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Diffusion-weighted MR Imaging
of the Liver’

Bachir Taouli, MD . . . : 2
Dow-Mu Koh, MD, MRCP, FRCR Magnetic resonance (MR) imaging plays an increasingly

important role in the evaluation of patients with liver dis-
ease because of its high contrast resolution, lack of ioniz-
ing radiation, and the possibility of performing functional
imaging sequences. With advances in hardware and coil
systems, diffusion-weighted (DW) MR imaging can now
be applied to liver imaging with improved image quality.
DW MR imaging enables qualitative and quantitative
assessment of tissue diffusivity (apparent diffusion co-
efficient) without the use of gadolinium chelates, which
makes it a highly attractive technique, particularly in pa-
tients with severe renal dysfunction at risk for nephro-
genic systemic fibrosis. In this review, acquisition param-
eters, postprocessing, and quantification methods applied
to liver DW MR imaging will be discussed. The current
clinical uses of DW MR imaging (liver lesion detection and
characterization, compared and combined with conven-
tional sequences) and the emerging applications of DW
MR imaging (tumor treatment response and diagnosis of
liver fibrosis and cirrhosis) will be reviewed. Also, limita-
tions, mainly image quality and reproducibility of diffusion
parameters, and future directions of liver DW MR imag-
ing will be discussed.
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ince the first brain diffusion imag-

ingin 1986 (1) and the widespread

application for stroke detection in
the early 1990s (2-6), diffusion-weighted
(DW) magnetic resonance (MR) imag-
ing has evolved into a mature functional
MR imaging technique for many brain
imaging applications (7,8). With recent
advances in technology, DW MR imag-
ing is reaching a potential for clinical
use in the abdomen, particularly in the
liver. DW MR imaging is an attractive
technique for multiple reasons: it can
potentially add useful qualitative and
quantitative information to convention-
al imaging sequences; it is quick (per-
formed within a breath hold) and can
be easily incorporated to existing pro-
tocols; and it is a nonenhanced tech-
nique (performed without the use of
gadolinium-based contrast media), thus
easy to repeat, and useful in patients
with severe renal dysfunction at risk for
nephrogenic systemic fibrosis (9-12).
However, liver DW MR imaging is still
in its infancy and is faced with many
challenges before being fully validated
for liver imaging applications.

In this review, we will discuss the
acquisition, postprocessing, quantifica-
tion methods, and results of DW MR
imaging applied for the diagnosis of dif-
fuse and focal liver diseases.

® Diffusion-weighted (DW) MR
imaging can be used for liver
lesion detection and characteriza-
tion, with better results compared
with T2-weighted imaging and
with potential additional value to
contrast-enhanced sequences.

B Emerging promising applications
of DW MR imaging include
assessment of treatment
response and detection of liver
fibrosis and cirrhosis, requiring
further confirmation.

B [n patients who cannot receive
gadolinium-based contrast
agents, DW MR imaging has the
potential to be a reasonable
alternative technique to contrast-
enhanced imaging.

Principles of Diffusion-weighted

Imaging in the Liver

Diffusion is a physical process that re-
sults from the thermally driven, random
motion of water molecules (13,14). In a
container of water, molecules undergo
free, thermally agitated diffusion (with
a three-dimensional Gaussian distribu-
tion). The width of the Gaussian distri-
bution expands with the elapsed time,
and the average square of this width
per unit time gives the units of the ap-
parent diffusion coefficient (ADC) (see
below). In tissues, apparent diffusion
is observed since the movement of wa-
ter molecules is modified by their inter-
actions with cell membranes and mac-
romolecules. DW MR imaging is an MR
imaging technique that derives its im-
age contrast on the basis of differences
in the mobility of protons (primarily
associated with water) between tissues.
In tissues that are highly cellular (eg,
tumor tissues), the tortuosity of the ex-
tracellular space and the higher density
of hydrophobic cellular membranes
restrict the apparent diffusion of water
protons (15,16). In such an environ-
ment, water diffusion is said to be rela-
tively “restricted.” By contrast, in cystic
or necrotic tissues, the apparent diffu-
sion of water protons is relatively “free.”
Thus, DW MR imaging is unique in its
ability to provide information that re-
flects tissue cellularity and the integrity
of cellular membranes (17).

Stejskal and Tanner (18) were the
first to describe an MR experiment that
could be used to observe and measure
water diffusion. They modified a stan-
dard T2-weighted imaging sequence by
applying a symmetric pair of diffusion-
sensitizing gradients on either side of
the 180° refocusing pulse (Fig 1). Mov-
ing water protons acquire a phase shift
from the first diffusion-sensitizing gra-
dient, which, as a consequence of mo-
tion, is not entirely rephased by the
second gradient, resulting in attenua-
tion of the measured signal intensity.
Hence, the presence of water diffusion
is observed as signal loss on DW MR
images. As stated previously, the phe-
nomenon of diffusion resembles a three-
dimensional distribution; however, in a

single diffusion-encoded image (such
as done with the pulse sequence in
Fig 1), diffusion only along the direc-
tion of the diffusion-encoding gradients
is measured. Liver DW MR imaging is
routinely estimated by using tridirec-
tional diffusion gradients along each of
the three directions (x, y, and z), and
the average diffusion-weighted image
(trace) is evaluated. However, water
motion can occur preferentially in some
directions in certain tissues (anisotro-
pic tissues) due to presence of obstacles
that limit molecular movement in some
directions. Diffusion anisotropy can be
detected by observing differences in
diffusivity in different diffusion direc-
tions, such as in brain white matter
(19-21), spinal cord (22), muscle (23),
and renal medulla (24,23). By using dif-
fusion gradients in at least six direc-
tions, diffusion-tensor imaging can be
used to obtain anisotropy information
(fractional anisotropy and other index-
es) (8), in addition to ADC. Diffusion-
tensor imaging has been used predomi-
nantlyforbrainimaging (8,14,21,26-30),
with limited data for body imaging of
liver (31,32), kidneys (24,25), or prostate
(33,34). A prior study showed minimal
nonsignificant differences in ADC values
between the three diffusion-gradient
directions (35), proving the isotropic
structure of liver parenchyma. Two
other studies reported use of liver dif-
fusion-tensor imaging in association
with parallel imaging (31,32). However,
none of these studies have described
specifically fractional anisotropy values
in the liver. In our experience, we found
fractional anisotropy maps of the liver
to be noisy (due to short liver T2) and
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Abbreviations:

ADC = apparent diffusion coefficient
DW = diffusion weighted

HCC = hepatocellular carcinoma

IVIM = intravoxel incoherent motion
SE = spin echo

SNR = signal-to-noise ratio

SPI0 = superparamagnetic iron oxide
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Figure 1:

Gradient acquisition scheme according to a Stejskal-Tanner SE echo-

planar DW MR imaging experiment. Note the diffusion-sensitizing gradients (in
black), which are placed on either side of the 180° refocusing pulse, and the echo-
planar readout, which results in rapid image acquisition. RF = radiofrequency.

therefore not diagnostic, at least using
the current technology.

The sensitivity of the imaging se-
quence to water diffusion can be al-
tered by changing the b value, or b fac-
tor, which is dependent in a specific
mathematical way on the diffusion-
encoding gradient waveforms (13). The b
value increases with the square of the
gradient amplitude, the square of the
gradient diffusion length, and approxi-
mately with the time between the two
pulses, as shown in the following equa-
tion: b (in in seconds per square millime-
ter) = v* G2 & (A — 8/3), where v is the
gyromagnetic ratio, G is the diffusion gra-
dient amplitude, & is the gradient diffu-
sion length, and A is the diffusion time.

The signal intensity from protons
with larger diffusion distances per unit
time (eg, blood flow) is attenuated with
small b values (eg, b < 100-150 sec/
mm?). By comparison, when higher b
values (eg, > 500 sec/mm?) are used,
there is usually less signal attenuation
from cellular tumors containing protons
with shorter diffusion distances, com-
pared with the normal liver. Thus, per-
forming DW MR imaging measurements
by using two or more b values, tumor
detection and characterization are pos-
sible based on the differences in water
diffusivity. The images from each indi-
vidual b value can be assessed qualita-
tively. However, performing imaging by
using two or more b values also allows
quantification of the ADC of tissues. The

process of ADC calculation is usually
automated with clinical MR systems. In
mathematical terms, this is achieved for
each voxel on the diffusion image by per-
forming a monoexponential fit to the
relationship between the measured sig-
nal intensity (in logarithmic scale) and
the b values as follows: ADC = In (SI,/
SI)/ b, where S] is signal intensity for
b = 0 and Sl is that for a higher b value.
The slope of the line that describes
this relationship in each voxel represents
the ADC (Fig 2). The calculated ADC val-
ues for all voxels are usually displayed as
a parametric map, and by drawing a re-
gion of interest onto this map, the mean
or median ADC value in the region of
interest that reflects water diffusivity can
be recorded. ADC measurements in the
liver have been used for tumor detection
and characterization, as well as for as-
sessment of tumor response to treatment
and diagnosis of fibrosis and cirrhosis.
Interestingly, it has been shown that
the degree of signal attenuation of the
liver and focal liver lesions with increas-
ing b value is nonlinear, due to micro-
capillary perfusion (36-39). A biexpo-
nential behavior has been observed over
the range of b values used for clinical
imaging, where initially a small increase
in b value (in the range of 0-200 sec/
mm?) results in a steep reduction in the
measured signal intensity (Fig 2). The
signal then attenuates more gradually
over the range of higher b values (= 200
sec/mm?). This is explained by the in-

travoxel incoherent motion, or IVIM,
phenomenon, or pseudo-diffusion effect,
in relation to capillary perfusion (36,39-
42). With IVIM, molecular diffusion can
be separated from perfusion, provided
that a wide range of b values (including
low [< 200 sec/mm?| and high [= 200
sec/mm?]) are used (36). Understanding
this phenomenon is important because
the choice of b values can determine the
degree to which the calculated ADC
may be influenced by tissue perfusion at
low b values, as this may confound the
measurement of tissue diffusivity. This
explains why ADCs of liver lesions re-
ported in the literature calculated by using
only lower b values (< 100-200 sec/mm?)
(38,39,43,44) are higher than those ob-
tained by using higher or a wider range
of b values (35,45,46). By contrast,
ADCs calculated by using only higher b
values (= 200 sec/mm?) (47) or with a
more sophisticated data fitting using the
principles of IVIM (39) are lower than
those calculated by using a wide range
of b values (which includes lower b
values), because the perfusion effects
are excluded.

Liver Diffusion Imaging Acquisition,

Optimization, and Display

DW MR Imaging Acquisition Techniques
Although a number of imaging sequences
can be applied to evaluate the liver, single-
shot spin-echo (SE) echo-planar tech-
nique is the most frequently used in com-
bination with fat suppression (eg, spectral
attenuated inversion recovery or chemi-
cal excitation with spectral suppression)
(20,48-50) (Fig 1). Because single-shot
SE echo-planar sequences are intrinsi-
cally sensitized to the motion of diffusion,
they are generally also highly sensitive to
other kinds of motion, such as bulk mo-
tion and respiration, which may produce
artifacts. Thus, diffusion acquisitions are
generally designed to attempt to avoid or
account for these latter effects. Most DW
MR imaging studies have been conducted
by using 1.5-T MR systems, although
there is a growing interest in performing
such studies with 3.0-T systems due to
increased availability and potential for
improved image quality (51,52).
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Figure 2

—e— Met.
L —8&— Cyst

6.0 =m

b0 \\.-mooo D" \ole

Log (SI)

0 200 400 600 800
b-value

Figure 2: ADC calculation and intravoxel incoherent motion (IVIM) MR effect in a 78-year-old man with liver metastases from lung cancer and renal cysts.
(a) The ADC is calculated over the entire range of b values used at imaging as a simple monoexponential fit of log signal intensity (S/) versus b values: S =
S, X exp (— b x ADC), where Sis the signal intensity after application of the diffusion gradient and S, is the signal intensity at b of 0 sec/mm? (the ADC
represents the slope of the curve). (b) Fits of benign renal cyst (short arrows) and liver metastases (long arrows) are represented on top and corresponding
coronal single-shot SE echo-planar images (b = 0-1000 sec/mm? and ADC maps are represented on the bottom. The cyst demonstrates strong straight

signal attenuation, whereas the metastatic lesion has minimal signal decrease, consistent with restricted diffusion, with an initial strong signal decrease
related to IVIM effect (arrow on a). ADC (x 10~2 mm#/sec, using all b values) was 2.8 and 0.70 for the cyst and the metastasis, respectively.

DW MR imaging of the liver is usu-
ally performed prior to contrast mate-
rial administration, although performing
DW MR imaging after the administra-
tion of gadopentetate dimeglumine did
not appear to significantly affect ADC
calculations in a prior study (53). Imag-
ing may be performed during a breath
hold, which attempts to freeze motion,
or during free breathing with multiple
signal acquisitions to reduce the effects
of motion. Image acquisition during free
breathing may also be combined with
respiratory (54) and/or cardiac trigger-
ing (535). Breath-hold single-shot SE
echo-planar imaging of the liver is quick
to perform, and the whole liver can be
evaluated in generally one or two breath
holds of 20-30 seconds each, depending
on liver size and sequence parameters.
However, the disadvantages of breath-
hold imaging include poorer signal-to-
noise ratio (SNR), greater sensitivity to
distortion and ghosting artifacts, lower
spatial resolution (with wider section
thickness, 8-10 mm), and a limitation
on the number of b values that can be
included in the measurement.

By comparison, free-breathing
multiple-signal-acquisition single-shot
SE echo-planar imaging is a versatile
technique that can be implemented rea-

sonably well across different vendor MR
platforms. The liver is typically evaluated
in 3-6 minutes. The use of multiple sig-
nal acquisitions results in images with
improved SNR. Consequently, thinner
image sections (= 5 mm) can be ob-
tained, and more b values can be accom-
modated within the longer measurement.
High-quality diffusion images of the liver
can be obtained by using a free-breathing
technique because cyclical respiration is
a coherent motion that does not result in
additional signal attenuation from the
liver (56). The disadvantages include
slight image blurring and assessment of
lesion heterogeneity that may be subopti-
mal because of volume averaging. Free-
breathing DW MR imaging may be com-
bined with respiratory triggering, either
by means of navigator or bellows control.
When successfully implemented, such a
technique results in high-quality images
with good anatomic detail (Fig 3).

It has been shown that respiratory-
triggered DW MR imaging improves liver
detection, compared with breath-hold
DW MR imaging (sensitivity for lesion
detection, 93.7% vs 84.3%) (57), and
improves image quality, SNR, and ADC
quantification (54). However, the im-
plementation of respiratory triggering
increases the acquisition time (approxi-

mately 5-6 minutes), as the images are
only acquired in part of the respiratory
cycle. The longer acquisition time can in-
crease the chance of patient movement
in the imager. Last but not least, there
is a risk of pseudo-anisotropy artifact with
use of respiratory triggering, which in-
duces errors in the ADC calculation,
especially in noncirrhotic livers (38).
Interestingly, it has been found that
there was no significant difference in the
mean ADC values obtained by using free-
breathing or respiratory triggered acqui-
sition schemes, although there was less
scattering of ADC values associated with
respiratory triggering schemes (59). A
recent study (60) in volunteers has shown
that the ADC values obtained by using
the free-breathing technique were more
reproducible compared with those ob-
tained by using breath-hold or navigator
controlled image acquisitions (see ADC
quantification section for discussion on
sources of variability).

In the left lobe of the liver, cardiac
motion results in spin dephasing, which
causes artifacts. Such artifacts are worse
at higher b values and when breath-hold
imaging is used and can result in spuri-
ously high ADC values over the left
hepatic lobe (61). One way of minimiz-
ing such artifact is to use pulse (62) or

radiology.rsna.org = Radiology: \lolume 254: Number 1—January 2010
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Figure 3
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Figure 3: Transverse breath-hold (BH) versus respiratory-triggered (RT) fat-suppressed single-shot SE
echo-planar diffusion acquisition in a 78-year old woman with liver cysts. Respiratory-triggered acquisition
(using navigator echo, four signals acquired) shows better image quality at b of 0 and 500 sec/mm? (with
better lesion delineation) and more homogeneous ADC maps compared with breath-hold acquisition (two
signals acquired). There is strong signal decrease of liver cysts (arrows), with corresponding high ADC values

(approximately 2.9-3 X 1073 mm?/sec).

cardiac triggering (55) at image acqui-
sition. However, the use of pulse or
electrocardiogram-triggered acquisitions
can be difficult to implement. Further-
more, cardiac triggering also increases
the measurement time, and combining
the use of respiratory and cardiac trig-
gering can substantially prolong the ex-
amination time for up to six times as
long compared with free-breathing non-
triggered acquisitions.

Not surprisingly, the choice of DW
MR imaging technique in the liver in
clinical practice is likely to be influenced
by the MR imaging platform, local ex-
pertise, physics support, and available
examination time. In our opinion,
breath-hold DW MR imaging may be
appropriate in a time-pressured envi-
ronment, whereas a free-breathing re-

spiratory triggered acquisition may be
desired in a research setting. It is im-
portant to remember that each of these
techniques has its inherent trade-offs
and the radiologists should be aware of
these when they are applied. Suggested
image acquisition schemes using breath-
hold and non- breath-hold techniques
(as used in the author’s institutions) are
summarized in Table 1.

Choice of b Values and Sequence
Optimization

Because of the relatively short T2 relax-
ation time of the normal liver paren-
chyma (approximately 46 msec at 1.5 T
and 24 msec at 3.0 T) (63), the b values
used for clinical imaging are typically
no higher than 1000 sec/mm?. To gen-
erate 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. Applying a small
diffusion weighting of b less than 100-
150 sec/mm? nulls the intrahepatic
vascular signal, creating the so-called
black-blood images, which improves
detection of focal liver lesions (Fig 4)
(52,57,64,65), while higher b values
(= 500 sec/mm?) give diffusion infor-
mation that helps focal liver lesion char-
acterization (35,44). Hence, when per-
forming DW MR imaging in the liver, it
is advantageous to perform imaging by
using both lower and higher b values
(eg, b = 0, b = 100, and b = 500 sec/
mm?. Additional b values can be consid-
ered in the context of research, clinical
trials, or when the primary aim is to
obtain an accurate ADC (eg, for the
assessment of liver cirrhosis), since in-
creasing the number of data points can
reduce the error in the ADC estimation.
To ensure that the highest quality images
are consistently obtained, the imaging
sequences should be optimized to maxi-
mize SNR and reduce artifacts, which
may arise from motion, eddy currents,
chemical shift, Nyquist ghosting, suscep-
tibility effects (66), and noise amplifi-
cation from acceleration techniques
(referred to as the g factor, which relates
to the amplification of noise in a parallel
imaging study) (67). A full discussion of
sequence optimization is beyond the
scope of this review and the readers may
want to refer elsewhere (17). However,
the broad principles are briefly discussed
in the Limitations section.

Image Display and Processing

Trace diffusion images (average images
between the images obtained with the
three diffusion-gradient directions) are
displayed for each b value acquired,
together with an ADC map. High-b-
value images are assessed for areas of
restricted diffusion, appearing as high
signal intensity. The grayscale may be
inverted to yield images that superficially
resemble positron emission tomographic
(PET) scans, as described by Takahara
et al (68), who have investigated the use
of a short inversion time inversion-
recovery echo-planar imaging diffusion

Radiology: \'olume 254: Number 1—January 2010 = radiology.rsna.org
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Table 1

Suggested Sequence Parameters for Performing Diffusion-weighted MR Imaging of the Liver

Parameter

Breath-hold Acquisition

Free-breathing or Respiratory-triggered Acquisition

Field of view (right-left X anteroposterior in mm)
Matrix size (phase X frequency encoding)
Repetition time

Echo time”

Echo-planar imaging factort
Phase-encoding direction

Parallel imaging acceleration factor
Number of signals acquired

Section thickness (mm)

Number of sections

Direction of motion probing gradients*

Fat suppression

bValues (sec/mm?)

Acquisition time

350-400 X 262-300

350-400 X 262-300

144 X 192 144 X 192

= 1600-2000 2500-6000

Minimum (~71) Minimum (~71-82)

144 144

Anteroposterior Anteroposterior

2 2

2 =5

7-8 5-7

10 20

Phase, frequency, and section (traces) Phase, frequency, and section (traceS)
Yes Yes

0,50-100, 500 0, 50-100, 500, 700-1000

23 sec 2-3 min (free breathing), = 3 min (respiratory triggering)

*Minimum echo time depends on the system and the b values used and should be kept fixed for all b values used in a study.
TNumber of k-space lines collected per number of signals acquired.
*Three directions are generally used for liver imaging, although more directions could be used (diffusion-tensor imaging) (8,14,21,26-30).

§ Trace is the average image from three directions.

sequence with background suppression
using a high b value in the neck, chest,
and abdomen. Fusion imaging is not
frequently utilized for liver assessment.
However, by using a false color scale to
display DW MR imaging or ADC infor-
mation, the unique information derived
from a diffusion-weighted sequence could
be overlaid on a conventional grayscale
T1- or T2-weighted images. It is worth-
while to note that a false color scale
may introduce artificial segmentation
on an image, and this should be borne

Figure 4
T2wl

Figure 4:

in mind when applying such technique.
ADC calculation from the native b
value images is a semiautomated pro-
cess on most commercial MR imagers
or workstations. However, more sophis-
ticated analyses may be possible off-line
by using developmental software to
apply more complex algorithms to the
data fitting (eg, biexponential models
based on IVIM) (36,69,70). ADCs cal-
culated by omitting lower b values (eg,
< 200 sec/mm?) are perfusion insensi-
tive (39,42). This is relatively easy to

Lesion detection with DW MR imaging versus T2-weighted imaging. Transverse fat-suppressed

(Ieft) turbo SE T2-weighted image and (right) single-shot SE echo-planar diffusion image (b = 100 sec/mm?)
in a 54-year-old man with colorectal cancer. Application of diffusion weighting with small b value eliminates
the high signal intensity from the intrahepatic vasculature, which makes the metastasis (arrows) in the cau-
date lobe of the liver more conspicuous on DW MR image than on T2-weighted image.

perform and is increasingly used in
research studies.

Qualitative visual assessment.—Visual
assessment is helpful for disease detec-
tion and characterization by observ-
ing the differential signal attenuation
between tissues on DW MR images.
Cellular tissues, such as tumors or ab-
scesses, will demonstrate restricted dif-
fusion (high signal intensity) on higher
b value (= 500 sec/mm?) images and
lower ADC values. By contrast, cystic
or necrotic tissues will show a greater
degree of signal attenuation on higher b
value diffusion images and return high-
er ADC values (Figs 2, 3, 5, 6). Howev-
er, the signal intensity observed on the
diffusion image is dependent on both
water proton diffusivity and the tissue
T2-relaxation time, which is a possible
confounding factor. 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). This phenomenon
can be observed in the normal gallblad-
der, cystic lesions, and hemangiomas.
The presence of T2 shine-through is
recognized by correlating high-b-value
images with the ADC map. Areas dem-
onstrating substantial T2 shine-through
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Figure 5

Figure 5:

Post-contrast

Necrotic breast cancer metastasis. Transverse fat-suppressed breath-hold single-shot SE echo-planar diffusion images obtained by

using b values of 0 and 500 sec/mm? with corresponding ADC map and postcontrast image in a 43-year-old woman with breast cancer treated
with chemotherapy. The higher signal intensity necrotic center of the tumor on image obtained with b of 0 sec/mm? shows greater signal
attenuation on the image obtained with b of 500 sec/mm?, with higher ADC () compared with the cellular enhancing rim, which has restricted

diffusion and lower ADC (arrows).

Figure 6

Post-contrast

P

R

a4
A

Figure 6: HCC after chemoembolization. Transverse fat-suppressed breath-hold single-shot SE echo-planar diffusion images (b = 0, 50, and
500 sec/mm? with corresponding ADC map and subtracted postcontrast image in a 56-year-old man with cirrhosis and large infiltrative HCC of
the left hepatic lobe (arrows) treated with chemoembolization. The lesion shows restricted diffusion, except for a smaller portion, which is

necrotic after treatment ().

rather than restricted diffusion will
show high diffusivity on the ADC map
and high ADC values (Figs 7, 8). For
this reason, diffusion images should be
interpreted concurrently with the ADC
map and all other available morphologic
imaging to prevent misinterpretation.

Quantitative assessment.—The ADC
of the liver calculated from diffusion
acquisition can be appraised by either vi-
sual assessment of the ADC maps or by
drawing regions of interest on the ADC
maps to record the mean or median
ADC values in the tissue of interest. ADC

is usually expressed (X 1073) as square
millimeters per second and is being
investigated by several research groups
as an index for assessing tumor response
to treatment. The ADC can also aid
in the characterization of liver lesions
and for the diagnosis of liver fibrosis

Radiology: \'olume 254: Number 1—January 2010 = radiology.rsna.org
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Figure 7

a.

Figure 7: T2 shine-through effect with DW MR imaging. (a) Transverse fat-suppressed breath-hold single-
shot SE echo-planar diffusion image (b = 500 sec/mm?) and (b) corresponding ADC map in 60-year-old
woman with metastatic liver disease. The liver metastasis (arrow), renal cyst, and gallbladder () show high
signal intensity on a. This is clarified on b, where the metastasis shows low diffusivity reflected by the low
ADC, while the cyst and gallbladder show high ADC, not because of restricted water diffusion, but because of
the long T2 relaxation time of the fluid (T2 shine-through).

and cirrhosis. However, ADC quantifica-
tion requires minimum acceptable SNR
at higher b values (71). Use of low-SNR
images for ADC quantification may arti-
ficially reduce the ADC.

ADC Reproducibility

One of the critical issues to ensure con-
sistent and widespread application of
quantitative ADC measurements for
disease characterization and tumor re-

sponse assessment is the knowledge of
ADC measurement reproducibility and
interimager variability. ADC can vary
as a result of hardware or human or
biologic factors. Even when the same
MR system is used, DW MR imaging
studies have inherently lower SNR and
are susceptible to a range of artifacts,
which could increase the variability of
the calculated ADC. An even greater
degree of variability is to be expected

b0 High b ADC

Benign Lesion
(E.g. cystic-necrotic lesion)

Malignant Lesion
(E.g. Metastasis)

T2 shine through
(E.g. cyst-hemangioma)

000

|
®
®

@

Figure 8: Visual liver lesion characterization with DW MR imaging. This figure gives a simplified
approach to lesion characterization by using visual assessment with b of 0 sec/mm? 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 sometimes show a T2 shine-
through effect (see text for explanations). Black circles = hypointense, white circles = hyperintense.

when comparing ADC measurements
across MR platforms, since the MR sys-
tems from different vendors will have
slightly differing implementation of im-
age acquisition schemes, gradient perfor-
mance, and artifact reduction strategies.
In a recent study (72) assessing intra-
and interimager ADC measurement
variability of the normal brain in a
group of volunteers by using compara-
ble diffusion protocols on different MR
platforms across institutions, it was
found that the intravendor ADC mea-
surement variability was 4%-9% and
the intervendor variability was approxi-
mately 7%. Such intra- and interimager
variations suggest the need for greater
standardization of imaging parameters
to minimize the measurement variability
across platforms in order to allow more
meaningful comparison of results and
facilitate multicenter studies (73). Com-
pared with diffusion studies in the brain,
performing DW MR imaging in the liver
is more challenging because of motion
and lower T2. Consequently, there is
likely to be a greater degree of error
associated with ADC measurements in
the liver than in the brain. There are
emerging data for measurement repro-
ducibility of ADC measurements in the
liver at both 1.5 T (60) and 3.0 T (51),
but clearly more research in this area
should be encouraged.

Current Applications of Liver DW MR
Imaging: Liver Lesion Detection
Comparison with T2-weighted imaging.—
Several publications have reported the
use of DW MR imaging for liver le-
sion detection (57,61,64,74-79). Few
of these studies have compared DW
MR imaging and T2-weighted imaging
in terms of lesion detection, generally
showing improved detection with DW
MR imaging (64,76,78,79); in terms of
image quality, findings showed compa-
rable image quality with that of DW MR
imaging by using low b values (52,63).
Black-blood diffusion images (using low
b values), in which background signal
of vessels in the liver parenchyma is
suppressed, allow for lesion detection
(52,64,65), while images with higher b
values give diffusion information that en-
able lesion characterization (35,44,57).

54
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The improved lesion detection with DW
MR imaging compared with T2-weighted
imaging is explained by the improved
image contrast with use of low b val-
ues and lack of blurring with single-shot
SE echo-planar imaging, compared with
T2-weighted fast SE or single-shot fast
SE sequences (65). Coenegrachts et al
(76) compared DW MR imaging (b val-
ues of 0, 20, 300, and 800 sec/mm?)
and single-shot T2-weighted fast SE
in 24 patients with focal liver lesions.
They found that the best image qual-
ity was achieved with single-shot T2-
weighted fast SE imaging and the best
lesion conspicuity was achieved with
single-shot T2-weighted fast SE imag-
ing for cysts and with DW MR imag-
ing (b = 20 sec/mm?) for hemangiomas
and metastases. DW MR imaging had
the highest lesion-to-liver contrast-
to-noise ratio for hemangiomas and
metastases. In another study, Bruegel
et al (78) compared respiratory-trig-
gered DW MR imaging to five different
T2-weighted sequences (breath-hold fat-
suppressed single shot T2-weighted fast
SE, breath-hold fat-suppressed fast
SE, respiratory-triggered fat-suppressed
fast SE, breath-hold short inversion time
inversion recovery, and respiratory-
triggered short inversion time inversion
recovery) for the diagnosis of hepatic

Figure 9

Figure 9:

metastases in 52 patients with 118 le-
sions at 1.5T. DW MR imaging dem-
onstrated higher accuracy (0.91-0.92)
compared with T2-weighted fast SE
techniques (0.47-0.67). These differ-
ences were even more pronounced for
small metastatic lesions (= 1 cm). Zech
et al (79) compared black-blood DW
MR imaging (b = 50 sec/mm?) with
fat-suppressed T2-weighted imaging
and observed significantly better im-
age quality, fewer artifacts, and better
sensitivity for lesion detection with DW
MR imaging (83% versus 61%). Black-
blood DW MR imaging has also been
recently proposed as an alternative to
T2-weighted imaging at 3.0 T, giving
comparable image quality, improved
suppression of fat and blood signals,
high contrast-to-noise ratio and SNR,
and lower specific absorption rate in
a single breath hold (52). Our expe-
rience in 53 patients with 211 lesions
is similar (57), also showing that DW
MR imaging performs better (P < .001)
than standard breath-hold T2-weighted
imaging for lesion detection with a b
value of 50 sec/mm?, with a respective
sensitivity of 87.7% versus 70.1% for
detection of all lesions and of 86.4%
versus 62.9% for detection of malig-
nant lesions (Figs 4, 9). In addition,
DW MR imaging significantly improved

detection of small malignant lesions
(< 2 em) when compared with breath-
hold T2-weighted imaging (78.5% vs
45.8%, P < .001).

Comparison with contrast-enhanced
MR imaging.—In the past few years,
liver-specific contrast media usage has
become more widespread. Experience
with both negative (eg, superparamag-
netic iron oxides [SPIOs]) (61,80-82)
and positive (eg, mangafodipir triso-
dium, gadoxetic acid) (83-87) liver-
specific contrast media has shown the
potential for higher lesion detection
rate with use of these agents compared
with nonselective extracellular gadolinium
chelates. More recently, the diagnostic
accuracy of DW MR imaging in detec-
tion of liver metastases has been com-
pared with liver-specific contrast media.
The use of DW MR imaging in place of
gadolinium chelates is very attractive in
patients with severe renal dysfunction
at risk for nephrogenic systemic fibrosis
(9,11,12).

In one study (61), DW MR imaging
was found to be more sensitive than
SPIO-enhanced MR imaging in detec-
tion of colorectal hepatic metastases.
SPIO-enhanced MR imaging was less
sensitive for metastases of less than
1 cm in diameter; whereas DW MR im-
aging was less sensitive over the left

N\

Post-contrast”

Lesion detection with DW MR imaging versus T2-weighted imaging. Transverse fat-suppressed breath-hold T2-weighted image, single-shot

SE echo-planar diffusion images (b = 0 and 50 sec/mm?), and postcontrast T1-weighted image in a 65-year-old man with metastatic liver disease from
pancreatic cancer. Two small lesions in the right posterior lobe (solid arrows) are identified on T2-weighted and DW MR images; however, an additional
small lesion (dashed arrows) is more conspicuous on DW MR image and is confirmed on postcontrast image. There is also a vertebral metastasis

(arrowheads).
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lobe of the liver due to cardiac motion-
related artifacts. Other studies postu-
lated the advantages of combining DW
MR imaging with SPIO-enhanced imag-
ing in the liver, since contrast media
uptake within benign lesions containing
Kupffer cells may improve the diagnos-
tic accuracy DW MR imaging (88,89).
For example, Naganawa et al (88) showed
that the addition of SPIO contrast me-
dium to DW MR imaging improved the
contrast-to-noise ratio of malignant
focal liver lesions, thus improving the
diagnostic specificity. In a subsequent
study (90) comparing SPIO-enhanced
with nonenhanced DW MR imaging,
better lesion conspicuity, image quality,

Figure 10

a.
Figure 10:

and diagnostic sensitivity were achieved
with the nonenhanced DW MR imaging
technique. However, it was reported that
SPIO-enhanced MR imaging was inade-
quate in distinguishing between benign
and malignant solid hepatic lesions, since
both types of lesions can show high sig-
nal intensity on the SPI0-enhanced DW
MR imaging studies.

For the evaluation of colorectal he-
patic metastases, one view suggests that
it is the addition of DW MR imaging to
morphologic imaging using liver-specific
contrast medium that improves lesion
detection. In one study (77), addition
of DW MR imaging to mangafodipir
trisodium-enhanced MR imaging sig-

Lesion detection at DW MR imaging versus mangafodipir trisodium—enhanced T1-weighted

imaging. (a) Free-breathing transverse single-shot SE echo-planar DW MR image (b = 750 sec/mm?) and
(b) mangafodipir trisodium—enhanced T1-weighted image 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 due to

their perivascular or subcapsular locations.

Figure 11

Figure 11:

nificantly improved the diagnostic accu-
racy for detection of colorectal liver me-
tastases compared with either technique
alone. DW MR imaging was found to be
of value in detecting small (< 1 cm) me-
tastases that mimicked intrahepatic
vasculature and also in revealing lesions
close to the edge of the liver, as these
lesions are easily overlooked on manga-
fodipir trisodium-enhanced T1-weighted
MR images (77) (Fig 10).

Data on the performance of DW
MR imaging compared with gadolinium-
enhanced sequences for liver lesion de-
tection are still lacking. To our knowl-
edge, there is only one published study
(75) directly comparing DW MR imag-
ing with gadolinium-pentetic acid MR
imaging for tumor detection, showing
improved detection of liver lesions
compared with conventional MR imag-
ing, including postcontrast sequences
(Fig 11).

To summarize, there are compelling
data that show better performance of
DW MR imaging compared with T2-
weighted imaging for lesion detection.
In addition, even if more data demon-
strating the added value of DW MR im-
aging over contrast-enhanced imaging
are needed, we believe that the combi-
nation of DW MR imaging with conven-
tional sequences (including T2-weighted
and contrast-enhanced sequences) may
potentially improve the diagnostic accu-
racy of conventional imaging alone for
liver lesion detection and characteriza-
tion. As such, we suggest that DW MR

Post-contrast

Lesion detection at DW MR imaging versus gadolinium-DTPA-enhanced T1-weighted imaging. Breath-hold transverse single-shot SE echo-planar DW

MR images (b = 0, 50, and 500 sec/mm?), postcontrast T1-weighted image, and PET scan in a 56-year-old man with lung cancer. There is a tiny metastatic lesion of
segment 6 (arrows) not identified prospectively at contrast-enhanced T1-wegihted imaging and is more conspicuous at DW MR imaging. The lesion was confirmed at
fluorodeoxyglucose PET performed immediately after MR imaging.
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Table 2

Mean ADCs of Normal Liver and Focal Liver Lesions, ADC Cutoffs, and Sensitivity and Specificity for Diagnosing Malignant Lesions as

Reported in Selected Studies

Parameter Namimoto et al (125)  Kimetal (44)*  Taoulietal (35)" Bruegel etal (45)  Gourtsoyianni et al (46)  Parikh et al (57)
No. of patients/lesions 51/59 126/79 66/52 102/204 38/37 53/211
bValues (sec/mm?) 30,1200 = 846 =500 50, 300, 600 0, 50, 500, 1000 0, 50, 500
ADC values
Normal liver 0.69 1.02 1.83 1.24 1.25-1.31 Not applicable
Metastases 1.15 1.06-1.11 0.94 1.22 0.99 1.50
HCCs 0.99 0.97-1.28 1.33 1.05 1.38 1.31
Hemangiomas 1.95 2.04-2.10 2.95 1.92 1.90 2.04
Cysts 3.05 2.91-3.03 3.63 3.02 2.55 2.54
Adenomas- focal nodular hyperplasias Not applicable Not applicable  1.75 1.40 Not applicable 1.49
Benign lesions 1.95 2.49 2.45 Not applicable 2.55 219
Malignant lesions 1.04 1.01 1.08 Not applicable 1.04 1.39

ADC cutoff for diagnosis of malignant liver ~ Not applicable 1.60 1.50 1.63 1.47 1.60

lesions*
Sensitivity (%) Not applicable 98 84 90 100 74
Specificity (%) Not applicable 80 89 86 100 77

* ADCs for b < 850 sec/mm? are given.
T ADCs for b = 0-500 sec/mm? are given.

+ Lesions with ADC below the proposed cutoff value are considered malignant, while those with ADC above are considered benign.

imaging should be fully integrated in
routine liver MR protocols.

Current Applications of Liver DW MR
Imaging: Liver Lesion Characterization
Role of visual assessment.—Visual as-
sessment of DW MR images, which
includes those with higher b values
(= 500 sec/mm?), can help to distin-
guish between solid and cystic lesions.
While simple cysts typically show sup-
pression of high signal intensity at higher
b values (Figs 2, 3), T2 shine-through
may occasionally be encountered (91).
As a general observation, both benign
and malignant solid lesions may dem-
onstrate residual high signal intensity
on higher b value images and would be
difficult to characterize with visual as-
sessment of the DW MR images alone.
Hence, once a cellular hepatic lesion
is identified visually, further character-
ization usually relies on conventional
morphologic (with or without contrast
enhancement) imaging, supplemented
with ADC measurements. Specifically,
in malignant lesions, DW MR imag-
ing is useful in distinguishing the dif-
ferent components of tumors (cystic

and/or necrotic vs solid components).
On visual inspection of diffusion images
alone, false-positive identification of
malignant disease may result from T2
shine-through, partial volume effects
from adjacent structures, and cellular
benign lesions (eg, focal nodular hyper-
plasia, adenoma, and abscess). False-
negative findings may result from me-
tastases arising from mucinous tumors,
which can mimic the appearance of
a cyst, well-differentiated tumors (eg,
well-differentiated hepatocellular car-
cinoma [HCC]), necrotic lesions (ei-
ther primarily necrotic or secondary to
treatment) (Figs 5, 6), and image arti-
facts, which could obscure lesion visual-
ization. In our experience, lesion char-
acterization as benign or malignant was
correct in 89% of lesions using DW MR
imaging with visual assessment (57).
Role of ADC quantification.—Benign
hepatic lesions have generally higher
ADC values compared with malignant
lesions, with variable degree of overlap
(35,39,43-46,57,78,92-94). Different
ADC cutoffs (1.4-1.6 X 102 mm?/sec)
have been described in the literature,
with a reported sensitivity of 74%-100%

and specificity of 77%-100% (Table 2)
for diagnosing malignant lesions. The
ADCs of various benign and malignant
hepatic lesions from selected published
studies are summarized in Table 2.
The variation in ADC cutoffs is
due to differences in the DW MR im-
aging technique applied for image ac-
quisition, the choice of b values, and
the liver lesions assessed (35,39,43-46,
57,78,92-94). The diagnostic perfor-
mance of DW MR imaging reported in
the study by Parikh et el (57) (area un-
der the curve, sensitivity, and specificity
of 0.839, 74%, and 77%, respectively)
likely reflects the realistic performance
of ADC, since it assessed the largest
number of various benign and malig-
nant lesions (including solid benign
lesions and abscesses) and included
treated malignant lesions, which may
lower the accuracy of ADC. An impor-
tant source of variability in ADC mea-
surement is the b value(s) used for
image acquisition. As explained above,
microcapillary perfusion (or pseudo-
diffusion phenomenon) can affect the
ADC values of liver lesions (excluding
cysts) when lower b values are used
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Figure 12

b0

Figure 12:

Lesion characterization with DW MR imaging. Transverse breath-hold single-shot SE echo-

planar DW MR images (b = 0, 500, and 1000 sec/mm?), postcontrast T1-weighted images during arterial
phase (ART) and equilibrium phase (EQU), and ADC map in a 44-year-old woman with hemangioma (arrows)
of the right hepatic lobe. The lesion is bright at b of 0 sec/mm? and attenuates progressively with increasing
b values, with corresponding high ADC (2.8 X 1072 mm?/sec). Postcontrast images show early and persis-

tent enhancement.

(38,39,43,44), compared with ADCs
obtained with higher b values (35,45-
47). Hence, ADC thresholds applied for
lesion characterization should be de-
rived from imaging studies using similar
techniques and ranges of b values for
meaningful interpretation.
Furthermore, since there can be
substantial overlap in the range of ADCs
between different pathologies, the ADC
should be interpreted concurrently with
all available imaging before making the
radiologic diagnosis. Simple liver cysts
have very high ADC values due to their
fluid content (Figs 2, 3). Hemangiomas
usually demonstrate high ADC values,
but lower than those of cysts (Fig 12)

(35,45,94-96). Focal nodular hyperpla-
sias and adenomas have intermediate
ADC values that can overlap with those
of malignant lesions and normal liver
parenchyma (35,45,57,94). For exam-
ple, ADCs of focal nodular hyperplasias
and adenomas were reported to range
from 0.96 to 3 x 107® mm?/sec (using
0-500 sec/mm?) (35). Liver abscesses
return lower ADC values due to cellular
debris and exudates, which distinguishes
them from cystic or necrotic tumors
(97). Malignant lesions such as HCC
and liver metastases usually display low
ADC values, except when treated and/
or necrotic (Figs 2, 5, 6, 13, 14). He-
patic metastases that demonstrate sub-

stantial central necrosis can demon-
strate high ADCs (Figs 5, 13) (47). In
comparison, liver metastases that arise
from neuroendocrine tumors, which are
characterized by small round cells at
histologic examination, have low ADC
values (Fig 14) (94). HCCs may be dif-
ficult to differentiate from surrounding
cirrhotic changes or dysplastic nodules,
as these can have similar ADC values
(35,39,94,98,99).

To summarize, it is important to
remember that DW MR imaging is a
marker of cellularity, and as such, be-
nign solid lesions (focal nodular hyper-
plasia and adenomas) may sometimes
display restricted diffusion. On the other
hand, necrotic malignant lesions can
demonstrate high ADC values.

DW MR Imaging in Assessment of Tumor
Response to Treatment

DW MR imaging is increasingly applied
to evaluate tumor response to chemo-
therapy, radiation therapy, and local
ablation (17,100). Studies in both ani-
mals and humans have shown that
effective tumor treatment results in an
increase in the ADC value, which can
occur prior to any measurable change
in tumor size (101). Transient reduc-
tion in ADC within 24-48 hours after
initiation of treatment has been observed,
hypothesized to result from acute cell
swelling or possibly reduction of inter-
stitial volume (102). Following the in-
crease in ADC with treatment, the ADC
will subsequently decrease, which is
related to tumor repopulation, fibrosis
or tissue remodeling, and decreased
perfusion (17,103,104).

Understanding DW MR imaging re-
sponse in preclinical models.—DW MR
imaging experiments have been con-
ducted in different animal models to
understand the mechanistic changes
in tumors in response to chemoradia-
tion and minimally invasive therapy.
The rabbit VX-2 tumor model is one of
the most widely studied (105-110). Tu-
mor necrosis corresponded to higher
ADC values compared with viable tumor
(102,106). Chemoembolization resulted
in an increase in the ADC at 7 days af-
ter intervention (108), but tumors with
complete necrosis or less than 5% viable
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Figure 13
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Figure 13: Pitfall of DW MR imaging: necrotic colon cancer metastasis after treatment. Transverse fat-suppressed breath-hold single-shot
SE echo-planar diffusion images (b = 0 and 500 sec/mm?) with corresponding ADC map and postcontrast image in a 62-year-old man with
metastatic colon cancer treated with systemic chemotherapy. The metastatic lesion is hyperintense at b of 0 sec/mm?, but shows no diffusion
restriction with corresponding high ADC, in relation to its necrotic content, as shown on the postcontrast image.

Figure 14
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Figure 14:  Neuroendocrine liver metastases in a 24-year-old man. Transverse fat-suppressed breath-hold single-shot SE echo-planar diffu-
sion images (b = 0, 500, and 1000 sec/mm? with corresponding ADC map show multiple lesions with restricted diffusion in the right hepatic
lobe (arrows). The largest lesion shows a very low ADC (0.9 X 10~% mm?%sec) in relation to tumor cellularity.

tumor could not be distinguished at DW
MR imaging (108). Cellular edema with
restricted water diffusion was observed
in the tumor rim or in the surrounding
liver parenchyma at 16-48 hours af-
ter chemoembolization (111). More re-
cently, it was shown that the ADC also
increased after radiofrequency ablation
in treated tumors, which corroborated
with a decrease in fluorine 19 fluorode-
oxyglucose tracer uptake at PET (110).
Insights gained from such animal stud-
ies have helped to translate DW MR
imaging measurements for evaluating
the effects of antitumor treatments to
humans.

Human data.—There are limited
data on the use of DW MR imaging for
prediction of liver metastases response
to treatment (112-114). In colorectal
hepatic metastases, the mean ADC in-
creased in metastases that showed at

least a partial response to chemother-
apy according to the Response Evalu-
ation Criteria in Solid Tumors, or RE-
CIST, (Fig 15). This ADC increase was
not observed in lesions that showed
either no change or disease progres-
sion according to the RECIST criteria
(90,112). In one study (113), an early
increase in ADC at 3-7 days after ini-
tiation of chemotherapy was observed
among responders but not in nonre-
sponders. Intriguingly, it was reported
that colorectal metastases with a high
pretreatment ADC responded poorly
to chemotherapy, which suggests that
tumors that were more necrotic prior
to treatment are more chemo-resistant
(112,113). Clearly, these findings need
to be validated in larger prospective
studies, but nevertheless they illustrate
the potential predictive value of the
imaging technique. The applications of

DW MR imaging for evaluating the ef-
fects of chemoembolization (114), new
therapeutics, and minimally invasive
therapies are being investigated, and it
is anticipated that the results of many
such trials will be made available over
the next few years.

The assessment of HCC response to
chemoembolization with MR imaging
relies on tumor size change, which is a
late finding, and on the presence of tu-
mor necrosis and residual enhance-
ment on contrast-enhanced MR images,
which can be difficult to evaluate due to
the presence of signal intensity changes
(hyperintensity on unenhanced T1-
weighted images) related to a combina-
tion of iodized oil injection and hemor-
rhagic necrosis (115,116). There are
several reports on the use of DW MR
imaging to evaluate HCC response to
chemo- or radioembolization (117-122).
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Figure 15
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Figure 15:  Assessment of treatment response with DW MR imaging. Perfusion-insensitive ADC (ADG, g,

using b values > 200 sec/mm? maps show a metastasis in the left lobe of the liver (a) before and (b) after
treatment with an antiangiogenic agent. (c) Voxelwise histogram analysis shows a clear increase in the me-
dian ADCq, after treatment, with a shift of the histogram toward the right (red ling) compared with the pre-
treatment distribution (blue line). (Image courtesy of Matthew Blackledge, Institute of Cancer Research,

Sutton, UK.)

These studies have demonstrated dif-
ferences in ADC between viable and
necrotic portions of HCCs after treat-
ment (Fig 6) and measurable differences
before and after treatment. An initial
clinical study (117) showed excellent
correlation (r = 0.95) between ADC
and percentage of necrosis at histo-
pathologic examination. In our experi-
ence (21 patients with 28 HCCs con-
firmed at liver explant) (123), ADC had
a significant correlation with necrosis
as assessed at histopathologic examina-
tion (r = 0.64, P < .001). For predic-
tion of complete tumor necrosis after

chemoembolization, we observed an
area under the curve of 0.83, sensitivity
of 75%, and specificity of 88% with
ADC, compared with an area under the
curve of 0.82-0.89, 100% sensitivity,
and 58%-79% specificity for contrast-
enhanced image subtraction, without
a significant difference between both
techniques (123). There are limited
data on the use of DW MR imaging for
diagnosing HCC recurrence after tran-
scatheter arterial chemoembolization.
A recent study showed lower perfor-
mance of DW MR imaging compared
with contrast-enhanced imaging, with

sensitivity for detection of local HCC
recurrence of 60.7% compared with 82%
for contrast-enhanced imaging (124).

Diagnosis of Liver Fibrosis and Cirrhosis
with DW MR Imaging

The diagnosis of fibrosis and inflam-
mation is difficult with conventional
MR imaging sequences. Several reports
have demonstrated that ADC of cirrhot-
ic liver is lower than that of normal liver
(35,43,44,125-127). Koinuma et al (99)
evaluated a large (n = 163) population
of patients, 31 of whom had undergone
a liver biopsy, using a low b value (128
sec/mm?). Their results demonstrated a
significant negative correlation between
ADC and fibrosis score; however, there
was no correlation between ADC and
inflaimmation grades. Lewin et al (128)
compared DW MR imaging (using b
values of 0, 200, 400, and 800 sec/
mm?) with a sonographic elastography
technique (FibroScan; Echosens, Par-
is, France) and serum markers of fibro-
sis (including FibroTest; BioPredictive,
Paris, France) in 54 patients with
chronic hepatitis C and 20 healthy volun-
teers. They observed excellent perfor-
mance of ADC for the prediction of mod-
erate and severe fibrosis. Patients with
moderate-to-severe fibrosis (stage, F2-F4)
had hepatic ADC values lower than those
without or with mild fibrosis (stage,
FO-F1) and healthy volunteers: (1.10 ®
0.11) X 1073 mm?/sec, (1.30 = 0.12) X
1073 mm?/sec, and (1.44 = 0.02) X
107® mm?/sec, respectively. For the dis-
tinction of patients with fibrosis stage
F3-F4 from those with stage FO-F2, the
areas under the curve were 0.92 for
ADC, 0.92 for FibroScan, and 0.79-0.87
for blood tests. Sensitivity and specificity
of ADC were 87% and 87%, respec-
tively (ADC cutoff, 1.21 X 107 mm?/
sec). In addition, Lewin et al found a
significant relationship between ADC
and inflammation scores and suspected
a possible associated influence of steato-
sis on ADC values. Girometti et al (129)
reported lower ADCs in cirrhotic livers
compared with those in healthy con-
trols (1.11 = 0.16 X 103 mm?/sec vs
1.54 £ 0.12 X 107® mm?/sec) and
showed an area under the curve of
0.96, sensitivity of 92%, specificity of
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Table 3

Proposed Strategy to Improve Single-Shot Echo-planar DW MR Imaging Quality

of the Liver

DW MR Imaging Limitations

Proposed Solutions

Poor SNR

Spatial resolution

Echo-planar imaging artifacts

Longer repetition time (minimun,1400 msec)
Shorter echo time

Larger field of view

Free breathing (increase number of signals acquired)
Increase section thickness

Smaller matrix

Lower b values

High field

Smaller bandwidth

Thinner sections

Parallel imaging

Parallel imaging

Pulse trigger (for cardiac motion artifacts)
Bipolar diffusion gradients

100%, positive predictive value of 100%,
negative predictive value of 99%, and
accuracy of 96% using ADC cutoff of
1.31 X 107® mm?/sec (b = 0, 150, 250,
and 400 sec/mm?). Another recent study
showed the ADC to be a significant pre-
dictor of fibrosis stage 1 or greater (sen-
sitivity of 88.5% and specificity of 73.3%)
and inflammation grade 1 or greater (sen-
sitivity of 75% and specificity of 78.6%)
(32). The same group also showed a
decrease in liver ADC in significant and
severe fibrosis (fibrosis stage 2 and
greater) using b values of 500 sec/mm?
or greater (130), with the best results
demonstrated with a b value of 700 sec/
mm?. In this study, ADC was a significant
predictor of fibrosis stage 2 or greater
and stage 3 and greater, with an area
under the curve of 0.896 and 0.896, sen-
sitivity of 83.3% and 88.9%, and speci-
ficity of 83.3% and 80.0%, respectively.

The mechanism of diffusion restric-
tion is probably multifactorial and not
completely understood, possibly related
to the presence of increased connec-
tive tissue in the liver, which is proton
poor, and decreased blood flow, as
shown in dynamic contrast-enhanced
MR imaging studies (131,132). An ani-
mal study (133) 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. In a clinical
study, Yamada et al (39) used the IVIM
model to calculate true diffusion coef-
ficient (D), ADC, and perfusion frac-
tion of the liver parenchyma and liver
lesions. They reported lower D values
compared with ADC in enhancing le-
sions and liver parenchyma, confirming
that ADC is contaminated by perfu-
sion. They did not report the pseudo-
diffusion coefficient (D*) in their study.
Furthermore, they showed no differ-
ence in perfusion fraction and D be-
tween cirrhotic and normal livers.
Recently, Luciani et al (41) applied the
IVIM model to quantify perfusion frac-
tion, D, D*, and ADC of normal and
cirrhotic liver parenchyma (n = 37) us-
ing 10 b values (0, 10, 20, 30, 50, 80,
100, 200, 400, and 800 sec/mm?). They
found significantly lower D* and ADC
in cirrhotic livers, but no difference in
D and perfusion fraction between nor-
mal and cirrhotic livers. These two
studies suggest that restricted diffusion
observed in patients with cirrhosis re-
flects mostly diminished hepatic perfu-
sion and, to a much lesser extent, pure
molecular diffusion restriction. However,
more data using the IVIM model corre-
lating with dynamic contrast-enhanced
MR imaging are needed to further es-
tablish advanced DW MR imaging pa-
rameters as biomarkers of fibrosis and
cirrhosis.

To summarize, there is evidence of
decreased capillary perfusion and/or
restricted diffusion in advanced fibro-
sis and cirrhosis. Further studies are
needed to confirm these findings and
shed light on the exact mechanism of
diffusion changes observed in liver fi-
brosis. In addition, the confounding ef-
fect of concomitant hepatic fat and/or
iron deposition on ADC measurement
should be examined.

Estimation of Tumor Perfusion with IVIM
DW MR Imaging

As discussed above, 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 MR
imaging is performed by using three
b values of 0, 100, and 500 sec/mm?,
it would be possible to calculate the
ADC by using all three b values. How-
ever, it is also possible to calculate a
perfusion-insensitive ADC by using just
the higher b values (100-500 sec/mm?)
or a perfusion-sensitive ADC by using
the lower b values (0-100 sec/mm?).
It has been shown that it is possible
to estimate perfusion fraction by com-
paring the ADC acquired by using only
lower b values with the ADC obtained
from a range that includes lower and
higher b values (39,47,134). Such an
approach may be relevant in a clinical
trials setting, for example, for assessment
of response to antiangiogenic drugs.
However, in clinical practice, it is the
total ADC that includes both the lower
and higher b values that is most fre-
quently used. In the research setting, it
may be possible to fit a biexponential
model based on the principles of IVIM
when imaging is performed with multi-
ple b values (typically more than four)
(see above) (41).

Limitations of DW MR Imaging

Technique in the Liver

The main limitations of DW MR imag-
ing relate to image quality and ADC
reproducibility (discussed above). Single-
shot SE echo-planar DW MR imaging
still has limited image quality, including
poor SNR, limited spatial resolution, and
echo-planar imaging-related artifacts
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(mainly distortion, ghosting, and blur-
ring). Strategies to improve image qual-
ity are detailed in Table 3. For example,
parallel imaging should be used system-
atically to reduce susceptibility artifacts
and decrease the echo time to improve
SNR (26,31,135). It is important to
emphasize that DW MR imaging is an
imaging technique that still often re-
quires varying degrees of optimization to
ensure consistent high-quality perfor-
mance. To this end, we suggest that new
clinical sites without experience with
this technique should consider engaging
the help of a clinical scientist, physicist,
or vendor application specialists to as-
sist in the optimization process.

Future Directions

The value of DW MR imaging for tumor
detection and tumor treatment response
needs to be further assessed in liver tu-
mors treated locally or with systemic
therapy, including newly developed an-
tiangiogenic drugs.

In addition, despite the increased
availability of 3.0-T imagers, there are
still limited data on the use of 3.0-T DW
MR imaging of the liver. High-field imag-
ing enables higher SNR (51,52,136,137);
however, echo-planar imaging results
in increased susceptibility artifacts at
high field. A recent study has proposed
DW MR imaging as an alternative to
T2-weighted imaging at 3.0 T in terms
of a lower specific absorption rate (52).
Non- echo-planar imaging sequences
may play a role at higher field; however,
data on liver DW MR imaging are still
sparse (138,139).

Finally, it might be interesting to as-
sess the value of multiparametric imag-
ing combining DW MR imaging with
other functional MR imaging techniques
such as dynamic contrast-enhanced MR
imaging or MR elastography for assess-
ment of diffuse liver disease and for
tumor treatment response (132,140).
This should be ideally performed in a
multicenter setting.

DW MR imaging is now available on
most commercial imagers, and clinical

experience with liver DW MR imaging
is expanding. DW MR imaging has mul-
tiple possible applications in liver imag-
ing, which can be summarized as follow:
In the clinical setting, DW MR imaging
can be used for liver lesion detection
and lesion characterization, with better
results compared with those of T2-
weighted imaging, and with potential
additional value to contrast-enhanced
sequences. In the research setting,
applications such as assessment of treat-
ment response (especially in multicenter
settings) and diagnosis of liver fibrosis
and cirrhosis are promising; however,
further confirmation is required. In addi-
tion to comparing DW MR imaging with
conventional sequences, future studies
should assess the value of combining
DW MR imaging with conventional
sequences. The radiologist has to be
aware of the potential pitfalls and limi-
tations of the technique, and we suggest
that diffusion images should be inter-
preted in conjunction with conventional
sequences. In patients who cannot re-
ceive gadolinium-based contrast agents,
DW MR imaging has the potential to
be a reasonable alternative technique
to contrast-enhanced imaging.
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