquisition (78,79). Breath-hold 
should be trained for the scan subjects before the scan starts. 
It is more likely that the diaphragm and liver position would 
shift during the breath-hold period if a subject holds his/
her breath after full end-inspiration or full end-expiration. 
Therefore, the scan subject should be asked to hold his/
her breath during usual-depth breathing. After hearing 
the ‘hold-breath’ instruction, the subject should be given 
sufficient time to allow the diaphragm back to the most 
comfortable position. Therefore, a time delay is allowed 
between the scan operator to give ‘hold-breath’ instruction 
and to push the MR data acquisition start button so that 
the scan subjects will have time to react to the ‘hold-breath’ 
instruction. The respiration-gating balloon is placed on the 
top of the scan subjects’ upper abdomen, and the quality of 
the ‘breath-hold’ is monitored on the respiration-triggering 
screen on the MRI console. A repeatability study is shown 
in Figure 18, where a healthy volunteer was scanned for 
6 times during a single session when the data acquisition 
parameters and slice selection remained the same. 

Till now, there are several limitations for this technique. 
To achieve the desirable total b value number of 16 (64), 
longer breath-hold (>14 s) is required which will be beyond 

Figure 16 Screen shot of respiratory triggering window screen. 
(A) The subject was free-breathing; (B) the subject was holding the 
breath and the diagram shows a straight line; the arrows pointed 
duration can be used for intravoxel incoherent motion (IVIM) 
image data collection so to avoid respiration motion. 
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the tolerability of most patients. The SNR remains not 
optimal. Moreover, it is a single slice acquisition, though 
multiple slices can be obtained with multiple breath-holds. 

Multi-exponential analysis 

Living tissues exhibit multi-exponential signal decay over 
a broad range of b values. Even after the elimination of 
perfusion effects, tissues can still exhibit multi-exponential 
signal decay at very high b values (b=1,000–5,000 s/mm2). 
Analysis of these data types requires multi-exponential 
models where signal decays are modelled as weighted sums 
of two or more exponentials (80,81), or alternative models 
such as stretched exponentials that allow distribution of 
diffusion coefficients (54). For liver, these models are 
typically applied to liver tumors, with their highly restricted 
water motion and slow signal decay at high b values. 
However, as noted above, for normal liver tissue, SNR can 
be very low for images with b value >1,000 s/mm2.

Some interesting studies using multi-exponential analysis 
have been reported. For example, Wang et al. (82) reported 
that mean kurtosis was correlated with MVI (micro-vessel 
invasion) and could yield better predictive accuracy for MVI 
than ADC. Recently, Cao et al. (83) reported that diffusion 

kurtosis imaging-derived mean apparent kurtosis coefficient 
(MK) values outperformed conventional ADC values for 
predicting MVI and histologic grade of HCC. MK was 
significantly higher in MVI-positive than in MVI-negative 
group; high-grade HCCs showed significantly higher MK 
values than low-grade HCCs; higher MK and Barcelona 
Clinic Liver Cancer stage C were independent risk factors 
for early HCC recurrence (83). A more detailed discussion 
of non-Gaussian analysis is beyond the scope of this review. 
Overall, when a very high b value is applied, it is critically 
important to assess the SNR of the DW images before 
performing curve-fitting procedures.

Clinical applications of liver IVIM imaging

IVIM technique has been investigated in a number of 
clinical applications, most notably in liver fibrosis, NAFLD 
and NASH, and liver tumors. 

Applications of IVIM in liver fibrosis

The result  of untreated chronic viral  hepatit is  is 
inflammation, loss of liver parenchyma, and healing by 
fibrosis and regeneration. Liver fibrosis is characterized 
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by the extracellular accumulation of collagen fibers, 
glycosaminoglycans, and proteoglycans, which result in 
restricted water diffusion. In subjects with liver cirrhosis, 
arterial and portal venous pressure increase; additionally, 
intrahepatic and extrahepatic portal venous shunts reduce 

vascular liver input, leading to decreased micro-perfusion. 
Earlier works suggested liver fibrosis is more associated 

with fast compartment (Dfast and PF) reduction than Dslow 
reduction. Luciani et al. (84) applied the IVIM model to 
quantify PF, Dslow, Dfast, and ADC of normal and cirrhotic 
liver parenchyma. They found significantly lower Dfast and 
ADC in cirrhotic livers, but no difference in Dslow between 
normal and cirrhotic livers. In their case, since b=0 images 
were included to compute ADC, their ADC thus contain 
perfusion component. In a rat model of diethylnitrosamine-
induced liver fibrosis, Zhang et al. (85) reported that PF 
values decreased significantly with the increasing fibrosis 
level; but Dslow was poorly correlated with fibrosis level. Annet 
et al. (86) showed that rats with hepatic fibrosis demonstrated 
reduced ADC values in vivo but not when DW MR imaging 
was performed ex vivo, which favors the perfusion effect on 
diffusion measurement. Our data shows, among the three 
IVIM parameters, PF was the most responsive to liver fibrotic 
changes, probably due to that, the Dfast remains difficult to be 
estimated precisely (65-67). As can be expected, Dfast and PF 
are positively correlated; while a correlation between Dslow 
and the fast component (Dfast or PF) was not shown (66).

The most encouraging results till now are probably 
those published by Wáng et al. (65), Huang et al. (66), 
and Li et al. (67) (Figures 19,20). Wáng et al.’s report had 
16 healthy volunteers and 33 hepatitis B liver fibrosis 
patients, among them 15 patients had stage-1 liver fibrosis. 

Figure 19 Typical bi-exponential decay-fitting curves of a healthy 
liver (A) and a fibrotic liver (B). The b value distribution is 2, 5, 10, 
15, 20, 25, 30, 40, 60, 80, 100, 150, 200, 400, and 600 s/mm2, and 
fitting starts from b=2 images. Note the fibrotic liver’s fitting curve 
is characterized by slower and shallower initial signal decay at very 
low and low b values.
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Huang et al.’s report had 26 healthy volunteers and  
12 hepatitis B liver fibrosis patients, among them 4 patients 
had stage-1 liver fibrosis. Li et al.’s report had 20 healthy 
volunteers and 28 hepatitis B liver fibrosis patients, among 
them 11 patients had stage-1 liver fibrosis. All patients 
and healthy volunteers can be separated by IVIM analysis 
except one stage-2 fibrosis case in study-3. Interestingly, 
Huang et al.’s study and Li et al.’s study both had 4 patients 
respectively with biopsy showing no fibrosis, and these  
8 subjects’ diffusing MRI measurements resembled healthy 
volunteers. 

Applications of IVIM in NAFLD and NASH

NAFLD is defined by the deposition of lipids within 
hepatocytes in the absence of substantial alcohol intake. 
Approximately 20% of patients with NAFLD have a 
progressive form of the condition known as nonalcoholic 
steatohepatitis (NASH), which is characterized by the 
presence of inflammation and hepatocellular injury in 
addition to steatosis. Patients with NASH may develop 
fibrosis and can progress to cirrhosis. NAFLD is the most 
common liver disorder in western industrialized countries 
with a prevalence of 6–35% worldwide (87). NASH can 
progress to cirrhosis in 15% of the patients (88).

Currently, there is an agreement that steatosis is 
associated with lower Dslow (49,89,90). The decrease in 
diffusivity associated with steatosis can be caused by two 
ways. Intracellular lipid restricts diffusion of water within 

hepatocytes. The second possibility is that lipid peaks 
near water are incompletely suppressed by the chemical 
shift-dependent suppression techniques used by the DWI 
sequence. If so, the measured diffusivity may incorporate 
the diffusion constant of lipid, which is two orders of 
magnitude slower than water (49,91). 

Moreover, NASH and fibrosis are likely associated with 
reduced PF and Dfast. Murphy et al. reported that steatosis was 
associated with reduced Dslow and fibrosis with reduced PF (49). 
In an animal model, Joo et al. (92) reported that PF was 
significantly lower in rabbits with NAFLD than in those 
with a normal liver, and it decreased further as severity of 
NAFLD increased, with medians of 22.2%, 14.8%, 11.3%, 
and 9.5% in the rabbits in the normal, NAFLD, borderline, 
and NASH groups, respectively. Shin et al. (93) studied  
123 children with 8 in the normal group, 93 in the fatty liver 
group, and 22 in the fibrotic liver group. They reported that 
Dfast value was lower in the fibrotic liver group compared 
with those of the normal and fatty liver groups. The PF value 
was lower in the fibrotic liver group compared with the fatty 
group. The Dslow and ADC values were not responsive for 
fatty liver and fibrotic liver changes (93). In 59 type 2 diabetic 
patients, Parente et al. (94) reported that both NASH and 
fibrosis were associated with lower Dslow and lower Dfast.

For analysis for diffused liver disease, we favor ROI 
analysis to cover a large portion of liver parenchyma while 
avoiding vessels. With this approach, the IVIM parameters 
are calculated based on the mean signal intensity of the 
whole ROI, which offer better estimation than pixel-wise 

Figure 21 Box-and-whisker plots show Dslow values according to Edmondson-Steiner grade of HCC (A) and PF values of various hepatic 
lesions (B). The bottom and top of the boxes indicate 25th and 75th percentiles of the values, respectively. The horizontal line inside the box 
indicates median values. For (B), **P<0.05 and *P<0.001. HCC, hepatocellular carcinoma; IHCC, intrahepatic cholangiocarcinoma; cHCC-
CC, combined hepatocellular-cholangiocarcinoma. (A) is modified with permission from (95) and (B) is modified with permission from (98). 
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fitting when the signal-to-noise of the DW images is low. 

Applications of IVIM in liver tumors

While due to the technical differences in data acquisition 
and image post-processing, different results have been 
reported, some clear trends are still evidential in literature 
for IVIM’s application in liver tumor assessment (95-102).

Woo et al. (95) reported that Dslow and ADC are 
negatively correlated with HCC histologic grade. Dslow and 
ADC values were both significantly lower in high-grade 
HCC than in low-grade HCC. This trend was better shown 
with Dslow than with ADC (Figure 21A). PF was positively 
correlated with HCC’s arterial enhancement (95), and high-
grade HCCs had higher PF values compared with the low-
grade HCC group (96,97). In a recent study, Wei et al. (101)  
reported that reduced ADC and Dslow were related to 
MVI of HCC at univariate analysis; while at multivariate 
analysis, only Dslow value was the independent risk factor 
for MVI of HCC. Choi et al. (98) reported similar PF for 
HCC and metastasis, but intrahepatic cholangiocarcinomas 
had lower PF (Figure 21B). Compared with intrahepatic 
cholangiocarcinomas, HCC tends to be more hypervascular, 
which may explain a higher PF value for HCCs than for 
intrahepatic cholangiocarcinomas. PF correlate with the 
extent and degree of hepatic nodule enhancement in the 
arterial phase (98,99). 

Klauss et al. (100) reported FNH has higher Dslow and 
ADC than HCC, indicating FNH’s benign nature as 
compared with HCC. Moreover, both Klauss et al. (100) 
and the Universitätsklinik Bonn group (75,76) reported 
higher PF in FNH than HCC. 

In simple terms, it can be summarized that malignant 
liver tumors are associated with restriction water motion 
and thus lower Dslow, the increased blood supply to the 
malignant tumor neo-vasculature is shown with higher fast 
compartment measure (higher PF or/and higher Dfast). As 
compared with ADC and Dslow, it has also been shown that 
PF is a more responsive marker of sorafenib treatment in 
HCC (102). This observation concurs with the liver fibrosis 
studies (65-67), where PF is the most responsive parameter 
to fibrosis. Of note, for all pathologies, it is more likely that 
PF and Dfast change in the same direction (i.e., both increase 
or both decrease), as intuitively and evidently PF and Dfast 
are correlated (66). In cases when PF and Dfast change in 
opposite directions, measurement reliability should be 
double-checked.

Overall, reliable differentiation and the associated cut-

off values of liver tumors by diffusion-IVM have not been 
established. Many published studies might have suffered 
from insufficient b values and suboptimal fitting stability. 
Previous reports of the differentiation power of diffusion-
IVIM analysis, as well as good AUCs, have been partially 
due to the inclusion of cystic tumors such as hemangiomas. 
Cyst and hemangiomas can be most readily diagnosed with 
routine techniques, with a confirmative diagnosis made by 
the administration of contrast agent in selected cases. 

DCE MRI

In liver DCE-MRI study, a series of liver T1-weighted 
images (phases) are acquired before, during, and after a 
bolus of contrast agent injection. Then the temporal change 
of the acquired images, reflecting the pharmacokinetics 
of contrast agent in liver, are analyzed with or without 
pharmacokinetic modelling techniques to generate 
quantitative or semi-quantitative parameters, which 
reflect the perfusion and/or hepatocyte function of the 
liver. Although DCE-MRI has not been widely used in 
clinical routine, many preliminary studies investigated its 
application in evaluating the response or predicting the 
outcome of treatments in various liver diseases, especially 
in liver tumors (103-109). This section briefly introduces 
the liver DCE-MRI techniques, including the contrast 
agents, acquisition methods and analysis techniques in liver  
DCE-MRI.

The basic theory of liver DCE-MRI

DCE-MRI is composed by a series of T1W to acquire 
the contrast agent concentration of the tissue during 
the contrast agent pharmacokinetics. The paramagnetic 
properties of gadolinium accelerate longitudinal magnetic 
relaxation process, thereby shortening T1 value of blood 
and tissue according to the following equation (110):

( ) ( )1
1 10

1 1 r C t
T t T

= +
 

[9]

where T10 is the pre-contrast T1 value in the absence 
of the agent, C(t) is the contrast concentration. r1 is the 
relaxivity, whose value depends on the contrast type, 
magnetic field strength, solvents and temperature (typically  
3–5 L·mmol−1·s−1) (110). The T1-shortening effect of 
contrast agent results in signal intensity increase on T1-
weighted images. Thus, the temporal signal enhancement of 
the liver tissue reflects the pharmacokinetics of the contrast 
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agent in the tissue. Then, the perfusion characteristics, even 
hepatocyte function of the liver tissue can be quantified 
using model-free (semi-quantitative) and model-based 
(quantitative) analysis. 

The model-based analysis is based on the pharmacokinetic 
models, which describe the pharmacokinetics of injected 
contrast agent using compartment models. After venous 
bolus injection, the gadolinium-based contrast agents 
extravasate from intravascular (usually through dual 
pathways) to the extravascular extracellular space (EES), even 
into hepatocytes (only for mixed extracellular hepatobiliary 
contrast agents). Thus, an example pharmacokinetic model 
with commonly used extracellular contrast agent is as 
following (111):

( ) ( ) ( ) ( )t a a a p p p 0C t F C t T F C t T exp K t = − + − ⊗ −   [10]

where Ct represents the contrast concentration change of 
liver tissue. The CP and Ca are the contrast concentration 
change in portal vein and hepatic artery (usually can be 
extracted from aorta), respectively, and were named as 
vascular input functions [VIFs, including portal vein 
input function (PIF) and arterial input function (AIF), 
respectively]. Tp and Ta represent the transit time from the 
portal vein and aorta to the liver. ⊗ denotes the convolution 
operator. Thus, this model can be fitted with these two 
important VIFs and the contrast concentration curve of liver 
tissue to determine the perfusion parameters: portal blood 
flow Fp, arterial blood flow Fa and outflow rate K0 in this 
example model. In normal liver, approximately 75% of blood 
is provided by the portal vein [Fp/(Fa+Fp)=75%] and the left 
25% through the hepatic artery (Fa/(Fp+Fa)=25%) (112).  
Under pathological conditions, especially in tumor, these 
perfusion parameters of liver tissue would change, which 
present the opportunities for DCE-MRI for liver disease 
evaluation.

Contrast agents

There are two major types of clinically available contrast 
agents used in liver DCE-MRI: (I) extracellular gadolinium-
based contrast agents, such as gadopentetate dimeglumine 
(Gd-DTPA, Magnevist®, Schering, Germany), gadodiamide 
(Gd-DTPA-BMA, Omniscan®, Amersham Health, UK), 
gadoterate meglumine (Gd-DOTA, Dotarem®, Guerbet, 
France) and gadoteridol (Gd-HP-DO3A, ProHance®, 
Bracco, Italy) (113,114). They can distribute into the 
intravascular and EES and are eliminated with glomerular 
filtration (113). Thus, extracellular agents are usually used 

to evaluate liver perfusion characteristics in DCE-MRI, and 
are the most commonly used contrast agents in liver DCE-
MRI. (II) Mixed extracellular hepatobiliary gadolinium-
based contrast agents, such as gadolinium ethoxybenzyl 
diethylenetriaminepentaacetic acid [Gd-EOB-DTPA, 
Primovist® (Eovist), Schering, Germany] and gadobenate 
dimeglumine (Gd-BOPTA, MultiHance®, Bracco, Italy) 
(113,114). Different from extracellular hepatobiliary agents, 
they can be taken up into hepatocytes and then excreted 
into the bile (114,115), which are mediated by active 
transportation through cellular membrane transporters in 
the hepatocytes and designed to generate better contrast for 
liver tumor visualization in contrast-enhanced MRI. Gd-
BOPTA has a recommended dose of administration of 0.1 
mmol/kg and about 5% of the dose is excreted through the 
biliary tract. This agent has a better dynamic profile than 
Gd-EOB-DTPA during the initial phases after injection, 
with higher enhancement of hepatic vascular structures. 
Hence, some researchers prefer it when the initial dynamic 
characterization is more important. The hepatobiliary phase 
is obtained 1–2 h after administration and therefore does not 
interfere with washout assessment. On the other hand, Gd-
EOB-DTPA has a recommended dose of 0.025 mmol/kg  
and about 50% of the dose is excreted through the 
biliary tract. There is rapid uptake and the hepatobiliary 
phase is obtained just 20 min after administration, when 
maximum parenchymal enhancement is seen. The vascular 
enhancement is lower and shorter in duration, compared to 
Gd-BOPTA. However, Gd-EOB-DTPA provides a stronger 
late hepatic and biliary enhancement, due to its elimination 
profile of 50% through the biliary pathway. Recently, the 
mixed extracellular hepatobiliary contrast agents are getting 
more and more attention from researchers, because of their 
unique pharmacokinetics also makes them suitable to assess 
hepatocyte function (116-118) with DCE-MRI and proper 
pharmacokinetic models.

Acquisition techniques

General requirements
The liver DCE imaging requires high temporal resolution 
with the adequate signal to noise ratio (SNR) while 
preserving the large coverage of the imaging FOV to 
image the whole liver. Notably, high temporal resolution 
is essential for the accurate pharmacokinetic analysis for 
liver DCE-MRI. Because the rapid contrast concentration 
variation during the first-pass of contrast pharmacokinetics 
requires a high sampling rate to be captured accurately, 
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especially for VIFs which are important inputs in 
pharmacokinetic analysis. Thus, 3D high-resolution 
isotropic volume examination spoiled gradient recalled 
echo (SPGR) sequence (Siemens: Volumetric Interpolated 
Breath-hold Examination, VIBE; GE: Liver Acquisition 
with Volume Acquisition, LAVA; Philips: T1W High-
Resolution Isotropic Volume Examination, THRIVE) 
is commonly used (118) because of high availability. 
During imaging, axial slab orientation is suggested for 
liver DCE acquisition balancing the needs for spatial and 
temporal resolution, imaging coverage and partial volume 
minimization. To maximize the T1 weighting and minimize 
the acquisition time and susceptibility effects, TR should 
be minimum (around 2 ms); TE should be minimum too 
(around 0.8 ms), a flip angle usually can be set as 10–15°, 
depends on the obtained SNR. A desirable temporal 
resolution is around 2 s to track the rapid concentration 
variation, and the scan duration should be lasted at least  
5 min to capture the contrast pharmacokinetics long 
enough. However, such high temporal resolution usually 
means to sacrifice the spatial resolution. Thus, whole liver 
3D imaging with a contiguous slice thickness of 3–5 mm 
should be used, and usually should be interpolated to half 
of the acquired thickness; the in-plane resolution can be 
set to 2–3 mm and reconstructed with twice interpolation. 
As a result, the performance of DCE-MRI in liver lesions 
detection can’t rival the traditional enhanced imaging, 
especially for small lesions. Fast imaging methods such 
as partial Fourier (119), parallel imaging [SENSE (120), 
GRAPPA (121)], compress sensing (CS) (122), keyhole 
(123,124), view sharging (125,126), k-t BLAST/k-t  
SENSE (127), k-t GRAPPA (128) can be used to accelerate 
the liver DCE acquisition. Details of these method can 
be found in the last section “Scan speed acceleration and 
movement reduction techniques”.

Breath control
Different from the enhanced imaging mentioned in 
routine clinical practice with only four or five phases, 
which can acquire high spatial resolution and high-
quality images with several breath holds (129-131). 
Motion artifact caused by respiratory motion is one of the 
challenges in liver DCE acquisition, as the continuous 
scan of liver DCE usually lasts for several minutes. If using 
breath control that asks patient to hold breath first and 
then quiet breath afterwards, the motion artifacts would 
be too severe during the transition from breath-holding 
to quiet breath in our experience. On the other hand, 

cardiac and respiratory gating will prolong the scan time, 
making it even harder to fulfil the required high temporal 
resolution. Thus, quiet breathing without cardiac and 
respiratory gating is recommended for liver DCE-MRI 
acquisition. Although it is not severe, quiet breathing does 
lead to blur images and misregistration among dynamic 
phases. Thus, region of interest (ROI)-based analysis 
would favor the accuracy in the analysis.

Artifacts affecting VIFs
VIFs are very important inputs in the kinetic analysis of liver 
DCE-MRI because the errors in VIFs can introduce severe 
bias to the perfusion quantification. AIF and PIF are usually 
extracted within the aorta and portal vein, respectively. The 
major artifacts affecting the VIFs includes the sampling 
error caused by low temporal resolution, signal saturation 
caused by the T2&T2* effects of the contrast agents, flow 
artifacts caused by the blood flow in vessels. 

Fast imaging techniques can minimize sampling error. 
However, shorten the scan time would affect the SNR, 
spatial resolution or coverage. In real practice, there 
are always tradeoffs considering other imaging factors, 
that would limit the actual temporal resolution can be 
achieved. To obtain more accurate VIFs, specially designed 
sequence with interleaved acquisition, SAHA (Simultaneous 
acquisition sequence for improved hepatic pharmacokinetics 
quantification accuracy) sequence (132) has been proposed, 
which consists three interleaved imaging modules: one 
2D Cartesian acquisition for AIF, one 2D Cartesian 
acquisition for PIF, and one 3D radial acquisition for liver 
parenchyma (Figure 22). This sequence utilizes the fact 
that the requirements of VIFs are different from those of 
liver parenchyma. To be specific, high temporal resolution 
is crucial for VIFs as their contrast concentration vary 
rapidly, whereas high spatial resolution is not necessary; 
on the other hand, liver parenchyma imaging requires 
large coverage with a spatial resolution as high as possible, 
other than high temporal resolution, as its signal variation 
is relatively slow. The SAHA sequence is a promising new 
technique that can achieve accurate VIFs, while achieving 
large coverage and high spatial resolution in liver DCE. 

As for the signal saturation effect in VIFs, the phase-
based VIF measurement method by measuring the phase 
accumulation (133) other than signal enhancement is less 
sensitive to signal saturation. To overcome the flow artifacts, 
a simple way is to extract VIFs from the regions far from 
the inflow side. Moreover, applying saturation (134) or 
inversion preparation pulse (135) or correcting the signal by 
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calculating excitation numbers of the blood (136) has been 
proposed and found to be helpful. However, those advanced 
methods have limited availability and hard to be used in 
clinical routine. If those artifacts were too severe to acquire 
accurate VIFs, a simple way is to just use population-
averaged VIFs (137).

Although the technical advances can provide more 
accurate VIFs, better image, less artifacts, and thus better 
perfusion quantifications, many newly developed methods 
require specially designed sequence and time-consuming 
off-line reconstruction and/or correction. It also should 
be noted that advanced techniques, such as SAHA, have 
not been integrated into commercial scanners. Thus, more 
efforts should be made to translate these advanced imaging 
methods into clinical practice in the future. In our opinion, 
SPGR with Cartesian trajectory should be a good choice 
with the best availability, while radial acquisition with proper 
online reconstruction (such as the STAR-VIBE technique in 
Siemens latest scanner) or even newly developed sequence 
(such as SAHA), maybe the better choices if available. One 
example acquisition protocol of SPGR sequence for liver 
DCE-MRI is shown in Table 1 (117).

Analysis

The analysis of liver DCE-MRI can be divided into a 
model-free approach (semiquantitative) and model-based 
approach (quantitative). DCE images usually suffer from 
misregistration among dynamic phases as discussed before. 
Thus, a carefully selected ROI covering liver parenchyma 
or the tissue of interest while avoiding vessels for each phase 
of the DCE-MRI would reduce the bias caused by motion 
artefacts and improve SNR.

Figure 22 Pulse sequence diagram of SAHA (Simultaneous acquisition sequence for improved hepatic pharmacokinetics quantification 
accuracy). 2D arterial input function (AIF), 2D portal vein input function (PIF), and 3D whole liver parts are interleaved acquired (A). 2D 
AIF and 2D PIF are acquired using Cartesian spoiled gradient-echo (SPGR). The 3D whole liver part is acquired using SPGR with golden-
angle radial stack-of-star trajectory (B). The azimuthal of the radial lines is increased by 111.25° continuously.

Table 1 Example liver dynamic contrast-enhanced MR imaging 
(DCE-MRI) acquisition protocol

Platform
3.0 T Discovery MR750, 
GE Healthcare, Milwaukee, 
Wisconsin, USA

Coil 8-channel phase-array torso coil 
(HDMR2 RX, GE Healthcare)

Sequence T1-weighted 3D gradient-echo 
sequence [Liver Accelerated 
Volume Acquisition (LAVA), GE 
Healthcare]

Number of slices 40 axial slices

Slice thickness 5 mm

TR 2.08 ms

TE 0.82 ms

Flip angle 12°

Field of view 400 mm

Acquisition matrix size 128

Reconstruction matrix size 256

Phase field of view 90%

Partial Fourier 71%

Parallel imaging acceleration 
factor

3

Pixel bandwidth 976.56 Hz

Temporal resolution 2 s

Total duration time 6 min

Contrast administration 0.025 mmol/kg Gd-EOB-DTPA, 
2 mL/s, followed by 15 mL saline 
flush at the same rate

Breathing Quiet

2D AIF

kz

111.25°

ky kx

2D AIF2D PIF 2D PIF3D whole liver 3D whole liverA

B
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Model-free (semiquantitative) method
The model-free approach drives parameters directly from 
the signal intensity changes, including onset (lag or bolus 
arrival) time, maximum signal intensity, peak enhancement, 
time-to-peak (TTP), relative enhancement (RE), wash-in 
slope, wash-out slope, area under the curve (AUC) and so 
on (138), as shown in Figure 23.

Semi-quantitative parameters take advantage of simple 
definitions and easy to implement, while suffer from some 
limitations, including the lack of physiological meanings 
and variability between different scan protocol (138,139). 
Despite the lack of physiological interpretation, parameters 
derived from the model-free approach were demonstrated 
to be associated with the underlying physiology (140-142). 

Model-based method
The model-based approach is based on pharmacokinetic 
models, in which the contrast concentration in liver tissues 
and vessels are used as basic inputs. However, DCE-MRI 
only acquire T1-weighted images. Thus, before modelling, 
a conversion from signal intensity to contrast concentration 
achieved by linear or nonlinear assumption is needed for 

both liver parenchyma and VIFs (143,144). 
Nonlinear assumption
The signal intensity S(t) of a SPGR sequence is:

( )
( )

( )

1

1

 TR /T t

0  TR /T t

1 e sinθ
S t M

1 e cosθ

−

−

 − =
−

 

[11]

where θ is the flip angle, and M0 is the relaxed signal (TR>>T1, 
θ =90°), which can be calculated from the pre-contrast signal. 
Thus, pre-contrast T1 (T10) measurement is necessary for 
nonlinear conversion, which can be acquired by variable flip 
angle method (145) or suboptimal, assumed using published 
values (146). 

The concentration C(t) of the contrast agents can be 
calculated as:

( ) ( )1
1 10

1 1 r C t
T t T

= +
 

[12]

where r1 is the relaxivity, its value depends on contrast type, 
magnetic field strength, solvents and temperature (110).
Linear assumption
Concentration can be calculated as the relative signal 
intensity enhancement S(t)/S0−1, where S0 is the pre-

Figure 23 Schematic diagram of model-free parameters. The signal intensity-time curve (blue) begins with baseline signal intensity (S0), 
and starts to enhance after contrast administration at onset time (To). After wash-in process, it reaches the maximum signal intensity (Smax) at 
time to peak (TTP). Then it turns into wash-out process and ends at maximum acquisition time (Tmax) with the final signal intensity (Sfinal). 
Wash-in slope, wash-out slope and area under the curve (AUC) can be calculated. S0, the baseline (pre-contrast) single intensity of a signal 
intensity-time curve; Smax, the maximum signal intensity of a signal intensity-time curve; Sfinal, the signal intensity of the last acquisition time 

point; ∆S, peak enhancement, max 0S S S∆ = − ; 
0

S 1
S

− , relative enhancement (RE), S is the signal intensity at any time point; 
0

S
S
∆

, relative peak 
enhancement; T0, onset (lag or bolus arrival) time, the time from contrast injection to the appearance of contrast in the tissue; Tp, time to 

peak (TTP), the time from the contrast injection to the signal intensity reach Smax; Tmax, Maximum acquisition time; 
p 0

S
T T
∆
−

, wash-in slope; 
max final

max p

S S
T T

−
−

, wash-out slope. AUC, the area under the signal intensity curve (relative).
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contrast signal intensity. However, this linear assumption 
is just an approximation when contrast concentration is 
relative low, and will introduce severe bias when the contrast 
concentration is high, especially in AIF and PIF calculation.

Then, liver parenchyma contrast concentration and 
VIF can be used to fit the pharmacokinetic model. Various 
pharmacokinetic models have been proposed in the last few 
decades (Figure 24). Perfusion and liver function parameters, 
including arterial blood flow (Fa), portal blood flow (Fp), 
total hepatic blood flow (Ft), arterial fraction (ART), portal 
venous fraction (PV), outflow rate (Ko), distribution volume 
(DV), mean transit time (MTT), hepatic extraction fraction 
(HEF), input relative blood flow (irBF), extracellular 
volume (Ve), intracellular uptake rate (Ki) can be extracted 
from these models. 

Dual input one-compartment model for extracellular 
agents
A dual-input one-compartment model was proposed in 
2002 to quantify Fa, Fp, Ko, DV and MTT based on Gd-
DOTA enhanced MRI (111). In this model, the whole 

liver including capillaries, extravascular spaces and cells 
is considered as a signal compartment (111), as shown 
in Figure 24A. The theoretical equation of this model is 
described as:

( ) ( ) ( ) ( )t a a a p p p 0C t F C t T F C t T exp K t = − + − ⊗ − 
 

[13]

where Ct, Ca and CP represent the contrast concentration 
of liver parenchyma, AIF and PIF, respectively. Ta and TP 
represent the transit time form the aorta and portal vein to 
the liver. Ko is the outflow rate. ⊗ denotes the convolution 
operator. DV can be calculated as 100(Fa+Fp)/Ko. MTT 
is calculated as 1/Ko.Patients studies have demonstrated 
the feasibility of this model in differentiating the hepatic 
arterial and portal venous components in diseased liver 
(147-149). 

Dual input two-compartment model for extracellular 
agents
Considering the different tracer kinetics behaviors between 
tumor and normal tissue, a dual input two-compartment 
model was proposed to assess arterial and portal blood flow, 

Figure 24 Pharmacokinetic models for liver dynamic contrast-enhanced MR imaging (DCE-MRI). (A) Dual input one-compartment model 
for extracellular agents. The whole liver is considered as a signal compartment. (B) Dual input two-compartment model for extracellular 
agents. A vascular and an extravascular extracellular space compartment are included. (C) Deconvolution model for mixed extracellular 
hepatobiliary agents. The liver is treated as a linear system. The response function (Ct) of the liver can be described as a convolution between 
the impulse response and the input function (AIF, Ca) (D) Dual input two-compartment model for mixed extracellular hepatobiliary agents. 
An extracellular and an intracellular compartment are included. AIF, arterial input function; PIF, portal vein input function; Fa, arterial blood 
flow; Fp, portal blood flow; Ta, Tp, transit time form the aorta and portal vein to the liver; Ca, Cp, Ct, contrast concentration of AIF, PIF and 
liver parenchyma; Ko, outflow rate; PS, permeability-surface area product; Ki, intracellular uptake rate. 
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and capillary permeability in hepatic metastases (150,151). 
A vascular and an interstitial compartment were included 
for modelling liver tumors as they may develop their own 
vasculature (150), as shown in Figure 24B. The model is 
described as follow:

( ) ( ) ( ) ( ) ( )t a a p p 1 2 1C t F C t F C t R t R t t   = + ⊗ + −    
[14]

( ) ( ) ( )1 1R t u t u t t= − −
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where Ct, Ca and Cp represent the contrast concentration 
of liver parenchyma, AIF and PIF. R1 and R2 denote the 
vascular transit phase and parenchyma back-flux phase. u(t) 
is the Heaviside unit step function. t1 is the mean time for 
blood to traverse the vasculature compartment. v1=Ft·t1 is 
the fraction vascular volume. v2 is the fraction volume of 
the tumor interstitial compartment. PS is the permeability-
surface area product of the tumor blood vessels, and I1 is the 
modified Bessel function. 

Deconvolution model for mixed extracellular 
hepatobiliary agents
For mixed extracellular hepatobiliary agents like Gd-EOB-
DTPA, quantitative deconvolution method with a single 
blood supply was first proposed to measure HEF, which 
directly reflects the liver function (152-154), as shown in 
Figure 24C. Mathematically the response function (Ct) of 
the liver can be described as a convolution between the 
impulse response [h, also called hepatic extraction (HE) 
curve] and the input function (AIF, Ca): 

( ) ( ) ( )t aC t C t h t= ⊗
 

[17]

The impulse response can be calculated using a 
deconvolution method. HEF and irBF are two parameters 
extracted from the deconvoluted HE curve. First, the 
hepatic retention curve (HRC) is calculated using a mono-
exponential fit to several HE curve data points during 
hepatocyte retention phase (typically range from 420 to 
1,800 s). The HRC is then extrapolated back, and HEF is 
defined as the ratio between the extrapolated HRC curve 
and the vascular peak of the HE curve. irBF is described as 
the initial peak value of the HE curve, which represents the 
blood flow in a liver ROI relative to AIF. 

Dual input two-compartment model for mixed 
extracellular hepatobiliary agents
A dual-input two-compartment model was proposed to 

describe the pharmacokinetics of Gd-EOB-DTPA, which 
allowed a combined measurement of liver perfusion and 
function (reflected by intracellular uptake rate Ki) (116). 
Extracellular and intracellular compartments were included 
in this model as Gd-EOB-DTPA can be absorbed by 
hepatocytes (116), as shown in Figure 24D. This model is 
described as follow:

( ) ( ) ( ) ( )
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where Ct, Ca and Cp represent the contrast concentration 
of liver parenchyma, AIF and PIF. The extracellular mean 
transit time Te is calculated by Ve/(Fa+Fp+Ki). The hepatic 
uptake fraction fi is calculated by Ki/(Fa+Fp+Ki). Ta and Tp 
represent the transit time form the aorta and portal vein to 
the liver. 

Quantitative parameters are physiologically interpretable, 
but they also have some technical challenges. First, the 
model-based approach required complex and time-
consumed modelling and fitting and may result in 
unreliable fitting results. Second, the selection of the 
model is not standardized; it depends on the type of 
contrast agents, acquisition protocol, liver condition 
(healthy or diseased), pharmacokinetic assumption, and 
so on (117). Usually, simple models with fewer variables, 
such as the deconvolution model and one-compartment 
model, are relatively stable in model fitting and has better 
reproducibility, thus may be better with DCE imaging 
protocols with relatively low temporal resolution or low 
SNR. However, the simple assumption of a single blood 
supply or single compartment may be too simplified to 
reflect the real physiology of liver. On the other hand, the 
complex models, such as the dual input two-compartment 
models, are more realistic in liver physiology modelling. 
There are even more complex models assuming different 
output (venous and bile duct output) (117), but our  
study (117) found that complex models tend to be more 
unstable in model fitting while the number of model 
variables increase, resulting unreliable quantification. 
Thus, in our experience, with previously suggested widely 
available SPGR sequence with Cartesian trajectory  
(Table 1), the dual input one-compartment model proposed by 
Materne et al. (111) is recommended when the extracellular 
agents are used, while the dual-input two-compartment 
model proposed by Sourbron et al. (116) is recommended for 
mixed extracellular hepatobiliary agents analysis. Third, as 
discussed in the previous section, to obtain accurate VIFs is a 
technical challenge and may lead to fitting bias (133,136,155).
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Clinical application

In liver tumors, angiogenesis is an important pathological 
process, different tumors have different perfusion 
characteristics (156-158), which can be quantified by the 
DCE-MRI. Thus, DCE-MRI have great potentials in 
classification and treatment response evolution of tumor. 
Taouli et al. investigated the ability of DCE-MRI for 
perfusion quantification of HCC and surrounding liver, 
they found significantly higher Fa, ART and lower DV, Fp 
in HCC regions compared with liver parenchyma (104). 
They also found higher ART, lower Fp in untreated HCCs 
than chemoembolized HCCs (104). 

Quantitative parameters derived from DCE-MRI have 
also been investigated to monitor the treatment response of 
tumors to antiangiogenic drugs. Morgan et al. assessed tumor 
permeability and vascularity by calculating the bidirectional 
transfer constant using DCE-MRI in advanced colorectal 
cancer and liver metastases patients who received PTK787/
ZK 222584 therapy (105). Their results showed patients with 
a best response of stable disease had a significantly greater 
reduction in bidirectional transfer constant at both day 2 and 
at the end of cycle 1 (28-day) compared with progressors, 
and demonstrated that DCE-MRI may be a useful 
biomarker for the pharmacological response of angiogenesis  
inhibitors (105). Wang et al. used DCE-MRI to evaluate 
the perfusion changes in advanced HCC patients who were 
treated with the antiangiogenic agent thalidomide (106). 
Significant differences were found for the semiquantitative 
parameters including the peak enhancement, the maximal 
enhancement, and the enhancement slope percentage 
between patients who had progressive disease and who had 
stable disease or partial response (106). 

In recent years, the potential of DCE-MRI with mixed 
extracellular hepatobiliary agents has drawn more and 
more interests from researchers in the prediction of post-
operative (partial liver resection for tumor treatment) liver 
failure. In this unique application, instead of quantifying 
the perfusion characteristics of tumor, the major aim is 
to quantify the remnant liver function by quantifying 
the uptake or the uptake rate of mixed extracellular 
hepatobiliary agents into hepatocytes (109). 

The challenge and future of DCE-MRI

Although DCE-MRI can provide physiological meaningful 
and quantitative perfusion characteristics, its low reliability 
is still the biggest challenge for its use in clinical practice. 

Aronhime et al. reported a range of 11.87–73.16% of the 
interscan reproducibility for the perfusion parameters in 
patients with chronic hepatitis (144). The low reliability can 
be caused by its motion artifacts, image blurring and the 
uncertainty of pharmacokinetic analysis. Also, considering 
the relatively low spatial resolution and poor image quality 
of liver DCE images, and its potential conflict in the 
imaging protocol arrangement with traditional multi-phase 
contrast-enhanced MRI, which has higher spatial resolution 
and image quality, DCE-MRI has not become the 
mainstream technology in clinical practice till now. Thus, 
improving the spatial resolution, image quality and the 
quantification reliability using advanced MR imaging and 
reconstruction techniques should be the keys to translate 
liver DCE-MRI into clinical practice. Improvement of liver 
DCE-MRI technique to achieve comparable performance 
with current multi-phase contrast-enhanced MRI in the 
aspects of reliability, spatial resolution and image quality 
should be the major goal of technical development.

Liver fat quantification

NAFLD, excessive triglycerides (TG) accumulated in the 
liver, is associated with increased metabolic risk factors 
such as obesity, diabetes mellitus, and dyslipidemia. This 
fatty liver disease is an increasing health issue in the global 
population, with prevalence ranges from 9% to 37% 
worldwide (159-164). However, since TG accumulation 
is potentially reversible, fat quantification for diagnosis of 
NAFLD at an early stage in the liver helps to introduce 
lifestyle modifications and pharmacological therapies to 
prevent progression of the disease. 

Liver fat quantification by biopsy suffers from the 
sampling variability to obtain a representation of the whole 
liver (165,166), and this semi-quantitative grading of 
hepatic steatosis is strongly observer-dependent (167,168). 
There has been ultrasonography (US) technique developed 
to screen subjects at risk of NAFLD. However, it may 
not be ideal for detecting mild steatosis or monitoring 
NAFLD patients after therapeutic interventions because 
of its operator dependency and its qualitative nature in the 
absence of dedicated image post-processing (169). 

Magnetic resonance spectroscopy (MRS)

In vivo proton MRS (1H-MRS) provides a noninvasive 
means of liver fat content quantification (170). Stimulated 
Echo Acquisition Mode (STEAM) sequence is usually 
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applied to acquire MRS signal (171), which allows the 
shortest minimum echo time (TE) and the mixing time 
(TM) to minimize J-coupling effects (172). A long TR 
(>3,000 ms) is used to minimize T1 effects. Multiple 
STEAM spectra (≥5) with various TEs are acquired 
consecutively in a single acquisition to estimate the T2 of 
water and fat peaks, which is further used to correct the T2 
effect (Figure 25). It has been acknowledged as an accurate 
and the most sensitive noninvasive method to assess hepatic 
steatosis with clinically accepted sensitivity and has been 
used as the reference standard in several clinical studies to 
determine the prevalence of hepatic lipid content in the 
general adult population (173-175). However, MRS is not 
routinely used for the reason that it is time-consuming and 
requires user expertise to perform and analyze spectroscopy 
data (176); in addition, the limitation of spatial coverage and 
prone to liver inhomogeneity restrain its application for a 
clinical routine examination.

Chemical shift encoded MRI (CSE-MRI)

The CSE-MRI technique can discriminate between fat and 

water spins based on their different resonance frequencies. 
The quantitative proton density fat fraction (PDFF) has 
been proposed and studied well as a quantitative MRI 
method which covers large parts of the liver or the entire 
organ without the use of contrast agents (9,10,177,178). It 
was developed based on the DIXON method in utilizing 
the periodic change in MR signal because of the hydrogen 
Larmor frequency difference in water and fat (8). The 2-echo 
method with in-phase (when water and lipid signals align in 
the same direction) and out-of-phase measurements (when 
water and lipid hydrogen move to the opposite directions) 
was initially evaluated for the feasibility of hepatic fat fraction 
measurement, but its clinical applications still restrict to 
obtain the qualitative imaging such as the water-only (or 
fat-suppressed) or fat-only images. The 6-echo DIXON 
method has proven an advantage in quantifying fat content 
comparing to 2-echo method (179). To accomplish multi-
echo scan in one breath-hold, and to restrict the long echo 
time, modified DIXON (mDIXON) technique is used to 
permit flexible echo time (TE) instead of exact in-phase/out-
of-phase TE. B0 inhomogeneity needs to be corrected to best 
utilize acquired MRI signal at each echo time. A small flip 

Figure 25 Multiple STEAM spectra (≥5) with various TEs are acquired consecutively in a single acquisition to estimate the T2 of water and 
fat peaks, which is further used to correct the T2 effect.

TE=12

TE=48

TE=24

TE=72

TE=36



1870 Wáng et al. Topics on quantitative liver MRI

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2019;9(11):1840-1890 | http://dx.doi.org/10.21037/qims.2019.09.18

angle is used to minimize T1 bias (180,181). Table 2 shows an 
example of PDFF protocol with 6 evenly distributed echoes, 
and this sequence lasts 15.5 s.

T2* decay needs to be addressed in the multi-echo MR 
signal model to compensate additional MR signal change 
from the 1st echo to the last one. A 20-echo gradient-echo 
MRI method for PDFF in rats finds a strong correlation with 
biochemical measurements of the fat content fraction (182).  
In their study, the T2* difference of water and lipid was 
taken into consideration in signal modelling because the 
echo train is long. A later study in measuring fat content 
in geese livers demonstrated that PDFF value generated 
by a 6-echo CSI-MR method was almost equivalent 
to fat fraction measured by biochemical TG content 
extraction (183). The improvement would be attributed 
to the inclusion of the multi-peak spectral model for fat 
quantification calculation, as MRS identifies several lipid 
components corresponding to different chemical groups 
in fatty acids chain. The multi-peak spectral model (184) 
usually has been correlated with 1H-MRS and histological 
findings (185,186). Table 3 lists the percentage of signal 
contribution by each peak, provided by the 7-peak lipid 
model in Philips Ingenia MRI units, accounting for 10 TG 
components to calculate PDFF values with the mDIXON 
Quant sequence. The signal ratio of the (CH2)n component 
from the bulk methylene protons as determined by MRS 
62.5% with a slight variation of 1.2% depending on the 
type of TG structure. 

The multi-echo CSE-MRI technique incorporating 
multi-peak spectral model can be summarized as the 
equation below, with the corrections for T2* decay:

( ) ( )71 2

t-2πiΔf t2πiΔf t 2πiΔf t iφ T2*
1 2 7S t = W+F ρ e +ρ e +ρ e e ge 

 
[19]

where S(t) is the signal acquired at different echo times (t = 
TE1, TE2, TE3 and more); W and F are the amplitudes of 
water and fat signals; ρi stands for the ratio of each peak in 
the multi-peak lipid MR signal model, with Δfi corresponding 
to each Larmor frequency with respect to water proton 
frequency. T2* is introduced to compensate signal decay 
during the multi-echo train, and the phase φ measured at 
each echo is used to compensate B0 inhomogeneity. Then, a 
nonlinear fitting algorithm can be used to derive solutions of 
W, F and T2*. Consequently, the PDFF is calculated as:

FPDFF
W F

=
+  

[20]

Multi-echo CSE-MRI has been validated with excellent 

Table 2 Example liver quantitative proton density fat fraction 
(PDFF)-MRI acquisition protocol

Platform
3.0 T Ingenia CX, Philips Healthcare, 
Best, the Netherlands

Coil Abdominal phase-controlled coils 
array and spinal phase-controlled front 
loops (dS Anterior and dS posterior 
coils)

Sequence Technique 3D fast field echo sequence (FFE)

Echoes 6

mDIXON method Multi-echo mDIXON-quant

Number of slices 77 axial slices

Slice thickness 3 mm 

TR 5.6 ms (TR selection as shortest)

First TE
TE increment 

0.97 ms (TE1 selection as shortest)
0.7 ms

Flip angle 3°

Field of view 400 mm, 350 mm and 231 mm in RL, 
AP and FH directions

Acquisition matrix size 160×140

Number of averages 1

Pixel bandwidth 2367.4 Hz/0.183 Pixel size

RF shims Adaptive with two independent 
transmit coils for B1 homogeneity

Total duration time 15.5 m

Breathing Breath Hold

Table 3 Multi-peak lipid model, accounting for different chemical 
groups in the fatty acids chain

Multi-peak lipid component Chemical shift (ppm) Signal ratio

1 3.30 62.5%

2 2.57 9.5%

3 −0.71 4.2%

4 3.70 8.5%

5 3.01 7.1%

6 2.35 6.6%

7 1.83 1.6%

The chemical shift of lipid peak refers to water peak.
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correlation with MRS and histological methods for 
quantification of fat content (11,183,186). Figure 26 shows 
a direct output of water, fat only images, fat fraction maps 
and T2* maps.

This CSE-MRI method can be influenced by many 
factors, including noise bias (180), the lipid spectral 
complexity and eddy currents (181,185). The CSE-MRI 
results can also deviate from fat quantitation by chemical 
extraction method because PDFF is the ratio of lipid MR 
signal fraction in all protons while biochemical extraction 
measures the TG content weight fraction in the liver. In 
addition, CSE-MRI cannot measure protons with very 
short T2* such as hydrogen protons closely connected 
to large proteins or contents other than protons, which 
further compromise the equivalence of PDFF and fat 
weight density fraction. The different T2* decay (181,185) 
of water and lipids (typically around 23 and 45 ms in liver 
in a 3T scanner, respectively) need also to be accounted 
for in the different CSE-MRI methods with very long 
echo train to determine PDFF (182), though it has been 

demonstrated that single-T2* model performs best for short 
TEs over a range of clinically relevant signal-to-noise ratios 
(SNRs) and water/fat ratios (187). These factors generate 
systematic shifts in the hepatic fat fraction values and may 
explain the difference with results obtained by biochemical 
extraction (183). With these confounding factors impacting 
accuracy of PDFF, CSE-MRI result is complicated, hence 
filters are applied in the PDFF in clinical use for liver fat 
quantification to gain stability and get rid of irrelevant 
influences. 

Liver iron quantification (LIC)

Measurement of LIC is critical for assessing the magnitude 
of the body iron burden in the diagnosis and management 
of both hereditary and acquired forms of iron overload (188).  
MRI is highly sensitive to paramagnetic iron and has 
emerged as the primary non-invasive modality for tissue 
iron quantification in evaluating iron overload and 
monitoring iron-chelating therapy (189).

Figure 26 A direct output of water, fat only images, fat fraction maps and T2* maps.

A. Water B. Fat

D. Fat fractionC. T2 star
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Liver iron, typically present in the form of paramagnetic 
ferritin or hemosiderin, increases the susceptibility of tissue 
and creates a local susceptibility-induced contribution to 
the local magnetic field. Liver iron has an influence on the 
relaxation times of the liver parenchyma, most notably T2 
and T2*. T2 represents the time constant of the intrinsic 
decay of the transverse magnetization from spin-spin 
interactions, while T2* also incorporates effects from local 
magnetic field inhomogeneities: 

* '
2 2 2

1 1 1  
T T T

= +
 

[21]

where T2' is the additional contribution from field 
inhomogeneities. T2 and T2* can also be represented as 
relaxation rates, such that:

2
2
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T
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[22]
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T2 and T2* will be shortened (i.e., the relaxation rates 
R2 and R2* will be increased) with an increase in the 
iron concentration (190-192) (Figure 27), resulting in the 
decreased signal intensity on T2- and T2*-weighted images 
(Figure 28). Several quantitative MR-based strategies have 
been employed to measure LIC: signal intensity ratio (SIR) 

techniques based on T2-weighted or T2*-weighted imaging, 
quantitative relaxometry (largely R2- and R2*-based), and 
MR quantitative susceptibility mapping (QSM) (Figure 28). 

SIR techniques

In SIR methods, the signal intensity of the liver on spin-
echo or GRE sequences is divided by the signal intensity 
of a reference tissue that does not accumulate iron, such as 
paraspinal muscles (193-195). The body coil is used as the 
receive coil to achieve homogeneous signal intensity in the 
imaged section and avoid spatial sensitivity variations arising 
from phased-array coils (196,197). The use of an MR 
scanner with a B1 correction method or dielectric cushion 
is recommended to avoid an artificial decrease in paraspinal 
muscle signal intensity (197).

The most widely used SIR method is the one established 
by Gandon’s group (195-197). Five images, one proton 
density image with a minimal opposed-phase TE and 
four T2*-weighted images with varying in-phase TEs, are 
obtained with a breath-hold multi-echo GRE sequence (196) 
or five breath-hold single-echo GRE sequences (195,197). 
The long TR (i.e., 120 ms) and low flip angle (i.e., 20°) are 
used to remove the T1-weighting effect. Liver and muscle 
signal intensity measurements are performed on three ROIs 
within the right lobe of the liver, and in two ROIs in the 
right and left paraspinal muscles, respectively (Figure 29). 
Thus, each of the five images results in a different liver/
muscle signal intensity ratio. These five values are then 
combined to provide a LIC estimate using a specialized 
algorithm (195). The acquisition protocols and calculations 
are provided online for MR imaging field strengths of 1T, 
1.5T, and 3T (www.mrquantif.org).

The SIR method is easy to implement and inexpensive; 
it represents a viable alternative for screening in a clinical 
setting, particularly for centers without relaxometry 
methods (198). However, this technique is not accurate 
for severe iron overload exceeding 350 μmol/g dry weight 
(19.5 mg/g dry weight) and tends to overestimate mild 
and moderate liver iron overload. Further, the technique 
is dependent on the assumption that the reference tissue is 
normal. While paraspinal muscles may not be affected by 
iron overload, muscle atrophy and fat infiltration, especially 
in elderly patients, may confound the T2* of the muscles 
(195,197). Moreover, it is unclear how factors such as liver 
steatosis affect SIR measurements (189), while confounding 
factors such as fat can be corrected in R2* Relaxometry. 

Figure 27 Relationship between relaxation rates R2 and R2*, and 
biopsy-determined liver iron concentration (LIC). The relaxation 
rates R2 and R2* will be increased with an increase in the LIC. 
The equation between R2 and LIC is based on the measurements 
by St Pierre et al. (191), and the equation between R2* and LIC is 
based on the measurements by Wood et al. (192), respectively. 

1200

1000

800

600

400

200

0

10 20 30 40

R
el

ax
at

io
n 

R
at

e 
(s

− 1
)

LIC (mg Fe/g dry liver)

R2*=−7.95+39.37*LIC
R2=6.88+26.06*LIC0.701−0.438*LIC1.402

0

http://www.mrquantif.org


1873Quantitative Imaging in Medicine and Surgery, Vol 9, No 11 November 2019

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2019;9(11):1840-1890 | http://dx.doi.org/10.21037/qims.2019.09.18

R2 relaxometry

R2 can be estimated from a series of spin-echo signals 
acquired at various echo times by modelling the decay 
of the spin-echo signal magnitude with TE as a mono-
exponential or bi-exponential (191,199,200). With the 
background signal level and mono-exponential model taken 
into consideration, the decay in signal intensity following 
the spin-echo pulse sequence is given by:

( ) 2R TE
0S TE S e B−= +

 

[24]

where S(TE) is the magnitude of signal intensity at TE, 
S0 is the initial magnitude of signal intensity at TE=0 ms, 
and B is a constant term that takes into account the fact 
that noise prevents the signal to decay to zero in long TE 
sequences. This equation is fitted to the voxel intensity data 
as a function of TE.

St Pierre et al. derived an empirical curvilinear expression 
for R2 in terms of LIC (Figure 27) and validated the 
calibration curve in a multicenter study (201). In their 
method, axial images are acquired with a multislice single 
echo SE pulse sequence, with a pulse repetition time of  
2,500 ms, TEs of 6, 9, 12, 15, and 18 ms, and slice thickness 
of 5 mm. A 1,000 mL bag of normal saline solution is placed 
in the FOV and imaged with each patient to provide an 
external long T2 reference for the correction of instrumental 
gain drift and signal intensity variations due to any bandwidth 
changes. Typical data acquisition time is 22 min. R2 is 
calculated by fitting the image signal intensities measured 
at each TE with bi-exponential model after corrections 
for signal gain drift, noise bias, and radiofrequency field 
inhomogeneities are performed. The liver iron content is 
estimated by using the calibration curve.

An important advantage of the St Pierre method is that it 
has received Food and Drug Administration (FDA) approval, 
and is commercially available as FerriScan, provided by 
Resonance Health Inc (https://www.resonancehealth.com/). 
A multicenter study indicated that the calibration curve 
for FerriScan is independent of scanner type, stage of liver 
fibrosis, the grade of necroinflammation (201). However, 
upper and lower 95% limits of agreement between R2-MRI 

Figure 28 The effects of liver iron overload on signal intensity in T2*-weighted images, R2* maps, and quantitative susceptibility maps. Six 
gradient-echo images are acquired with increasing echo times. Images are subsequently processed to estimate the R2* relaxation rate and 
quantitative susceptibility values. Examples show R2* maps from a normal volunteer without iron overload (top), and from a patient with 
high iron overload (bottom). Liver iron overload results in faster signal intensity decay in T2*-weighted images, increased relaxation rate 
and susceptibility value. 
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Figure 29 Example of ROI placement for signal intensity ratio 
technique. Three ROIs (L1, L2 and L3) were placed in the right 
hepatic lobe, avoiding inclusion of vessels, biliary tracts, hepatic 
lesions, or artifacts, in order to obtain the mean signal intensity 
(SI) of liver and 2 ROIs in the paraspinal muscles (one on each), in 
order to obtain SI of muscle. 

https://www.resonancehealth.com/
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Figure 30 Effects of noise on R2* estimation. (A) Noisy magnitude signals result in a “noise floor” at low signal-to-noise ratio (SNR), 
leading to underestimation of R2* when using magnitude fitting; (B) the bias can partially be corrected with noise floor fitting techniques, 
which attempt to model the noise floor by adding a constant to the signal model; (C) truncation techniques remove the later echoes with low 
signal intensity and then the remaining echoes are fitted with a mono-exponential equation; (D) complex fitting avoids noise bias because the 
Gaussian zero-mean noise is preserved.
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and biopsy LIC measurements were 74% and −71% (201). 
These errors in liver iron estimation can be problematic 
in clinical practice. Additionally, R2 mapping requires a 
long scanning time, which causes potentially severe motion 
artifacts in free-breathing acquisitions. It also requires 
additional cost and delay for the data analysis. 

R2* relaxometry

R2* relaxometry based on multi-echo gradient-echo 
acquisitions can provide full liver coverage without motion 
artifacts within a single breath-hold (189). R2* values are 
calculated by fitting an exponential model to the GRE 
datasets with various TEs. However, conventional R2* 
mapping is affected by two key confounding factors: noise-
related bias and the presence of fat in tissue. 

The Rician-distributed noisy magnitude data cause a 
‘‘noise floor’’ with nonzero mean at low SNR, which leads 
to an underestimation of R2* in cases with low SNR or 

the presence of very rapid R2* decay (Figure 30A). The 
truncation (202), baseline fitting (203), the first and second-
moment noise corrected models (204), and complex 
fitting (205) have been used to address the noise-related 
bias. The bias can partially be corrected with noise floor 
fitting techniques, which attempt to model the noise floor 
by adding a constant to the signal model (Figure 30B). 
Truncation techniques remove the later echoes with low 
signal intensity and then the remaining echoes are fitted 
with a mono-exponential equation (Figure 30C). Complex 
fitting avoids noise bias because the Gaussian zero-mean 
noise is preserved (Figure 30D). Ultrashort TE techniques 
based on radial acquisitions have been proposed to extend 
the dynamic range of R2* relaxometry techniques for cases 
of low SNR with massive iron overload (206-208).

In the presence of water and fat signal components, 
the signal acquired at a single voxel is not a simple mono-
exponential decay, but instead contains oscillations  
(Figure 31). One simple approach to address the effects 
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of fat in R2* mapping is to acquire images at TEs where 
the water and main methylene resonance of fat (217 and  
434 Hz from water peak at 1.5T and 3T, respectively) are 
“in-phase” (4.6 ms, 9.2 ms, etc., at 1.5T; 2.3 ms, 4.6 ms, etc., 
at 3T) (210). However, this approach does not account for 
the spectral complexity of the fat signal and do not permit 
accurate R2* estimation (205) (Figure 31). Moreover, in-
phase echoes may be too long to capture the signal decaying 
in heavy iron overload. 

The most popular fat-corrected R2* measurement is a 
chemical shift-based R2* estimation method with multiple 
peaks fat modelling (205,209,211,212). In the presence 
of water and fat signal components, the signal acquired 
at a single voxel can be modelled by the following signal 
equation:

( ) ( ) *
F,p n 0 B n 2 n

P
i2πf TE i φ 2πf TE R TE*

n W F 2 B W F p
p 1

S ρ ρ ,R , f ρ ρ α e e, e + −

=

 
= +  
 

∑ [25]

where ρW and ρF are the amplitudes of water and fat signals, 
respectively, with the initial phase φ0, R2* =1/T2*, fB is the 
frequency shift due to local magnetic field inhomogeneities, 
fF,p are the known frequencies for the multiple spectral 

peaks of the fat signal relative to the water peak, αp are the 
relative amplitudes of the fat signal. Fat-corrected R2* 
measurements can be obtained by jointly performing fat-
water separation and R2* estimation.

In multiple studies, R2* has been demonstrated to have 
a linear correlation with biopsy-determined liver iron 
content and calibrations for converting R2* into LIC have 
been investigated (192,213,214), which demonstrated R2* 
relaxometry is a reliable technique for noninvasive liver 
iron overload quantification (215). However, the calibration 
curves depend on acquisition protocols, postprocessing 
models  and d i f ferent  b iopsy-LIC measurements 
(192,213,214,216,217). The R2* at 3.0 T is twice that at 
1.5T (189,218-220). Thus the empirical calibration curves 
are validated only for the particular field strength, imaging 
parameters, and reconstruction technique.

MR QSM 

While the magnitude data of the multi-echo gradient-
echo is used to generate R2*, the phase data can be used to 
generate quantitative susceptibility maps to directly measure 
magnetic susceptibility (221,222) without blooming artifacts 
found in R2* (223). QSM has been applied to abdominal 
organs by accounting for the fat contribution to the 
measured signal phase (219,224-226).

In MRI, the t issue local  magnetic f ield can be 
approximated as the convolution of the dipole kernel with 
the susceptibility distribution (227):

( ) ( ) ( ) ( ) ( )
2 2
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3 3

r r
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where ΔB(r) is the local field measured relative to B0, 
( ) ( ) ( )0

0

B r B
B r ,χ r

B
−

∆ =  is the spatially varying susceptibility 
distribution, r and r′ refer to the locations of the observed 
field and susceptibility source, respectively, θr is the 
azimuthal angle of r in the spherical coordinate (The 
subscript r is typically omitted). 

The pulse sequence for liver QSM is a 3D breath-hold 
multi-echo GRE, which is same as that for R2* mapping. 
After performing fat-water separation and R2* estimation 
based on Eq. [25], magnetic field inhomogeneities are also 
estimated. However, the measured field inhomogeneities 
include local magnetic field generated by the human body 
itself and the background field contributed by sources 
outside a ROI. The background field can be removed 
with the assumption that the phase created inside the ROI 

Figure 31 Effects of fat on R2* estimation. The signals are 
simulated using R2* =50 s−1, six-peak fat signal model by Hamilton  
et al. (209), and B0 =3.0T. The presence of fat introduces additional 
oscillations in the MR signal. The spectrum of fat contains multiple 
peaks and using in-phase echoes (labelled as red asterisk) for R2* 
estimation results in errors because only 70% of the fat signal (its 
main methylene peak) is truly in-phase with water at these echo 
times. There is approximately 30% of the fat signal contained within 
the other peaks, which are generally not in-phase with water at the 
in-phase TEs. 
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by outside sources is harmonic. After background field 
removal, the susceptibility map is then estimated using the 
dipole inversion technique based on Eq. [26]. Figure 32  
shows the typical processing pipeline to estimate the 
susceptibility maps in the abdomen.

Magnetic susceptibility is an intrinsic tissue property 
linearly related to liver iron (219,226,228,229). QSM 
is potentially the most direct and most sensitive MR 
imaging technique for detection of iron deposition. Liver 
susceptibility estimates demonstrate good correlation with 
both Ferriscan-LIC (R2=0.76 at 1.5T, R2=0.83 at 3T) and 
liver R2* (R2=0.94 at 1.5T, R2=0.93 at 3T) (219). However, 
QSM is not sensitive to the cases with extremely high LIC, 
due to iron-related low SNR (228,230). To generate QSM 
with massive liver iron overload, ultrashort echo time (UTE) 
sequences may be used to acquire sufficient signal in patients 
with very rapid T2* signal decay (231). Another limitation of 
QSM is that the exact relationship between QSM values and 
liver iron content is not yet clearly established.

Scan speed acceleration and movement 
reduction techniques

The introduction of multichannel, multi-element phased 
array coils allows parallel imaging techniques by accelerating 
the k-space acquisition to reduce scan time and related 
artefacts such as susceptibility artefacts, and dramatically 
improved SNR. Acceleration factors are typically limited 

by the inducement of residual artefacts and signal 
loss. Acronyms of parallel imaging techniques include 
GeneRalized Autocalibrating Partially Parallel Acquisitions 
(GRAPPA) (121), SENSitivity Encoding (SENSE) (120),  
Array coil Spatial Sensitivity Encoding (ASSET) and 
sequence integrated with automated coil calibration 
(mSENSE). ‘Low–high’ is a commonly used k-space filling 
order in liver breath-hold imaging, that the central part of 
the k-space is acquired at first when the patient can hold 
breath well while the outer part of the k-space is acquired 
later when unintentional tremor may present, and thus 
reduce motion artefacts. Sampling trajectories like radial, 
spiral and Periodically Rotated Overlapping ParallEL Lines 
with Enhanced Reconstruction (PROPELLER) (232) 
oversample the k-space center region (Figure 33), granting 
these methods intrinsic immunity to motion artefacts. By 
using advanced post-processing techniques to registrate each 
line or blade based on this oversampled k-space center for 
image reconstruction, the motion artefacts could be further 
reduced to a lower level (232,233). The drawback of radial 
and PROPELLER acquisition is the prolonged acquisition 
time compared with a traditional Cartesian acquisition.

Other fast imaging strategies can also be used in liver 
imaging to reduce respiratory motion artefacts. Fast 
sequences like turbo field echo (TFE) (234), balanced 
steady-state free precession (bSSFP) (235), single-shot 
turbo spin echo (TSE) (236) and echo planar imaging (EPI) 
are widely used in liver imaging (237). In the meantime, 

Figure 32 Processing pipeline to estimate the susceptibility maps in the abdomen. Complex source images (magnitude and phase) are 
acquired using a 3D multi-echo gradient-echo sequence in one breath-hold (A). A chemical shift encoded reconstruction is used to estimate 
the B0 field map, as well as the R2* map and the separated water and fat images (B). The susceptibility map (D) is then estimated using the 
proposed background field removal (C) and dipole inversion technique. QSM, quantitative susceptibility mapping.
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fast imaging method like SENSE, GRAPPA, compressed 
sensing (CS) (122), half scan, partial echo techniques 
can also be combined with these fast imaging sequences 
to further reduce total scan time. To acquire all slices in 
a single breath-hold, several fast imaging methods like 
SENSE, GRAPPA, CS and half scan, which omit k-space 
samples, can be used. However, those k-space sampling 
reduction techniques lead to SNR decrease in most cases 
for conventional imaging applications, even though the 
SNR penalty for DW-MR imaging can be mitigated due to 
decreased echo time. At the meantime, these fast imaging 
methods can increase the bandwidth of echo planar imaging 
(EPI), therefore reduce the geometry distortion (238).

DW-MRI or diffusion tensor imaging (DTI) acquires 
multi-slice data with multiple diffusion directions and 

multiple number-of-signal-averaging (NSAs), hence its total 
scan time would be prolonged. To accelerate the acquisition 
speed, simultaneous multi-slice (SMS) with blipped 
CAIPIRINHA (controlled aliasing in parallel imaging 
results in higher acceleration) (239-241) can be used. This 
simultaneous acquisition technique will not lead to an R 
decrease on SNR (R represents acceleration factor) (239), 
compared with traditional parallel imaging methods with 
arrayed receiving coils. This SMS method has been mostly 
implemented in the brain, while studies demonstrated its 
feasibility in abdominal use such as liver imaging. 

To catch the signal intensity changes after applying the 
contrast agent, high imaging speed is needed. Unlike the 
aforementioned fast imaging methods, which make use of 
spatial correlation, techniques utilize temporal correlations, 

Figure 33 Three types of sampling trajectories in k-space. (A) Spiral trajectory; (B) radial trajectory; (C) PROPELLER trajectory.
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Figure 34 A representative example of combined CENTRA keyhole/view sharing method. The 3D k-space is divided into four parts: 
central parts C, P+ and P−, peripheral part R. Part C is always acquired for each dynamic, while parts P+ and P− are acquired only once for 
adjacent dynamics and will be shared by adjacent dynamics in the reconstruction procedure. Part R is only acquired in the reference scan, 
and is shared by all of the dynamics.
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such as keyhole (123,124) and view sharing (125,242), 
are also commonly used by commercial scanners (Figure 
34). These techniques can accelerate dynamic imaging 
by sharing peripheral k-space data because the image 
contrast is mainly determined by the central k-space data. 
Other useful techniques which utilize both temporal and 
spatial correlations, like k-t BLAST/k-t SENSE (127) and 
k-t GRAPPA (128) are developed to achieve even higher 
acceleration. These methods are based on that dynamic 
images exhibit significant signal correlations in k-space 
and time, which can be learned from a small set of training 
data (127) or locally derived from the acquired data (128), 
then the missing data can be recovered. In 2014, a novel 
technique named iGRASP (iterative Golden-angle RAdial 
Sparse Parallel MRI) (243) was proposed to combine CS, 
parallel imaging and golden-angle radial sampling strategies 
together, which in our experience, performs well and 
provides a promising fast free-breathing dynamic volumetric 
MRI technique with high spatial-temporal resolution.

To overcome the challenging groups of the elderly or 
pediatric patients with poor breath-hold capacity, in-plane 
radial sampling using a fat-suppressed spoiled-GRE T1 
weighted sequence (Siemens: Star VIBE; Philips: 3D VANE 
XD) has been explored and introduced for clinical use. This 
method shows good motion robustness and advantage in 
free-breathing imaging (244). 

MRI provides a multi-contrast and multi-parametric 
modality to diagnosis and evaluate liver diseases. This article 
only covers selected topic on liver quantitative MRI, and a 
number of highly relevant technologies are not included. 
MR Elastography assesses tissue stiffness by measuring 
the speed of shear waves propagating within it. With the 
addition of a special hardware (i.e., driver), MR elastography 
has been used for diagnosing and staging liver fibrosis with 
very promising results. However, detection of stage-1 liver 
fibrosis remain challenging using MR Elastography (48).  
T1rho has been shown to be promising in assessing 
liver inflammation and collagen deposition, i.e., factors 
associated with fibrosis (245,246), though the underlying 
mechanism for T1rho elevation in liver fibrosis has not 
been fully explained (247). The work of Xie et al. (248) 
suggests T1rho may differentiate simple steatosis from liver 
pathologies involving inflammation and fibrosis such as 
NASH. In a study of rabbit model, Xie et al. (249) reported 
T1rho imaging during the hepatobiliary phase of Gd-EOB-
DTP allowed a total separation of normal livers and livers 
with NASH [Figure 2B of (249)], such a differentiation 
was better than T1rho alone [Figure 2A of (249)]. On the 

other hand, it has been noted that liver T1rho in healthy 
subjects is age and gender dependent, and female subjects 
and younger subjects have higher T1rho measures (78). 
In investigative studies, it can often be the case that liver 
fibrosis subjects (elevated liver T1rho) are older than 
controls (younger subjects have higher liver T1rho), and 
the difference between cirrhosis subjects and controls 
may be ‘artificially’ reduced. Therefore, for comparative 
studies, controls should be age- and gender-matched. 
Measurement correction methods for liver iron deposition 
are also expected to be useful (247). T1 mapping [using 
Lock-Lock, modified Look-Locker inversion recovery 
(MOLLI), shortened Modified Look-Locker Inversion 
recovery (ShMOLLI)] before and after Gd have been 
investigated in evaluating different kind of liver diseases 
and liver functions (175,250). 3D acquisition methods 
are also being investigated using dual or multi-flip angles 
sequences for T1 mapping. Recently, the interest of a SPIO 
(superparamagnetic iron oxide) type of contrast agent 
Ferumoxytol (Feraheme; AMAG Pharmaceuticals, USA) 
has been re-ignited (251,252). Ferumoxytol is approved in 
the United States and Europe for use in the intravenous 
treatment of iron deficiency anemia, it can be used as an 
injectable bolus blood pool contrast agent for MRI. With 
the recent confirmation of its safety profile (252,253), 
it is expected this SPIO type of contrast agent may find 
its application in liver imaging. Furthermore, various 
algorithms of artificial intelligence are being developed very 
rapidly that may play an important role in the detection, 
segmentation, and classification of liver diseases. Future 
development directions also include standardization of the 
quantification methods through multi-centre validation, as 
well as continuous improvement of the temporal and spatial 
resolution, making liver imaging faster and more robust 
against physiological motions. 
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