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DW MRI: Techniques, Protocols
and Post-processing Aspects

Thierry Metens and Nickolas Papanikolaou

1.1 Introduction

Diffusion is the process of random motion of water molecules in a free medium. For
human tissues, water mobility can be assessed in the intracellular, extracellular and
intravascular spaces. All media have a different degree of structure and thus pose a
variant level of difficulty in water mobility that is called “diffusivity”. A sequence
sensitized to microscopic water mobility by means of strong gradient pulses can be
utilized to provide insights in the complexity of the environment which in turn can
reveal information related to tissue microarchitecture.

A major requirement in diffusion imaging is to select ultrafast pulse sequences
that may freeze macroscopic motion in the form of respiration, peristalsis or patient
motion in general. For this reason, Echo Planar Imaging (EPI) sequences modified
with the addition of two identical strong diffusion gradients are routinely used to
provide diffusion information. The amplitude and duration of the diffusion gradi-
ents is represented by the “b-value” (measured in s/mm?), an index used to control
the sensitivity of DWI contrast to water mobility.
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1.2 Formal Definition of Diffusion

Molecules are involved in a thermal random motion called the Brownian motion,
according to the observation in 1827 by Robert Brown [1773-1858] of the erratic
translation movement of pollen in water, a random movement with no net ensemble
displacement. This situation was further studied in 1908 by Paul Langevin
[1872—1946] [1] and by Albert Einstein [1879-1955] [2]. This microscopic move-
ment is due to thermal agitation and occurs for water molecules in a bath of pure
water (self-diffusion) or in a viscous liquid medium.

For the free three-dimensional diffusion, considering the Brownian motion under
thermal agitation, Albert Einstein derived in 1905 the relation between the mean
quadratic displacement, the diffusion coefficient and the diffusion time #:

r*y=6Dt (1.1)
()

In other words, starting from a position r, after a time ¢ the particles reach a standard
deviation position located on the surface of a sphere of radius (6Dr)"?. The value of
the diffusion coefficient D depends on the temperature 7 and the friction F (that is
proportional to the viscosity) of the medium.

In living tissues, diffusion is restricted by many other factors like intracellular
metabolites, the presence of cell membranes, the extracellular architecture, the rela-
tive size of cells and extracellular compartment. Therefore, the measured diffusion
coefficient is called apparent diffusion coefficient (ADC). The apparent diffusion
coefficient value is in general reduced if cells expand because of cytotoxic oedema,
or when the cell density is more elevated, like in most malignant tissues. The link
between the ADC and tissue cellularity seems quite complex and is still under inves-
tigation [3].

In biological tissue, water diffusion can be spatially restricted by the presence of
ordered structures; therefore, diffusion becomes anisotropic where the mathemati-
cal description requires a diffusion tensor D to be introduced. However, in abdomi-
nal organs like the liver or the pancreas the overwhelming majority of studies deals
with the isotropic part of the diffusion tensor, i.e. the average diffusion measured in
three orthogonal directions, called the average diffusivity or the mean diffusion. In
what follows we shall simply refer to it as the diffusion coefficient.

1.3  Diffusion-Weighted Magnetic Resonance Imaging

1.3.1 The Stejskal-Tanner Sequence, Image Contrasts, and Basic
Image Processing

Following the seminal works on MR and diffusion by Carr and Purcell [4], Torrey
[5] and Woessner [6], in 1965 Stejskal and Tanner [7] have shown that the MR sig-
nal can be made sensitive to diffusion by the addition of supplementary gradients,
called diffusion gradients (Fig. 1.1). Diffusing spins (moving spins) travelling at
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Fig. 1.1 Stejskal-Tanner SE diffusion sequence with EPI reading (only the diffusion sensitized
gradients are shown in green, these gradients are aligned along one spatial direction. G is the gradi-
ent amplitude, A is the delay between successive diffusion gradients and 6 is the duration of the
diffusion gradients, the 90° and 180° RF pulses are used to generate a spin echo in order to mini-
mize T2" effects. Note that after the 180°RF pulse, the effective gradient sign is changed

least partially along the direction of the diffusion gradients will accumulate a net
dephasing and this results into a signal attenuation, while stationary spins will be
identically dephased and rephased with no signal loss. The Stejskal-Tanner gradi-
ents are generally used within a Spin Echo Echo Planar Imaging (SE-EPI) sequence,
allowing to acquire diffusion-weighted images (DWI). The signal of the SE
Stejskal-Tanner sequence can be calculated as:

S(TE)=S(TE=0,b=0)e ™™™ (1.2)

with the diffusion control parameter b (in s/mm?):
b=(yG5) (A-813) (1.3)

with y the proton gyromagnetic ratio, G the gradient amplitude, A is the delay
between successive diffusion gradients and ¢ is the duration of the diffusion gradi-
ents. The signal of the Stejskal-Tanner sequence is thus both T2-weighted and
diffusion-weighed, the b factor controls the diffusion-weighting and TE controls the
T2-weighting (Fig. 1.2). The product of the two exponential attenuations explains
the inherent low signal to noise ratio (SNR) of DWI, the spatial resolution is gener-
ally kept low in order to compensate for the otherwise low SNR.

Equation (1.2) accounts for diffusion in one particular direction in space and
shows that increased water mobility results in substantial signal attenuation on
diffusion-weighted images. Conversely, water molecules with reduced mobility will
present with significantly lower signal attenuation comparing to water molecules
with increased mobility leading to a relative higher signal on high b value images,
as shown on Fig. 1.2d, where the liver tumour presents with higher signal to sur-
rounding liver parenchyma due to reduced water mobility within the lesion. We
emphasize that the signal intensity in DW images is not only affected by the b factor
and the diffusion of water but also by the T2 and T2" relaxation time of the tissues
because the Stejskal-Tanner diffusion “carrying sequence” is a SE-EPI. In a tissue
with a long T2 relaxation coefficient, a relatively high signal intensity can be main-
tained mimicking restricted diffusion patterns, the so-called “T2 shine-through”
effect (Fig. 1.3). On the contrary, a tissue with a very low T2 value will appear dark,
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Fig. 1.2 DW images acquired at fixed TE with b = 0, 150, 700, 1000 s/mm? and showing various
degrees of diffusion-weighting (blue arrow: gallbladder, yellow arrow: liver tumour, green and red
arrows: portal blood flow). Note the black blood effect in the aorta and portal system

Fig. 1.3 TSE T2-weighted (top left), b = 900 s/mm? SE-EPI DWI (top right), MRCP (bottom left)
and ADC map (bottom right) illustrating the T2-shine-through effect from the long T2 bile fluid in
the gallbladder and from the pancreatic fluid in the enlarged Wirsung duct (hypersignal, arrows on
the b = 900 s/mm? image). The ADC map however demonstrates the relatively high value of their
diffusion coefficient
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the so-called “T2 shading effect”. It is important to avoid such confusion by com-
paring DW images with T2-weighted images.

In many clinical situations, visual interpretation of DW images is not enough and
further quantification of ADC is considered mandatory. This calculation involves at
least the acquisition of two signals S1 and S2 from acquisitions with different b fac-
tors, i.e. b, and b, factors and by computing:

ADC =Ln(S1/82)/(b,—b,) (1.4)

If more than two b value images are involved, a linear regression of the loga-
rithms Ln[S()/S(0)] in function of the b values will provide the ADC value (i.e.
— slope of the regression line). When this is performed for each pixel, a calcu-
lated image of the ADC, called the ADC map, is reconstructed. More generally,
the ADC map can be reconstructed by considering one or a combination of sev-
eral diffusion directions and several b values, while the correct choice of the
regression points is influencing the final ADC value. The calculated numerical
ADC value depends on many parameters, and therefore we emphasize the “appar-
ent” denomination.

The diffusion sequence must be repeated using diffusion gradients oriented in at
least three orthogonal directions. The geometric mean of three orthogonal diffusion-
weighted images with the same b amplitude gives the isotropic diffusion image
(where directional effects have been eliminated by definition):

I(b) = S(O)e’(bxxuxx +bnyyy +P 2P 2"
= S(O)e’b(Dxx +Pyy+P22" = S(O)CfbMD (1.5)

The derivation of Eq. (1.2) is based on the hypothesis that the diffusion is the single
source of intravoxel incoherent motion (IVIM). However in living tissue, micro-
perfusion represents another potential source of [IVIM: the blood flow appears indeed
random as it follows the randomly oriented capillaries and during the diffusion time
spins in the capillary blood flow might have changed their direction several times, or
different spins will flow along different directions in differently oriented capillaries.
This micro-perfusion phenomenon constitutes a pseudo-diffusion movement and
will be discussed in detail below. Another complication arises from the fact that the
pixel size in DWI is large compared to the various tissue compartments with differ-
ent diffusivity and partial volume effects might result, again justifying the apparent
character of the diffusion coefficient measured in tissue.

1.4  Pulse Sequences Considerations

The Stejskal-Tanner SE-EPI sequence is acquired using a single EPI echo train,
providing an image in the so-called “single shot” mode. In a segmented acquisition
(multi-shot mode), the signal phase of the different k-space segments can interfere
destructively causing an irremediable signal loss in the final image. This severe
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segmental dephasing occurs in the strong diffusion gradients because of several
physiologic factors like heart pulsation and organ movement occurring in-between
consecutive k-space segments acquisitions. Segmented approaches are possible but
require adequate phase corrections that are often difficult to be implemented. The
SE-EPI sequence requires fat suppression to avoid the large water-fat shift in the
EPI phase encoding direction. Moreover, T2" image blurring and spatial distortions
due to the high EPI echo train length (ETL) related artefacts are mostly present
along the phase encoding direction (Fig. 1.4).

The spatial resolution of abdominal clinical DW imaging is in general relatively
lower comparing to that of conventional MRI sequences like T1 or T2. However,
multichannel high-performance abdominal coils are nowadays available and do
allow the use of parallel imaging with high acceleration factors to minimize geo-
metric distortions and T2" blurring (Fig. 1.5). High b value images suffer from poor
SNR and therefore more averages than in the low b values, may be acquired to
compensate for the limited signal (Fig. 1.6). Depending on the specificities of the
coil, the phase encoding direction, the size and shape of the object of interest, the
static magnetic field strength and the image SNR, acceleration factors of 2—4 are
used. Recent progress has been provided by the multislice simultaneous excitation
technique, that allows diffusion-weighted imaging of the liver accelerated by a fac-
tor two in addition to parallel imaging [8, 9].

The availability of 3 T magnets equipped with fast gradient systems makes pos-
sible to acquire complete abdominal studies with high spatial resolution images of
excellent quality (Fig. 1.7a—c). Several new DW sequences have been proposed
including Resolve, a high-resolution DW readout segmented EPI sequence with two
spin echoes. This sequence uses the second echo data from a 2D navigator acquisi-
tion to perform a nonlinear phase correction and to control the real-time reacquisi-
tion of unusable data that cannot be corrected [10].

Fig. 1.4 DW images acquired at 3 T with b 10 s/mm? with phase encoding in the anterior to pos-
terior direction (left) and in the left to right direction (right), the red arrows indicate the corre-
sponding EPI spatial distortions
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Fig. 1.5 SE-EPI images acquired at 3 T (same image matrix and TR,TE, with b = 0 s/mm?) with
anterior to posterior phase encoding direction, respectively with EPI ETL of 41 (left) and 95 (right,
with more blurring and larger distortions). The red arrows indicate the water-fat shift (distance
between the skin and the liver, suboptimal fat suppression) and the green dotted arrow suggests the
amplitude of the EPI spatial distortion. High parallel imaging acceleration factors enable lower
ETL and deliver images with less artefacts

Fig. 1.6 Respiratory-triggered DW SE-EPI images acquired at 3 T with b = 1000 s/mm?, with a
1200 ms expiration sampling window and using a 16-channel coil. Left: image acquired with the
phase encoding in the left to right direction, using a parallel imaging (sense) acceleration factor 4,
ETL 69, TE 86 ms, with high spatial resolution, acquisition voxel size 1.8 x 1.9 x 5 mm, acquisi-
tion duration 420 s. Right: image acquired with anterior to posterior phase encoding direction
using a sense acceleration factor 2, ETL 47, TE 77 ms, with moderate spatial resolution, acquisi-
tion voxel size 2.2 x 2.7 x 5 mm, acquisition duration 288 s. Note the conspicuity of the lymph
nodes and the aorta wall on the high-resolution image (left)

1.5 Diffusion Modelling in Abdominal Organs

Liver, pancreas and kidneys are organs with a strong perfusion component. The
capillary random movement through the diffusion gradients constitutes an intra-
voxel incoherent motion, IVIM, dephasing the Stejskal-Tanner signal. An adequate
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Fig. 1.7 (a) Example of a 3 T liver study involving (clockwise from top left). Fat suppressed
T2-weighted TSE Propeller; Dixon water image before and after administration of hepatospe-
cific contrast agent (gadoxetic acid) the b = 0 s/mm? and b 900 s/mm? high-resolution DW
images and the ADC map. The relatively high spatial resolution of DW images deliver an ADC
map with enough resolution to enable ADC quantification of subcentimetric lesions. (b) High
spatial resolution diffusion-weighted imaging is mandatory for the analysis of pancreatic
tumours (arrows). In this patient, the tumour was responsible for a pancreatitis in the tail of the
pancreas affecting the ADC values: tumour ADC = 1200 x 107° mm?/s, pancreas tail
ADC = 1400 x 10-® mm?s. Courtesy of Dr. M Pezzullo, ULB Erasme Brussels. (¢) This rare
pancreatic Schwannoma (arrows) was depicted on T1 and T2 weighted images, the high-reso-
lution 3 T diffusion-weighted sequence was needed to provide an accurate ADC map for quan-
tification (Tumour ADC = 914 x 10~® mm?/s pancreas ADC = 1350 10-®* mm?s). (Courtesy of
Dr. M. Pezzullo, ULB Erasme Brussels)
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Fig. 1.7 (continued)

model should thus take into account both water diffusion and the pseudo diffusion
from blood capillary flow. One approach is provided by the bi-exponential model
[11-17]:

S(b)/S(0)=fe ™ +(1-f)e™ (1.6)

where fis the micro-perfusion fraction, D" is the pseudo-diffusion coefficient linked
to micro-perfusion and D is the water true diffusion coefficient in the tissue. The
major disadvantage that prohibits routine clinical applications of IVIM is that the
bi-exponential model is very prone to signal fitting errors. However, fortunately, in
general D" > D and there exists a value b" such that:

forb>b" e =0 (1.7)

meaning that for b > b the attenuation comes from pure diffusion D only. Thus,
instead of trying at once to fit the bi-exponential model with three parameters f, D*
and D, an approximate strategy called “partial fitting” comprises D calculation by
fitting a mono-exponential model to the signal of 2 or more images with b values
larger than b", typically b = 150 s/mm?:

Ln[S(b)/S(0)]~Ln(1-f)-bD = p—bD (1.8)
where f is the intercept of the linear regression and:

f=1-¢* (1.9)
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Fig. 1.8 Liver
bi-exponential relative
signal attenuation S(b)/S(0)
in function of b values (in
s/mm?) This fit provides
the following values:
f=0.20,

D" =95,677 x 10~ mm?/s,
D =1001 x 10-° mm?s

021

0.1

0 100 200 300 400 500 600 700 800 900 1000

Alternatively, in a stepwise procedure, the previous approximate values obtained for
b and D can be used as initial guessed values of the bi-exponential fit. Figure 1.8
shows the liver bi-exponential signal attenuation in function of b values. The bi-
exponential character of the liver (or the pancreas) apparent diffusion explains why
mono-exponential ADC maps obtained with different sets of b value images provide
ADC values that are different. In case of all b value from b =0 to b = 1000 s/mm?
inclusion to the calculation, a mixture of perfusion-related pseudo-diffusion effects
(D) and true water diffusion (D) will result in a higher ADC value than the ADC
value obtained by considering only b values superior to b* (b* = 150 s/mm?) for
which the sole true water diffusion D will be effectively probed (Figs. 1.9 and 1.10).
Another possible source of IVIM comes from the blood flow in macroscopic veins
or arteries. The parabolic velocity profile in veins, the pulsatile accelerated velocity
profile in arteries and the turbulent blood flow in more pathologic vascular condi-
tions all result in an intravoxel velocity distribution responsible for a strong signal
dephasing by the diffusion gradients and this phenomenon is observed even at very
low b values. The image contrast with low b values (around 10-50 s/mm?) shows the
so-called black blood effect (Fig. 1.11) and is convenient to differentiate small
lesions from liver vessels. Note that bile ducts are not erased because of the absence
of bile movement (Fig. 1.12). Studies have demonstrated to utility of low b DWI for
the detection of focal hepatic lesions [18, 19], Fig. 1.13 compares the contrast
between the liver and a focal lesion between conventional TSE T2-weighted
sequence and low b DWI.

Many studies have been devoted to other diffusion models, including the
stretched-exponential model [20]:

S(b)/5(0)=exp - (bDDC)" (1.10)

involving the distributed diffusion coefficient (DDC) and the stretching parameter a.
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Fig. 1.9 ADC maps obtained by signal fitting using b = 0-150-500-1000 s/mm? (left image, ROI
578 x 10° mm?s) and by signal fitting using b = 150-500-1000 s/mm? (right image, ROI
516 x 10~° mm?/s). The ADC ROI value measured in a lesion on the left map is more elevated
because it is influenced by the large pseudo-diffusion coefficient D”. Note that when ADC is
derived from images using b = 150-500-1000 s/mm? (right), the blood in the portal vein is attrib-
uted a paradoxical “zero” ADC value, while we expect that blood, a fluid, would have a relatively
high ADC value. Due to the vascular black blood effect, this region had no signal (signal values
close to zero, in the noise floor) on DW images with b > 0 s/mm? (see Fig. 1.2). Thus taking into
account only these images for the ADC calculation, there is virtually no signal attenuation and the
obtained ADC is zero. On the contrary using b = 0-150-500-1000 s/mm? images, since the signal
of portal blood is quite high on the b0 image, and quasi zero on all other images, the obtained ADC
value seems very high, however not accurate!

Fig. 1.10 ADC maps (units 10~®* mm?s) obtained by signal fitting using b = 0-150-500 s/mm?
(left image) and by signal fitting using b = 150-500 s/mm? (right image). The ADC value measured
on the image on the left is more elevated in the liver and in the spleen because it is influenced by
the large pseudo-diffusion coefficient D", while no significant difference is recorded in the gall-
bladder, containing no blood vessels. Note again the paradoxical of the black blood effect on the
aortic blood ADC; on the right image the ADC has an apparent zero value, while it appears to be
very high on the left image
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Fig. 1.11 Single Shot TSE T2-weighted images (right) compared with b = 10 s/mm? SE-EPI DW
images (left). On DW images the black blood effect (elimination of vascular signal) increases
significantly lesion conspicuity

Fig. 1.12 b = 10 s/mm? SE-EPI DW image (left) compared to MRCP (right) demonstrates that
black blood does not affect static bile in ducts
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Fig. 1.13 Comparison of lesion to liver image contrast between a conventional TSE T2-weighted
sequence (TE:80 ms) and a b = 50 s/mm? SE-EPI DWI (fat suppression, TE:51 ms)

The kurtosis model is another non mono-exponential decay of the diffusion-
weighted signal [21]:

S(b)/5(0)=exp-(bD+b’D’K /6) (1.11)

Since diffusion is a process that takes place in four dimensions we need to utilize a
displacement distribution function that will predict the position of each water mol-
ecule at a certain time point. In a homogeneous medium, the molecular displace-
ment distribution can be Gaussian, where the width is proportional to the diffusion
coefficient. In heterogeneous tissues, the water molecular displacements signifi-
cantly differ from the true “Brownian motion” defined for free molecules because
water molecules bounce, cross and interact with cell membranes and other micro-
structural components. In the presence of those obstacles, the actual diffusion dis-
tance is reduced compared to free water, and the displacement distribution is no
longer Gaussian (Fig. 1.14). In other words, while over very short times diffusion
reflects the local intrinsic viscosity, at longer diffusion times the effects of the obsta-
cles become predominant.

Several more sophisticated models have been introduced recently. The VERDICT
model includes three compartments, namely the intracellular, extracellular and
intravascular [22]. The Filter Exchange Imaging is based on a double pulse gradient
spin echo technique and takes into consideration the water exchange time between
two compartments with different diffusion characteristics [23]. Currently, these
sequences are not available on clinical MR scanners, and further studies are needed
to unveil in what circumstances these models will be adequate and whether they can
be clinically useful.
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Fig. 1.14 Kaurtosis coefficient (K) maps in a normal volunteer presenting the liver, pancreas and
spleen with high K values that are compatible with increased deviation from Gaussian behaviour,
while the kidneys, gallbladder and stomach presents with low K values

1.6  Factors Influencing the ADC Value

The ADC value, most often derived from a mono-exponential model, depends on
the signal fitting, and the available SNR. Artefacts might also, significantly influ-
ence the fit quality. The slope calculated by the linear regression, giving the ADC,
will inevitably be influenced by the signal value measured for each point, especially
the points corresponding to the highest b values because these have the most attenu-
ated signal and lowest SNR, therefore are more prone to noise (Fig. 1.15). The fit
can be performed pixel by pixel to generate an ADC map but can also be based on
ROI signal measurement and of course the definition of the ROI (size, position,
homogeneous region or not) plays a crucial role [24]. Note that the mean ADC value
in the ROI drawn on the ADC map is not identical to the ADC value computed from
the mean signal of the same ROI drawn in all separate b value images because Eq.
(1.4) is nonlinear. Globally we can expect a better fit quality if an increasing number
of b values are used, at the cost of a longer acquisition duration. At fixed b value and
diffusion direction, the acquisition might be repeated, providing an average from a
higher number of samples. The number of b values or b directions might also be
increased at acquisition; the choice of the b values involved in the fit will finally
influence the ADC quantification (Fig. 1.15).

Several studies have suggested the interest of using ADC histograms as a surro-
gate marker of chemotherapy response [25] or to differentiate low-grade from high-
grade clear cell renal cell carcinoma [26]. Another more novel approach consists of
analyzing texture parameters of abdominal DWI or ADC maps [27].

In the clinical setting, a compromise must be found considering the number of
slices, the spatial resolution, the use of trigger methods or a breath-hold approach.
Of course, a central question is whether the examination aims at lesion detection
(ADC map with enough contrast between the lesion and the surrounding tissue)
or aims at a precise quantification with low variability, required in the case of a
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Fig.1.15 ADC maps obtained by signal fitting using four images with b = 0-150-500-1000 s/
mm? (left image, lesion ROI ADC 578 + 129 x 10~ mm?%/s) and by signal fitting using three
images b = 0~150-500 s/mm? (right image, lesion ROI ADC 643 + 230 x 10~® mm?/s). When
less b values are involved, the fit is based on less points and thus is more prone to individual
point value fluctuations. In these conditions, the ADC standard deviation (i.e. the uncertainty
of the ADC in an otherwise rather homogeneous region) increases (in this example
+230 x 107° mm?/s compared with £129 x 10~®* mm?*/s). However when the highest b value
increases from 500 to 1000 s/mm?, the signal value is relatively more attenuated and often has
a lower SNR. If the SNR gets too low, the noise signal adds substantially to the expected sig-
nal and the measured signal appears artificially less attenuated, resulting in a lower regression
slope, thus an artificially lower ADC value (in this example 578 x 107° mm?/s compared with
643 x 10~ mm?/s)

longitudinal study meant to detect a change due to the natural evolution of the dis-
ease or being the signature of a response to a treatment.

1.7  Factors Influencing the SNR and Artefacts in DWI

ADC quantification accuracy depends on the available SNR of DW images. The
SNR itself depends on many parameters like the amplitude of the main field BO
(Fig. 1.16), the voxel size or section thickness (Fig. 1.17), the acquisition dura-
tion via the number of signal averages and the number of phase encoding steps.
An elevated parallel imaging acceleration factor results in less image distortion;
however, a too high acceleration factor leads to the failure of the parallel imaging
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Fig. 1.16 Images obtained in the same individual at 3 T (top row, acquisition 2.4 s per slice,
22x2.5x5mmTE 61 ms, ETL 47) and 1.5 T (centre and bottom row, acquisition 2.6 s per slice,
2.3 x 2.7 x5 mm TE 70 ms, ETL 61) with the corresponding b values in s/mm?. Obviously, the
SNR is higher at 3 T with higher gradient performances compared with the 1.5 T system

reconstruction and degrades the image quality due to increased noise (Fig. 1.17).
The coefficient of variation (COV) of the liver ADC is minimized when measured
on the ADC map derived from images with the highest SNR.

In the absence of respiratory synchronisation, in general the different b value
images will not be located exactly at the same anatomic position due to the respira-
tory movement of the liver (Fig. 1.18a, b) and this might affect the precision of the
ADC; the effect is becoming more significant when multiple b value images are
acquired (several different b values, Fig. 1.19). The misalignment of different b
value or b direction images can seriously impact the ADC values. For example, in
Fig. 1.20, one 5500 image that was misaligned compared with the two other 56500
images, is shown depicting the high signal intensity from a lesion responsible for an
artificially reduced ADC value compared to the ADC obtained from images with an
efficient respiratory triggering and without partial volume effect (Figs. 1.21 and
1.22). The respiratory triggering or the use of cardiac triggering may help to avoid
these drawbacks.
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Fig. 1.17 Sagittal DW 1.5 T images (top row: b 100 s/mm?, bottom row: b 800 s/mm?) acquired
respectively with (left) Sense factor 3, section thickness 3 mm, TE 69 ms, fixed TR 6100 ms;
(middle) Sense factor 2, section thickness 3 mm, TE 75 ms, fixed TR 6100 ms; (right) Sense factor
2, section thickness 5 mm, TE 74 ms TR according to the respiratory triggering. In the left images
the sense factor is too high and a vertical band of noise appears through the image centre (red
arrows). Visually the images with 5 mm section thickness provide the best SNR

Generally, images with the same b value but with different diffusion sensitized
directions are not reconstructed, instead, their geometric average, the isotropic or
trace diffusion images, are provided directly. If so, the observer has no opportunity
to identify a possible mismatch in the anatomic position of the separate directions
and a possible deleterious impact on the ADC quantification might be hidden. An
alternative solution consists in reconstructing and displaying all » value images in
all diffusion sensitized directions, followed by a sorting operation discarding all
misaligned images. A ROI is then drawn on the remaining images and the ROIADC
value can be computed off line by fitting a linear regression of the logarithms
Ln[S(b)/S(0)] in function of the b values.

A more spurious artefact in DW images of the abdomen comes from the pulsatile
heart motion that is transmitted to the abdominal organs and is at the source of an
intravoxel incoherent motion that mimics and overcome diffusion especially at
moderate or high b values [28] (Fig. 1.23). The phenomenon has an impact on the
ADC quantification: without cardiac triggering ADC values in healthy subjects are
significantly higher in the left lobe of the liver compared to the right lobe [29-31].
It is however possible to predefine individually an optimum cardiac triggering delay
minimizing these artefacts; further, using this sequence, residual artefacts can be
filtered out at ADC calculation [32]. ADC values in the left and the right lobes of the
liver are not anymore significantly different when derived from the images acquired
with the optimum cardiac triggering delay (Fig. 1.24). Moreover, when comparing
ADC obtained in these optimal conditions with the ADC derived from a non-
cardiac-triggered sequence, the ADC value appears to be lower and more reproduc-
ible in both lobes of the liver and in the spleen and the range of ADC values obtained
from different individuals is narrower. For example, the intra individual left liver
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Fig. 1.18 (a) Dynamic repetition of the acquisition of b 100 s/mm? DW images, 3 mm thickness
without respiratory triggering (each row shows DW images in three orthogonal directions and their
isotropic geometric average, from top to bottom: four repetitions). The blue rectangle is a fixed
position and is used to illustrate the liver, gallbladder, and kidney movements along the respiration.
Averaging from all images (and more generally for several b value images) will result in a high
SNR mean image however affected by the movement blurring and thus affecting the ADC quanti-
fication. (b) Dynamic repetition of the acquisition of » 100 s/mm? DW images, 5 mm thickness
with respiratory triggering (each row shows DW images in three orthogonal directions and their
isotropic geometric average, from top to bottom: four repetitions). The blue rectangle is a fixed
position and is used to illustrate the liver, gallbladder and kidney movements along the respiration.
Compared with (a) the anatomic position of the different images is more stable
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Fig. 1.18 (continued)

ADC limit of agreement (LOA) considering the averaged of three 1 cm? ROI’s from
four acquisitions was +835 x 10~® mm?/s without cardiac triggering and dropped to
+315 x 10 mm?/s with optimal cardiac triggering and to £152 x 10~° mm?/s after
further signal filtering. In the right liver, the ADC LOA were £392 x 107% mm?/s
without cardiac triggering and =172 x 10~®* mm?/s with optimal cardiac triggering.
Many authors have studied various aspects of ADC variability in the abdomen
in normal liver and in lesions. One of these studies was devoted to the compari-
son of several non-cardiac-triggered techniques: breath-hold, respiratory-triggered,
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Fig.1.19 ADC maps (units 10~ mm?/s) acquired at 1.5 T with TE =81 ms and fixed TR = 6100 ms,
involving respectively 2 b values (top row, 0 and 800 s/mm?) and 10 b values (bottom row, 0, 10,
20, 50, 75, 100, 150, 300, 600, 800 s/mm?). Each b value image was sampled in three diffusion
sensitized orthogonal directions. The bile duct system appears a little more blurred on the 10 b
value ADC map reconstruction, because these images were more sensitive to the different actual
anatomic section positions of different b value images along the respiratory cycle. However, the
Spleen ROI mean ADC and standard deviation are lower due to less noise contribution

Fig. 1.20 Individual b = 500 s/mm? images in the three orthogonal diffusion directions. The
acquisition was performed with respiratory triggering in a subject with an irregular respiratory
cycle, resulting in a variation of the anatomic level across the acquisition of the different images.
The solid arrow points to the tail of the pancreas that is well visible only on the two first images
from the left. The dotted arrow on the left and central images points to a haemangioma, visible
only on the last image to the right (solid arrow). A subsequent ADC calculation will be blurred by
this effect (see Fig. 1.21)

navigator-triggered and free breathing [31] and demonstrated again a significantly
larger ADC value in the left liver compared with the right liver, additionally the
LOA for ADC measured in several locations in the right liver were in between
325-440 x 10-° mm?/s, while the ADC LOA for ADC measured in several locations
in the left liver were in between 360-810 x 10~® mm?*/s. Even more importantly,
the LOA for acquisition repeatability using a respiratory triggering sequence were
315 x 107° mm?s in the right liver and 515 x 10-* mm?/s in left liver. Considering the
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Fig. 1.21 Individual b = 500 s/mm?* images in the three orthogonal diffusion directions in the
same subject as in the previous figure. The acquisition was performed with a tracking diaphrag-
matic navigator, enabling the section level to be acquired in the same anatomic position (including
the tail of the pancreas) for the different images

Fig. 1.22 ADC map (left) derived from images shown in Fig. 1.19, with liver signal contaminated
withlesionhyperintense signal on one of the »>500 images providingan ADC=866+ 506 x 10-*mm?/s,
compared with the ADC map (right) derived from images shown in Fig. 1.20 without misalign-
ment with the liver ADC = 1215 + 344 x 10-° mm?/s

Fig. 1.23 Individual b = 500 s/mm? images in the three orthogonal diffusion directions in the
same subject as Figs. 1.19-1.21. The acquisitions were performed with cardiac triggering respec-
tively 921 ms (top row) and 121 ms after the VCG signal (bottom row). On the bottom row image
series, a huge signal loss occurred in the left lobe of the liver and is due to the IVIM pseudo diffu-
sion from the transmission of the pulsatile heart movement to the liver



22 T. Metens and N. Papanikolaou

Fig. 1.24 ADC maps from a respiratory-triggered sequence without cardiac triggering (left) and
from a respiratory- and cardiac-triggered sequence with individually predetermined optimal VCG
delay (right). ROI’s were drawn in the left and the right lobe of the liver and in the spleen. ADC
values derived from the acquisition without the optimal cardiac triggering (left liver ROI:
2083 =728 10~° mm?s, right liver ROI: 1325 + 193 10~° mm?s, spleen ROI:838 + 71 10~* mm?/s)
are higher than those obtained from the acquisition using the optimal cardiac triggering delay of
400 ms (left liver ROL: 1406 + 366 x 10~ mm?s, right liver ROI:1217 + 136 x 10~ mm?/s, spleen
ROIL:702 + 76 x 10~° mm?/s). The effect is more important in the left liver and indeed the signal
loss was manifest in the left liver on the DW images. Interestingly the phenomenon also appears to
affect the ADC quantification in the right liver and in the spleen, even if the signal effects on DW
images were visually much less evident

variability between three ROI’s along five consecutive acquisitions in normal sub-
jects, another study measured a CV of 12.8% in the posterior right liver and 15.4%
in the pancreatic head [33]. In malignant hepatic tumours, Kim et al. [34] empha-
sized the influence of the acquisition technique and of the ADC calculation method.
In another study [35], the same group demonstrated that ADC measurements in
hepatic malignant tumours were more reproducible in the right liver compared with
the left liver and for larger lesions compared with smaller lesions. Moreover the
95% LOA between tumours ADCs measured on repeated respiratory-triggered DW
images were 28.7-31.3% of the mean (mean ADC around 1450 x 10~® mm?/s, with
most lesions located in the right liver). The LOA between ADC’s measured by two
readers were 14.6-22.5% of the mean ADC. Such results are of paramount impor-
tance for the use of ADC quantification in longitudinal studies aiming at treatment
response assessment. Indeed, a possible increase or decrease in ADC due to treat-
ment response is only detectable and attributable to an actual response if it is larger
than the limits of the 95% confidence interval for repeatability in absence of change.

The reproducibility of the micro-perfusion fraction f, the pseudo-diffusion coef-
ficient D* and the diffusion coefficient D in colorectal liver metastases was demon-
strated to be quite poor [36].

The variability of the upper abdominal organs ADC measurement in different
MR systems at different time points has been shown to be significantly improved by
using normalized ADC using the spleen as a reference organ [37]. Interestingly,
normalizing liver ADC with spleen ADC improves the diagnostic accuracy for
detection of liver fibrosis and cirrhosis when using breath-hold diffusion-weighted
imaging [38].
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Fig. 1.25 DW images with b 1000 S/mm? obtained at 3 T in healthy subjects (top row females,
bottom row males) of different ages (in years) and liver T2" values in msec. The normal liver vis-
ibility depends dramatically on the age and gender through the liver T2" dependence in the age and
the gender. A lower liver visibility corresponds to a poor SNR and the measurement of the ADC
provides the artificially low ADC values, with a high standard deviation

More generally, the analysis of ten studies performed with different imaging pro-
tocols and patient populations over a period of 10 years at the same institution dem-
onstrated a better ADC repeatability in large tumours than in smaller tumours [39].

Another surprising SNR effect is related to the dual nature of the contrast of DW
images (T2-weighted and Diffusion-weighted). The T2" relaxation time of the nor-
mal liver is rather low compared to other organs, making its signal relatively lower
on DW images because of the T2" weighting of the EPI Stejskal-Tanner diffusion
sequence. At high b values the signal intensity of the liver is thus quite low. It has
been demonstrated that the T2" value of the normal liver is both age and gender
dependent and is related to the variable iron content in the normal liver [40] and this
dependence does significantly impact the liver signal intensity on DW images
(Fig. 1.25) and the corresponding ADC measurements [41]. The ADC value corre-
lates with the individual T2" value, while ADC ROI standard deviation negatively
correlated with T2 [41, 42] confirming the gender and age dependency of normal
liver parenchyma ADC. Finally, it was demonstrated that IVIM parameters in upper
abdominal organ substantially differ across MR systems from different vendors and
different magnetic field intensity [43].

1.8 Conclusions

Diffusion-weighted imaging of the upper abdominal area is technically challenging
due to the presence of multiple physiologic motions (respiration, cardiac motion),
as well as the presence of air in the stomach. In addition, the increased vascularity
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of liver, pancreas and spleen is responsible for ADC contamination with micro-
perfusion effects, therefore more complex strategies need to be taken into consider-
ation to minimize these problems. The hardware capabilities of the scanners namely
the gradient performance and the presence of high-end RF coils can significantly
improve image quality and diagnostic accuracy.
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Benign Liver Lesions 2

Maxime Ronot, Romain Pommier, Anne Kerbaol,
Onorina Bruno, and Valérie Vilgrain

2.1 Introduction

Benign liver lesions include a wide variety of solid or cystic entities that are usually
found in the absence of any underlying chronic liver disease (Table 2.1). Solid
lesions are classified by pathologists based on the cell of origin into epithelial or
mesenchymal formations. Furthermore, some lesions correspond to regenerative
lesions, while others are truly neoplastic. Epithelial lesions include hepatocellular
(focal nodular hyperplasia (FNH) and hepatocellular adenomas (HCAs)) and chol-
angiocellular tumors (bile duct adenoma and biliary hamartoma). Mesenchymal
tumors include hemangiomas, angiomyolipomas, or lipomas. Cystic lesions are fre-
quent and include simple hepatic cysts, biliary hamartoma, also known as Von
Meyenburg complex, and biliary cystadenoma.

An accurate diagnosis is clinically important since the management of benign
liver lesions is usually conservative. Indeed, these lesions generally remain asymp-
tomatic and follow a very benign course. HCAs, angiomyolipomas, and biliary
cystadenomas are an exception, with potentially serious complications that may
require more invasive treatment, mainly surgical resection.

Imaging plays a central role in the diagnosis of benign liver lesions. Although
various imaging techniques are frequently used sequentially or in combination to
obtain the correct diagnosis, magnetic resonance imaging (MRI) is the best tech-
nique for both detection and characterization of focal liver lesions. Although
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Table 2.1 Histological classification of benign liver lesions and main clinical data (in the absence
of chronic liver disease)

Epithelial
— Hepatocytes  Hepatocellular adenoma * Very rare
» Associated with oral contraceptives
» High rate of complications:(bleeding,
malignant transformation)
Focal nodular hyperplasia * Rare
* Female predominance
* No risk of complication
Nodular regenerative e Very rare
hyperplasia  Associated with systemic diseases and
drugs
Portal hypertension
— Biliary cells  Bile duct adenoma * Rare
No risk of complication
Very rare
Development anomaly
No risk of complication

Biliary hamartoma (Von
Meyenburg complex)

Simple cyst e Common
* Female predominance
 Risk of bleeding
Non-epithelial
— Mesenchymal Hemangioma e Common

Female predominance
Very low risk of complication
Angiomyolipoma * Rare
Associated with tuberous sclerosis
No risk of complication
Exceptional
No risk of complication
— Heterotopia  Adrenal, pancreatic, or spleen ¢ Exceptional

tissues Very low risk of complication
Other Inflammatory pseudotumor  Very rare
Associated with general syndromes
No risk of complication

Lipoma, myelolipoma

detection of benign lesions is rarely an issue, characterization is the main challenge.
Diffusion-weighted imaging (DWI) has been used for this purpose, mainly to dif-
ferentiate between benign and malignant lesions in patients with chronic liver dis-
ease or extrahepatic cancers. The main differentials in these cases are hepatocellular
carcinoma and liver metastases, respectively.

The first part of this chapter reviews the imaging features of the main benign
liver lesions on MR imaging with a special focus on DWI. For heuristic purposes,
lesions are classified according to their most frequent features of high b-value DW
images. The second part of chapter reviews and discusses the role of DWI, in par-
ticular in clinical cases such as in chronic liver diseases and oncological patients,
using a pragmatic diagnostic approach.
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2.2  Lesions Showing Marked Hyperintensity on High
b-Value Images

2.2.1 Hemangioma

Cavernous hemangioma is the most frequent benign solid liver lesion with a preva-
lence of up to 20% in an autopsy series [1] in the general population. It is found at
all ages. The female/male ratio is 2-5 [2, 3]. Except for giant hemangiomas, which
may present with symptoms or complications (Bornman syndrome, Kasabach-
Merritt syndrome), most lesions are asymptomatic. Their course is benign, and
hemangiomas never progress to malignancy [4]. Small hemangiomas may become
entirely fibrous and are called “sclerosing hemangiomas.”

MR imaging is the key imaging modality to characterize liver hemangiomas [5,
6]. The classic appearance is a homogeneous, well-delineated, strongly hypointense
lesion on T1-weighted sequences and a markedly hyperintense lesion on T2-weighted
sequences. Dynamic multiphasic T1-weighted sequences following extracellular
gadolinium chelate administration show peripheral and globular, then central
enhancement, with persistent enhancement of the lesion on delayed sequences [7].
The diagnostic value of MR imaging is good with a sensitivity of 90%, a specificity
of 92%, and a global accuracy of 90% [6, 7]. Rapidly filling hemangiomas are usu-
ally seen in small lesions (42% of hemangiomas <2 cm in diameter) [8]. MR imag-
ing shows immediate homogeneous enhancement on arterial phase images which
makes it difficult to differentiate this entity from other hypervascular tumors. The
diagnosis is based on strongly hyperintense T2-weighted images, with enhancement
that is parallel to arteries and persists on delayed-phase images using extracellular
MR contrast agents (Fig. 2.1). The features of hemangiomas on gadoxetic acid-
enhanced MR imaging are similar to those with extracellular contrast agents during
the arterial and portal venous phases. However, lesions appear hypointense or have
incomplete enhancement compared to the background liver during the transitional
phase due to rapid and intense uptake of the contrast agent by hepatocytes.
Completely hypointense hepatobiliary phase images, called the “pseudo washout
sign,” is also usually observed and is most frequent in rapidly enhancing or small
hemangiomas [9].

On diffusion-weighted images, there is usually a drop in signal intensity on high
b-value images because diffusion is not limited to hemangiomas (Fig. 2.1). However,
a persistent high signal intensity may be seen on high b-value images, known as the
“T2-shine through effect.” This corresponds to a high signal on DWI images that is
not due to restricted diffusion but due to high signal intensity on T2-weighted
sequences that “shines through” to the DWI image. In a series of 388 hemangiomas,
we observed this effect in approximately half the lesions and in two thirds of the
patients [10]. It was significantly more frequent in large hemangiomas and in those
with typical enhancement. Thus, radiologists should be familiar with this pattern on
DWTI in hemangiomas. Careful analysis of the ADC map is needed to confirm this
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Fig. 2.1 MR imaging of a typical large hemangioma in a 48-year-old woman. (a, b) The lesion
shows nodular peripheral enhancement on post-contrast arterial phase images with progressive
enhancement on portal venous phase images. On diffusion-weighted images (b = 800), the lesion
shows high signal intensity (¢) and a high ADC value (d) corresponding to a “T2-shine-
through” effect

pattern since ADC values are high for hemangiomas (above 2 x 10~ mm?/s), and
the mean ADC value for hemangiomas with the T2 shine-through effect has been
shown to be significantly lower than those without [10].

2.2.2 Angiomyolipoma

Hepatic angiomyolipomas are a rare, benign, mesenchymal tumor from the family
of lipomatous lesions, like lipoma and myelolipoma. This tumor is now classified as
a PECOMA lesion (perivascular epithelioid cell). It is composed of different
amounts of fat, epithelioid, and spindled smooth cells and thick-walled blood ves-
sels and occasionally some foci of extramedullary hematopoiesis. Around 15% of
patients with hepatic angiomyolipoma have tuberous sclerosis [11], and in these
cases, multiple lesions are often present. Women are more affected than men with a
ratio W/M (2.5:1). The mean age at diagnosis is 40-50 years, but this tumor can be
identified at any age. Most angiomyolipomas are larger than 5 cm in diameter and
well circumscribed. Patients are usually asymptomatic, and the tumor is often iden-
tified incidentally during a routine ultrasound examination. Blood liver tests are
usually normal.
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Fig. 2.2 Low-fat containing angiomyolipoma in a 26-year-old woman. On MR imaging, the
lesion is heterogeneous, with high signal intensity on T2-weighted images (a) and on diffusion-
weighted images (b). After extracellular contrast agent injection, the images show marked contrast
enhancement on arterial phase images (¢) with mild washout on portal venous phase images (d)

The accuracy of the preoperative diagnosis is low because this is a rare tumor

with highly variable imaging features due to the presence of the three components.
There are two main types:

Typical angiomyolipoma (Fig. 2.2): a heterogenous, well-delineated, single
lesion whose size varies. Lesions are hyperintense on T1-weighted sequences
(more than 80%) with a drop in signal intensity on fat-suppressed T1-weighted
sequences. The fat is usually macroscopic but signal dropout can also be found
on chemical shift sequences. The signal varies on T2-weighted sequences
depending on the different components. Early enhancement (80%) and an
absence of washout are the rules following contrast administration [12]. Large
central vessels (so-called macroaneurysms) are highly suggestive of typical angi-
omyolipomas [12].

Angiomyolipoma without fat or with low fat content. The fat component of angi-
omyolipomas varies between 10% and 90% but can be less than 5%.
Angiomyolipomas with low amount of fat tend to lose typical characteristics and
appear hypointense on T1-weighted sequences [13, 14].

On diffusion-weighted images, angiomyolipomas are heterogeneous. A high sig-

nal intensity is found for solid tissue, while fat-containing areas are hypointense
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because of fat suppression on these sequences. Intratumoral hemorrhage results in
an artifact making interpretation difficult.

2.2.3 Solitary Fibrous Tumor

This rare tumor is usually found in the pleura, mediastinum, or respiratory tract. It
is more frequent in men (ratio M/W of 2/1) and mainly occurs in adults. Most
patients have abdominal pain and even weight loss. A typical solitary fibrotic tumor
of the liver is a single, large, heterogenous, well-delineated lesion. There are no sug-
gestive features on MR imaging except progressive enhancement, which can be
very strong with extracellular contrast agents during the delayed phase due to abun-
dant collagen [15, 16].

On diffusion-weighted images, a high signal intensity is seen with a low ADC
value. DW imaging is not helpful for tumor characterization [17].

2.2.4 HeterotopicTissue

Several heterotopic tissues may be identified in the liver parenchyma. They are all
extremely rare.

e Adrenal rest tumors are usually subcapsular and can be difficult to distinguish
histologically from HCA.

e Pancreatic ectopia.

e Splenic ectopia should be considered for the differential diagnosis of hepatic
lesions detected after splenectomy.

Most lesions are hypervascular on imaging with washout on portal venous and
delayed phase images.

On diffusion-weighted images, there is a marked signal intensity on high b-value
images with restricted diffusion and a low ADC value. Diagnosis is therefore diffi-
cult, and malignancy is often suggested. The correct diagnosis can be obtained
based on the subcapsular location of the lesions and a history of splenectomy.

2.3  Lesions Showing Moderate Signal Intensity on High
b-Value Images

2.3.1 Focal Nodular Hyperplasia (FNH)

FNH is the most frequent hepatocellular lesion before hepatocellular adenomas
(0.4-3% and 0.04%, respectively) [4, 18] and the second most frequent solid benign
lesion in the liver after hemangiomas. Mainly found in women, with a ratio of 9/1,
FNHs may be identified in all ages but usually occur between 30 and 40 years of age
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(80-95% of cases). They are usually asymptomatic and discovered incidentally or
during exploration for non-specific symptoms such as abdominal pain or discom-
fort. They are always benign. Blood liver tests are normal in more than half of the
cases, and the only biological abnormalities that may be found are elevated gamma-
glutamyl transpeptidase and alkaline phosphatases [19].

The diagnosis of FNH is based on a combination of features, none of which are
specific alone. There are five major criteria to obtain a diagnosis [20]:

(a) Attenuation/signal intensity similar to that of the surrounding liver, resulting in
a nearly isointense signal on both T1- and T2-weighted images [21, 22].

(b) Homogeneity.

(c) Strong enhancement during the arterial phase without wash-out [22-24].
Lesions show iso- or slight hyperattenuation/signal intensity on portal venous
and delayed phase images [21, 22, 25].

(d) Presence of a central scar corresponding to a collection of blood vessels, bile
ducts, surrounded by inflammatory cells, encased by a fibrous stroma. This is
found on MR imaging in 80% of the cases [24, 25]. The central scar is typically
hypointense on precontrast T1-weighted MR images and strongly hyperintense
on T2-weighted images (78-84%) [26]. It gradually enhances to become hyper-
intense on delayed phase contrast-enhanced T1-weighted MR images using
extracellular contrast agents due to the accumulation of the contrast medium in
the extracellular space of fibrotic tissue [21, 22, 27].

(e) Absence of a capsule (+ lobulated aspect).

All these signs must be clearly present to confirm the diagnosis because this com-
bination is highly specific (98%) (Fig. 2.3) [19]. However, the sensitivity of these
signs is lower (70%) [19]. It is important to note that these criteria should be
applied in the absence of chronic liver disease, extrahepatic cancer, or abnormal
liver tests.

Most (>90%) FNHs are iso- or hyperintense during the hepatobiliary phase due
to the ability of FNH cells to take up both gadoxetic acid or gadobenate dimeglu-
mine and transport them across the sinusoidal membrane into the primary bile duct-
ules. If the central scar is not visible, hyperintensity is homogeneous during the
hepatobiliary phase. A central scar is observed in 60-80% of the cases during this
phase [28] and is seen as a central, hypointense area surrounded by the hyperintense
signal of the lesion. There may be a slightly heterogeneous appearance in the pres-
ence of hypointense fibrous septa. Finally, FNH may have a hyperintense rim-like
appearance [29].

On diffusion-weighted images, most FNHs show mild signal hyperintensity on
high b-value images, with a slightly lower apparent diffusion coefficient (ADC)
than the surrounding parenchyma (the ADC ratio (lesion/liver) is less than 15% in
most FNHs) (Fig. 2.3). These results may mimic other focal liver lesions, including
malignancy [30]. Thus, the signal intensity of DW images is not one of the diagnos-
tic features of FNH.
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Fig. 2.3 MR imaging of a typical FNH in a 34-year-old woman. (a) The lesion shows homoge-
neous and marked enhancement on arterial phase images (arrows), with a central scar enhancing
on delayed imaging (arrow in b). On diffusion-weighted images (c), the lesion shows mild signal
hyperintensity, with higher signal intensity of the central scar (arrow in C). On hepatobiliary phase
images (d), the lesion shows signal hyperintensity consistent with contrast uptake and retention

2.3.2 Hepatocellular Adenomas

Like FNH, HCAs are a benign proliferation of hepatocytes, with a prevalence in the
general population of 0.01-0.004% [4]. They are more frequent in women than in
men (ratio 9:1) and involve young women taking oral contraception (OC) in 85% of
the cases. The risk of developing an HCA increases with the duration and the estro-
gen content of OC [31]. HCAs can be associated with other diseases such as diabe-
tes (MODY 3), glycogenosis, and metabolic syndrome or non-alcoholic
steatohepatitis [31-33].

Although patients with HCA can present with symptoms, most (80%) are asymp-
tomatic [31, 34]. Nevertheless, HCAs can be revealed by acute abdominal pain due
to intratumoral bleeding. Large HCAs may cause a sensation of right upper quad-
rant fullness or discomfort. Blood liver tests are abnormal in two third of cases and
any abnormalities concern cholestatic enzymes (2—10 N) and less frequently trans-
aminases (2-8 N) [31, 34].

HCAs have been classified into several subtypes according to their mutations,
each with a different phenotypic expression on pathology and imaging, especially
MR imaging:
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* HNFI-a inactivated HCAs corresponding to 25-35% of all HCAs [34-36]. A
biallelic mutation in activating the TCFI gene is the main characteristic of this
group. This gene codes for HNF1-a, a tumor suppressor. HCAs with TCF1 muta-
tions are diffusely steatotic (>60%) due to increased fatty acid synthesis and
impaired transport of fatty acids, resulting in excessive intratumoral lipid accu-
mulation. Inflammatory infiltration and cytological abnormalities are rare. These
HCAs are more frequent in women than other subtypes (94—-100%) and are quite
often multiple [31, 34-36]. Lesions show a diffuse and homogeneous signal
dropout on chemical shift in T1-weighted sequences (93%) [37, 38]. This feature
has a sensitivity of 87-91% and a specificity of 89—100% [37, 38] (Fig. 2.4).

* Inflammatory HCAs are the most common (45-55%) subtype of HCAs [31, 34—
36], corresponding to the entity initially described as telangiectatic FNH [39].

Fig. 2.4 MR imaging aspect of a HNF1la inactivated hepatocellular adenoma in a 41-year-old
woman. (a, b) The lesion is located in the right liver with homogeneous slight hyperintensity on T1
(arrows in a) and dramatic signal dropout on chemical shift sequence, (¢) moderate and (d) hetero-
geneous arterial enhancement with portal and delayed wash out. The lesion is well-delineated. On
diffusion-weighted images (e), the lesion shows areas of moderately high signal intensity. The
signal intensity is lower by the saturation of fat signal



36 M. Ronot et al.

IL6ST gene mutations have been found. This gene codes for the oncogene gp130.
Telangiectatic/inflammatory HCA is composed of inflammatory infiltrates, sinu-
soidal dilatation, and dystrophic vessels without fibrosis. Cellular atypia and
intratumoral steatosis may be present and substantial. Inflammatory HCAs are
associated with obesity, hepatic steatosis (40%), and increased serum levels of
acute inflammatory markers such as gamma-glutamyl transferase, CRP, SAA
[40]. These tumors tend to bleed (one third of cases). A few tumors present an
additional p-catenin activation (<10%). Tumoral transformation may be observed
in the presence or absence of f-catenin activation in about 11% of cases [31, 41].
MR imaging shows a strong hyperintense signal on T2-weighted images (100%)
with a variable iso- to hyperintense signal on TI1-weighted sequences.
Hyperintensity persists on fat-suppressed and -opposed phase sequences. A sen-
sitivity of 85.2-88.4% and a specificity of 87.5-100% can be obtained by com-
bining two imaging findings (markedly hyperintense signal on
T2-weightedsequences and persistent enhancement during the delayed phase)
[37, 38] (Fig. 2.5).

e f-Catenin mutated HCA is characterized by somatic mutations of the CTNNBI
gene inhibiting B-catenin phosphorylation. This subtype corresponds to 8-12%
of all HCAs [3, 12, 26, 42] and is present in a significantly higher percentage of
men than other groups of HCAs (almost 40%) [34, 36]. The main pathological
feature is the presence of numerous cytological abnormalities. These HCAs are
not steatotic or inflammatory. This subtype has the greatest risk of malignant
transformation. These tumors share findings of hepatocellular tumors (mainly
arterial enhancement and portal or delayed washout) and may have

Fig. 2.5 MR imaging aspect of inflammatory hepatocellular adenomas in a 22-year-old woman.
(a) Lesions show strong hyperintensity on T2-weighted images (arrows), (b) homogeneous and
marked arterial enhancement with delayed contrast retention (c¢). On diffusion-weighted images
(d), lesion showed moderate to high signal intensity
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heterogeneous content. Imaging cannot reliably identify this entity or differenti-
ate it from HCC.

e Sonic hedgehog HCA was recently individualized [34]. This previously consid-
ered unclassifiable subtype may account for 4% of all HCAs. Mutations are due
to small-sized somatic deletions of INHBE leading to INHBE-GLI1 fusion. This
subtype has not been characterized by imaging. It may be more prone to
hemorrhage.

e Other HCAs, with no associated mutations. These lesions do not have specific
imaging features and represent 5-11% of all HCAs [2, 8, 19, 35]. Once again,
they have common findings with hepatocellular tumors and cannot be differenti-
ated from HCC.

On diffusion-weighted images, most HCAs show mild signal hyperintensity on high
b-value images, although more than 40% of HNF1-a mutated HCAs are isointense due
to the fat suppression on DW sequences [30]. The apparent diffusion coefficient (ADC)
is slightly lower than the surrounding parenchyma, thus diffusion-weighted imaging
cannot be used to differentiate HCA from other focal liver lesions [30]. Interestingly,
the mean ADC value of FNHs is significantly higher than that of HCAs [30]. No sig-
nificant difference has been found in ADC values among HCA subtypes.

2.3.3 Regenerative Process—Nodular Regenerative Hyperplasia

FNH-like lesions are similar to FNH on pathology and are observed in patients with
vascular liver diseases such as Budd—Chiari syndrome, hereditary hemorrhagic tel-
angiectasia, and congenital hepatic fibrosis [43]. They are probably less frequent in
patients with agenesis of the portal vein, portosystemic shunts, or portal cavernoma
[44, 45]. The common element of all these conditions is a decrease in portal flow
with partial compensation by an increase in arterial flow. FNH-like lesions are often
multiple and small (typically less than 2 cm). At imaging, they are very similar to
FNH but are frequently hyperintense on T1-weighted and hypointense on
T2-weighted sequences in congestive livers [43].

On diffusion-weighted images the appearance is close to that of FNH.

Nodular regenerative hyperplasia is a diffuse disorder of the parenchymal orga-
nization resulting in a benign, diffuse, micronodular transformation of the liver. It is
a distinct disease entity characterized by diffuse involvement of the liver with nod-
ules composed of hyperplastic hepatocytes, which should not be confused with the
regenerative nodules of cirrhosis or FNH. Nodules are usually very small (2-3 mm)
and develop next to a portal tract, with centrilobular atrophy. Nodular regenerative
hyperplasia is observed in myeloproliferative disorders, lymphoproliferative disor-
ders, chronic vascular disorders, rheumatological and collagen vascular diseases
(rheumatoid arthritis, Felty’s syndrome, polyarteritis nodosa, amyloidosis, and pri-
mary biliary cirrhosis), solid organ transplantation (renal and liver transplantation),
HIV patients, and following the use of steroids or chemotherapeutic agents.

There are three main presentations on imaging [46]: (1) frequently, unremark-
able imaging; (2) portal hypertension without cirrhosis or focal liver lesions; (3)
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multiple liver nodules with or without portal hypertension to be distinguished from
other hepatocellular tumors. Nodules are small, and they enhance during the arte-
rial phase without washout. They often appear hyperintense on T1-weighted
images and iso- or hypointense compared to the normal liver on T2-weighted
images [47-49].

On diffusion-weighted images, only the latter presentation shows nodules with
mild hyperintense signals on high b-value diffusion-weighted images, with a similar
or slightly lower mean apparent diffusion coefficient (ADC) than the surrounding
parenchyma.

2.3.4 Inflammatory Pseudotumor

Inflammatory pseudotumors are rare, benign tumors usually found in the lung and
which can mimic a malignant tumor in the liver. Inflammatory pseudotumors of the
liver are reactional fibroblastic proliferations that may be fibrotic with infiltration by
inflammatory cells. They correspond to various clinical entities with different mor-
phological and clinical presentations. They are three times more frequent in men
than in women and are mostly observed in young adults (mean age at diagnosis is
35 years) [50].

Three different forms can be described according to clinical and morphological
presentations [51]:

(a) Inflammatory form is revealed by abdominal pain and fever: an inflamma-
tory syndrome is found in half of the patients. At imaging, the lesion is
single, ill-defined, large, heterogeneous and hypervascular. It is hypoin-
tense on T1-weighted and iso- or hyperintense on T2-weighted sequences
(Fig. 2.6).

On diffusion-weighted images, the lesion shows moderate signal intensity on
high b-value images.

(b) Encapsulated form also called solitary necrotic nodule of the liver [52]: This
small lesion is discovered incidentally. There is no inflammatory syndrome. On
MR imaging, the lesion is well limited, hypointense on T1-weighted images,
isointense on T2-weighted images, and surrounded by a capsule that enhances
during the delayed phase.

On diffusion-weighted images, signal intensity is mild to absent on high
b-value images and sometimes high ADC values, corresponding to necrosis.

(¢) Infiltrating periportal form: frequently revealed by jaundice. MR imaging
shows an ill-defined periportal lesion, that is hypo-intense on T1- and moder-
ately hyper-intense on T2-weighted sequences with upstream dilated bile ducts
[53]. There is a progressive enhancement on contrast-enhanced sequences.
Lymphadenopathy can be observed.

On diffusion-weighted images, periportal inflammatory pseudotumors
appear hyperintense on high b-value images, mimicking cholangiocarcinoma.
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Fig. 2.6 MR imaging of an inflammatory pseudotumor in a 43-year-old woman. The lesion
(arrow) shows iso- to high signal intensity on T2-weighted image (a) and diffusion-weighted
images (b) when compared to the surrounding liver. On contrast-enhanced images, the lesion is
hypointense and heterogeneous on arterial phase (¢) with mild heterogeneous washout on portal
phase (d)

2.3.5 Biliary Cystadenomas

Biliary cystadenomas are slow-growing tumors, representing less than 5% of intra-
hepatic cystic lesions of biliary origin. Although they are generally intrahepatic
(85%), extrahepatic lesions have been reported (extrahepatic bile ducts, gallblad-
der). Women are mainly affected (8 times out of 10) over 40 years of age. Symptoms
are nonspecific and mainly due to the effect of the mass. On MR imaging, these
lesions are similar to simple hepatic cysts and appear as large cystic masses with
variable signal intensity on the T1- and T2-weighted sequences, depending on the
protein concentration. On contrast-enhanced sequences, the presence of enhanced
mural nodules and/or inner septa are highly suggestive of the diagnosis [54, 55].

On diffusion-weighted images, the cystic portions show a major drop in signal
intensity on high b-value images, but mural nodules may be visible as high signals.
In case of hemorrhage, signal intensity appears heterogeneous and should not be
mistaken with true viable portions.

2.3.6 Focal Fibrosis

Fibrosis deposition is heterogeneous in cirrhotic livers. Some patients may show
focal areas of fibrosis called” focal confluent fibrosis”. This appears as a focal,
wedge-shaped area, radiating from the porta hepatis, that is widest at the capsular



40 M. Ronot et al.

surface with associated capsular retraction, and frequently located in segments IV,
VII, or VIII [56]. It can mimic infiltrative HCC because both have ill-defined mar-
gins with increased enhancement of fibrosis during the arterial phase. Differentiation
from HCC is based on progressive enhancement from the arterial to delayed phase
using extracellular contrast agents, due to contrast accumulation in the extracellular
compartment, while HCC typically shows washout. On gadoxetic acid-enhanced
MR imaging, fibrosis may be more difficult to differentiate from HCC because both
are usually hypointense on transitional phase and hepatobiliary phase images com-
pared to the surrounding liver due to the absence of hepatocytes [57].

On diffusion-weighted images, focal fibrosis has the same appearance as fibrosis
in general and is mild to moderately hyperintense on high b-value images, reflecting
restricted diffusion with a lower ADC than the surrounding liver. DW images are
helpful to characterize fibrosis, but not to differentiate from other lesions, espe-
cially HCC.

2.4 Lesions Not Visible on High b-Value Images
2.4.1 Hepatic Cysts

Simple hepatic cysts are benign cystic formations lined by biliary epithelium. They
contain serous fluid and do not communicate with the biliary tree. They are usually
asymptomatic and discovered incidentally. Ultrasound studies report a prevalence
of 3-5% in the general population [58]. More recently, a CT study in adults reported
a prevalence of 18% [59], with a higher prevalence in women (ratio 3:2). Simple
cysts are solitary in around 70% of cases. The incidence and volume of cysts
increase with age, thus large cysts are almost only found in women over 50 years of
age. When large, they may be associated with nonspecific symptoms (abdominal
pain, dyspepsia, increased abdominal perimeter, nausea, and rarely dyspnea). Blood
liver tests are normal in most patients. Intra-cystic bleeding is the most frequent
complication [60, 61]. Clinically, hemorrhage usually causes sudden pain in the
right upper quadrant due to the increased volume of the cyst.

On MR imaging, cysts are homogeneous, markedly hypointense on T1-weighted
and hyperintense on the T2-weighted images (identical to that of the gallbladder and
the cerebrospinal fluid) (Fig. 2.7). Cysts do not enhance following gadolinium che-
late administration. Hemorrhagic cysts are spontaneously hyperintense on T1- and
T2-weighted MR images, with a possible fluid—fluid level [60] (Fig. 2.8). During
acute hemorrhage, pericystic contrast uptake can be observed corresponding to the
compressed liver parenchyma.

On diffusion-weighted images, the pure liquid content explains the absence of
diffusion restriction, and the marked drop in signal on high b-value images [62].
Once again, hemorrhage results in cystic heterogeneity.
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Fig. 2.7 MR imaging aspect of hepatic cysts in a 61-year-old man. Lesions appear markedly
hyperintense on T2-weighed images (arrows in a), with homogeneous hypointensity on
T1-weighted images with no contrast enhancement (b). Lesions are not visible on diffusion-
weighted images (c, b = 800) due to their pure fluid content

2.4.2 Biliary Hamartoma

Also known as the Von Meyenburg complex, biliary hamartomas are a developmen-
tal anomaly of the small intrahepatic bile ducts composed of bile ductules, inflam-
matory cells, and fibrosis. Biliary hamartomas are easily recognizable on heavily
T2-weighted MR images such as MRCP and are seen as multiple, small, strongly
hyperintense lesions [63]. They do not communicate with bile ducts.

On diffusion-weighted images, there is a marked drop in signal on high b-value
images because of the predominantly cystic structure.

2.4.3 Pseudotumors

2.4.3.1 Focal Steatosis or Focal Fatty Sparing

Steatosis is easily recognizable when it is diffuse. Diffuse steatosis with focal areas
of sparing or focal areas of fatty deposition in an otherwise normal liver is more
difficult. It is interesting to note that the posterior part of segment 4 is the most com-
mon location of uneven steatosis and focal sparing. The key imaging finding of
focal steatosis is the signal dropout on opposed phase compared to in-phase
T1-weighted GE sequences, while focal sparing shows lack of signal dropout in a
fatty liver [64, 65].
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Fig. 2.8 MR imaging aspect of hepatic cysts with history of bleeding in a 73-year-old woman.
Lesion appears markedly hyperintense on T1-weighed images (a), with no contrast enhancement
(b). Lesion is isointense on diffusion-weighted images (b = 800) with focal hyperintensities (arrow
in ¢). On ADC map (d), the lesion shows high ADC value, with lower value in the areas showing
signal hyperintensity. This aspect corresponds to artifacts due to hemorrhagic depositions

On diffusion-weighted images, focal fatty sparing or focal fatty steatosis is usu-
ally not visible, allowing differentiation with liver tumors.

2.4.3.2 Arterio-Portal Shunts
Arterio-portal shunts are more frequent in patients with advanced fibrosis or cir-
rhosis due to the modified architecture of the liver parenchyma. These peripheral
and triangular shaped lesions are only visible on contrast-enhanced CT and MR
images (Fig. 2.9). After contrast administration, there is hyper-enhancement on
arterial phase images due to local parenchymal filling of arterial blood. No washout
or capsule can be identified on portal venous or delayed phase images. Importantly,
they have no mass effect on vessels or bile ducts and are isointense to the surround-
ing liver parenchyma on hepatobiliary phase images using hepatobiliary MR con-
trast agents.

Arterio-portal shunts are not visible on diffusion-weighted images, which con-
firms that they are “pseudolesions.”
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Fig.2.9 MR imaging aspect of arterio-portal shunt in a 53-year-old woman. (a) The shunt appears
as a triangular-shaped focal arterial enhancement in segment 4 (arrow) centered by the AP com-
munication. The lesion is not visible on portal and delayed phase (b), T2-weighted images (c¢), and
diffusion-weighted images (d)

25 Pragmatic Diagnostic Approach: Specific Contexts
2.5.1 ChronicLiver Disease

Several benign focal liver lesions may be identified in patients with cirrhosis. Some
pre-date, and others are a direct consequence of the development of liver fibrosis.
Cystic lesions (including hepatic and peribiliary cysts) are easy to differentiate from
HCC in most patients. Solid lesions, especially when they hyper-enhance on arterial
phase images, may be more challenging. In these cases, diffusion-weighted MR
images may be very helpful for specific questions.

2.5.1.1 Ancillary Feature for the Differentiation Between Dysplastic
Nodule and Early HCC

HCC is the last step of a complex, multi-step process called hepatocarcinogenesis
[66] during which several molecular and histological changes lead to the gradual
transformation of nonmalignant liver cells into HCC. When present, regenerative
nodules are easy to diagnose because they are numerous and usually smaller than
10 mm. They typically appear isointense on T1- and T2-weighted and DW images
and do not contain fat. Because these nodules lack neoangiogenesis, and
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hepatocellular function is preserved, enhancement is similar to, or slightly lower
than that of the surrounding liver parenchyma after extracellular contrast agent
administration. Regenerative nodules appear iso- or hyperintense on hepatobiliary
phase MR using hepatobiliary contrast agents compared to the surrounding liver;
some may even be strongly hyperintense [67, 68].

Dysplastic nodules (DN) are more difficult to identify. Often multiple, they range
from 1 to 15 mm. While low-grade DNs and regenerative nodules share common
features, some high-grade DNs resemble early or well-differentiated HCCs and
have typical features of HCC, such as intracellular fat, hyper-enhancement on arte-
rial phase images, or even hypointensity on hepatobiliary phase images due to loss
of OATP expression. However, there is usually no washout.

Diffusion-weighted images is helpful to differentiate DNs from HCC since most
hypervascular high-grade DNs do not show signal hyperintensity on high b-value
images, while most HCC do [69, 70] (Fig. 2.10).

2.5.1.2 Diagnosis of Cysts and Peribiliary Cysts
The features of hepatic cysts are similar to those in cirrhotic and non-cirrhotic liv-
ers. Peribiliary cysts are cystic lesions arising from the extramural glands located in
the periductal connective tissue. In non-cirrhotic livers, these glands are not visible
on imaging. In cirrhotic livers, the accumulation of fibrosis encases the glands, lead-
ing to an increase in size. They are typically located along the large bile ducts, more
often left than right, and on both sides of the intrahepatic portal venous branches.
This feature differentiates them from bile duct dilatation, which is located on one
side of the portal venous branches only [71]. Another important finding is the lack
of upstream biliary dilatation. Often numerous, the size and shapes of cysts may
vary, but they share common features with simple cysts. They do not communicate
with the bile ducts (Fig. 2.11).

Diffusion-weighted images help confirm the cystic nature of lesions, with no vis-
ibility on high b-value images and high ADC values.

2.5.1.3 Differentiating Hemangiomas from HCC

Hemangiomas have been reported to be less frequent and smaller in patients with
cirrhosis [72]. Brancatelli et al. have also reported a smaller size due to the develop-
ment of cirrhosis [73]. Nevertheless, imaging features are similar to those of hem-
angiomas observed in patients without cirrhosis. We analyzed more than 230 liver
hemangiomas in patients with and without cirrhosis and showed no difference in
enhancement patterns or signal intensity on T2-weighted images (fat-suppressed
fast spin-echo and single-shot) [72]. Thus, differentiating hemangiomas from HCC
is easy in most patients with cirrhosis. It can be more difficult when hemangiomas
show flash-filling enhancement. In these cases, a strong T2 signal, lesion enhance-
ment parallel to that of the aorta, and persistent enhancement on delayed phase
imaging using extracellular contrast agents are key findings. However, two pitfalls
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Fig. 2.10 Dysplastic nodule in a 55-year-old woman with HIV infection and HCV-related cir-
rhosis with history of HCC treated by left hepatectomy. Follow-up MR imaging showed a centi-
metric nodule showing hypointensity on hepatobiliary phase images (arrow in a) without contrast
enhancement on arterial phase (b), corresponding to a “hypovascular hypointense nodule.” This
was consistent with either dysplastic nodule or early HCC. The lesion was not visible on diffusion-
weighted images (c¢) or the ADC map (d), suggesting the dysplastic nature of the lesion. This was
confirmed by percutaneous US-guided biopsy

should be kept in mind. First, small HCCs may have atypical imaging features and
lack washout. Also, on gadoxetic acid-enhanced MR imaging, flash-filling heman-
giomas appear hypointense on transitional phase images [9] (referred to as “pseudo
washout”) and markedly hypointense on hepatobiliary phase images [74].

Diffusion-weighted MR sequences is helpful to diagnose difficult cases of hem-
angioma in cirrhosis by showing high ADC values compared to the surrounding
liver (Fig. 2.12).
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Fig.2.11 MR imaging aspect of peribiliary cysts in a 49-year-old man with HCV-related cirrho-
sis. Portal shunt in a 53-year-old female. Lesions appear markedly hyperintense on T2-weighed
images (arrows in a) along the left portal branch. Lesions are not visible on diffusion-weighted
images (b = 800) (b) and have high ADC values (c) due to their pure fluid content

2.5.1.4 Increase the Level of Confidence for the Diagnosis
of Intrahepatic Shunts and Transient Perfusion Disorders
As stated above, arterio-portal shunts show hyper-enhancement on arterial-phase
images, which could mimic HCC.
They are not visible on diffusion-weighted images, which confirms that they are
“pseudolesions.”

2.5.2 Oncologic Patients

Hepato-specific MR contrast agents and especially gadoxetic acid-enhanced MR
imaging during the hepatobiliary phase are now recognized as the best technique for
the detection of liver metastases [42].However, due to the rapid entry of gadoxetic
acid into hepatocytes, the traditional MR imaging features of liver tumors are modi-
fied, especially during the transitional phase (3—5 min after injection). Most lesions
that classically accumulate contrast on delayed phase with extracellular contrast
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Fig. 2.12 Typical hemangioma (dashed arrows) and hepatocellular carcinoma (arrow) in a
71-year-old male with history of left hepatectomy for hepatocellular carcinoma explored by MR
imaging. Hemangioma showed high signal intensity on T2-weighted images (a) with peripheral
globular enhancement on arterial phase (b) with progressive filling on portal and delayed phase
images (c¢). HCC showed mild signal hyperintensity on T2-weighted images (a), enhancement on
arterial phase (b), and appeared iso-intense on delayed phase images (¢). On diffusion-weighted
images (d, b = 800), both showed signal hyperintensity, but signal of the hemangioma was higher
than that of the HCC. Yet, on ADC map (e), HCC had low values while hemangioma has high
values (T2-shine-through effect), allowing for the differentiation between both
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Fig.2.13 Differentiation between metastasis and hemangioma in a 46-year-old man with resected
pancreatic neuroendocrine tumor. The lesion (arrow) showed marked enhancement on arterial
phase images (a) with high signal intensity on T2-weighted images (b). Both could indicate liver
metastasis or flash-filling hemangioma. On diffusion-weighted images (c, b = 800), the lesion
appears hyperintense, and differentiation cannot be made. ADC map (d) shows high value in the
lesion, thus confirming the diagnosis of hemangioma, since metastasis would have shown low
ADC values

agents—including benign lesions—are hypointense during the transitional and hep-

atobiliary phases. Therefore, the differentiation between metastases and preexisting

benign lesions may be challenging and may result in an overdiagnosis of metasta-

ses. DW imaging is helpful to improve differentiation of both (Fig. 2.13).
Diffusion-weighted images are helpful mainly for:

* Diagnosis of hemangiomas with high ADC values, despite a frequent T2 shine-
through effect [10]. Nevertheless, the differential diagnosis can be difficult for
very tiny lesions or in mucinous metastases; the choice of the most suitable con-
trast agent is extremely important to avoid a misdiagnosis [75].

» Diagnosis of focal fat deposition or focal fat sparing, since these pseudolesions
do not appear on DW images with high b-values.
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2.6 Conclusion

DW imaging is rarely used for the detection of benign liver lesions but can be help-
ful for tumor characterization. We suggest a pragmatic approach based on signal
intensity in high b-value images (absence of visualization, moderate signal inten-
sity, or marked signal intensity)and on ADC maps (high or low values), to be inter-
preted according the specific clinical context of each lesion. This should improve
the diagnostic evaluation of each lesion and help make differential diagnoses includ-
ing primary and secondary malignancies. Finally, careful interpretation of all other
available sequences—and imaging by other techniques—is extremely important to
overcome the difficulties of diagnosis.
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Malignant Liver Lesions 3
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3.1 Introduction

Imaging techniques applied to medical practice depend on two major characteris-
tics: the ability to consistently define anatomically coherent findings and adequate
contrast between tissues. MR diffusion-weighted imaging (DWI) uses the signal
loss associated with the random thermal motion of water molecules in the presence
of magnetic field gradients to derive a quantitative parameter (the so-called apparent
diffusion coefficient—ADC) that directly reflects the translational mobility of the
water molecules in the tissues [1]. It is fundamentally different from the conven-
tional morphological and hemodynamically based imaging techniques [2]. Early
abdominal applications of DWI were limited due to susceptibility effects, subopti-
mal fat suppression and artifacts related to random and periodic motion [3, 4]. Many
of these issues have not been completely solved but are today minimized consider-
ing current hardware and software improvements. As such, DWI has become an
indispensable day-to-day tool for liver imaging, proving its value on various clinical
scenarios, from focal liver lesion detection to characterization and/or diffuse liver
disease assessment. Specific advantages consist on its short examination time, inde-
pendence of exogenous sources of contrast, and the ability to provide qualitative
and quantitative information [5, 6]. The following chapter addresses the most com-
mon current clinical applications of DWI in the setting of liver malignancies, con-
sidering basic methodologies on how to assess diffusion-weighted images in
qualitative and quantitative manner and reviewing clinical results for oncologic
applications.
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3.2 Reading DWI: Qualitative Reading

In clinical practice, the information conveyed by DWI is rapidly prone to a quali-
tative evaluation and, together with the ADC map display is generally sufficient to
be used as the reading working strategy. DWI should not be a standalone sequence
for interpretation purposes but be integrated and read in conjunction with all the
available information arising from the remainder morphological sequences.
Tissues with high cellularity such as tumors or abscesses, will display restricted
diffusion consisting on hyperintensity on high b values (>400-500 s/mm?) images
and low ADC values (less than the normal parenchyma). Conversely, cystic or
necrotic tissues will show a signal intensity loss on high b value images and return
high ADC values. DWI signal intensity, however, depends not only on water dif-
fusivity, but also on the magnetic properties of the tissue itself. Tissues possessing
long T2-relaxation times—such as hemangiomas may remain with high signal on
high b values, and high values on ADC mapping (the so-called T2 shine-through
effect). Contrarily, lesions with low-signal intensity on T2-w images may not
show hyperintensity on DWI even if they have increased cellularity (the so-called
T2-black out effect) [5]. Restricted diffusion is a property commonly seen in
malignancy but is by no means specific as described before. As it is well known,
several malignant liver tumors will tend to show restricted diffusion such as hepa-
tocellular carcinoma, intrahepatic cholangiocarcinoma, or hepatic metastases [5,
7]. Also, ADC values of solid benign lesion can overlap with ADC values of
malignant lesion [7, 8].

A schematic overview of possible signal intensity combinations on T2-w, DWI
and ADC is provided in the table below.

T2 (b=0) DWI (b>500) ADC Examples
== - iso/ : Benign lesi : Cyst /
Free diffusion hiper hipo ‘ hiper Hzxggg?x;)(ex yst
T;irsotlgﬁ' hiper hiper hiper High T2 signal (Cyst / Hemangioma)
. . . Paramagnetic substances (e.x., iron),
iso hiper 180/
’ Highly cellular lesions
Restricted hipo Metastasis
diffusion : Tumor
hiper hiper Iso/ fiboces

hipo
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Fig. 3.1 Hemangioma and shine-through effect. (a) T2-w fat-suppressed image showing the typi-
cal light bulb sign. (b) DWI obtained with a b value of 800 s/mm? reveals pseudo-restriction. (c)
ADC map confirms a high ADC value compatible with hemangioma

For malignant lesions, DWI is useful in distinguishing the different components
of tumors (cystic and/or necrotic vs solid components). False positives for malig-
nancy may occur from T2 shine-through effect, partial volume averaging or misreg-
istration artifacts (Fig. 3.1). False negatives may also result from metastases of
mucin-producing tumors (cystic-like behavior), from well-differentiated tumors (no
restriction) and from necrotic tumors (either primarily necrotic or secondary to
treatment), and finally when image artifacts conceal focal liver lesions [5].

3.3 Reading DWI: Quantitative Reading of ADC

The ADC of the liver calculated from diffusion acquisition can be appraised by
either visual assessment of the ADC map or by drawing regions of interest (ROI) on
the ADC maps to record the mean or median ADC values in the tissue of interest.
Several problems still exist with the latter approach. A wide variation of values
dependent of technical issues renders ADC measurements variable and therefore of
limited use in the daily clinical practice. It has been shown that values may vary not
only among different equipment vendors but also within the same vendor and even
within the same patient [9]. Consequently, these problems should be addressed and
overcome in order to derive meaningful comparative results in order to use DWI as
a routine biomarker especially for evaluation of tumor response. Also, ADC mea-
surements will vary with other confounder factors such as liver iron deposition, fat,
fibrosis and/or changes in microcirculation. Most workstations and many clinical
studies provide ADC values based on monoexponential models, with considerable
variation of the protocols and proposed b values [5—8]. These factors also influence
the final ADC measurement. As previously stated, diffusion in tissues is more accu-
rately reflected by a bi-exponential model, and thus deriving ADC measurements
from monoexponential fitting curves will add to the lack of precision [10-14]. To
note that average ADC values does not reflect tumor heterogeneity. Other approaches,
such as histogram analysis of a single ROI may prove to be a better depicter of
tumor heterogeneity, and it has been investigated as a possible parameter for tumor
assessment [15, 16]. Kurtosis, a measurement of the amount of this deviation from
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the Gaussian behavior in a dimensionless metric called “excess kurtosis,” may assist
in the goal of assessing intralesional heterogeneity and has been investigated for
tumor follow-up [17].

3.3.1 Lesion Characterization with DWI—A Shift from Classical
Qualitative Assessment?

As already stated, DWI interpretation bases itself on the detection of restricted dif-
fusion. This represents an area of high signal on high b values. For instants, ADC of
hemangiomas or cysts will tend to be significantly higher than ADC of malignant
liver lesions, but ADC values did not allow a confident diagnosis among different
types of liver malignancies. Published data attempted to test sensitivity and specific-
ity of parameters derived from IVIM (using bi-exponential models) to characterize
focal liver lesion [10]. However, use of the perfusion component of DWI (Dfast)
using the IVIM approach [13] showed a sensitivity of 90.1% and specificity of
85.2% for the distinction of HCC from intrahepatic cholangiocarcinoma, thus
reflecting the different tumor vascularization. To which extent these results are
reproducible or additive to clinical decision process remains unknown. Using the
same IVIM approach other authors have tried to derive conclusions regarding HCC
differentiation and reported a higher accuracy [10] however conflicting data has also
been published on this regard [14]. Despite microperfusion information provided by
the IVIM approach of derived data with contrast-enhanced studies seem to lack a
good correlation [14] or may be lower, meaning that IVIM perfusion assessment
needs to be better understood.

3.4 Application of DWI to Hepatocellular Carcinoma

Detection of HCC is improved by DWI [18], with low b value DWI showing higher
sensitivity due to the vascular signal suppression that increases the conspicuity of
nearby lesions. The expected impact of DWI for HCC detection has been proved to
be lower than the one reported for liver metastases [19]. As recommended by the
LI-RADS classification system from the American College of Radiology, the term
“restricted diffusion” should be applied to lesions that are hyperintense relative to
the surrounding liver when acquired with at least moderate diffusion weighting
(e.g., b > 400 s/mm?) and from which the generated ADC map, shows low apparent
diffusion coefficient (ADC)—i.e., lower than that of liver by visual estimation.
LI-RADS also recommend that if unsure about this feature, it should not be used to
perform lesion characterization [20]. In fact, HCC may be difficult to discriminate
from the surrounding cirrhotic changes or even dysplastic nodules, as these can
have similar behavior and ADC values [6]. Also, it has low sensitivity (range
between 62-91%) [21], due to false negatives especially arising from well-
differentiated HCC that will tend to show no restriction on DWI in the context of a
fibrotic, heterogeneous background liver parenchyma. DWI seems to provide an
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additional clue regarding the assessment of tumor aggressiveness. Some studies
pinpoint a lower ADC in cases of poorly differentiated HCC [22-24], thus allowing
the distinction of low- from high-grade HCC lesions (Fig. 3.2). Association between
low ADC value, aggressiveness, and poor response to treatment (such as chemoem-
bolization, thermal ablation, surgical resection, or anti-angiogenic therapy) includ-
ing a higher recurrence rate after treatment and consequently poor prognosis, has
been described [25-28]. DWI can be useful in the diagnosis of macrovascular inva-
sion especially in the infiltrative forms of HCC, with the intravascular tumor casts
revealing restricted diffusion and hyperintensity on the high » value DWI (Fig. 3.3).

Fig. 3.2 DWI and HCC differentiation. Although sensitivity of DWI to depict HCC remains low,
signal intensity on high b value DWI tends to be directly proportional to the degree of tumor dif-
ferentiation. (a) Moderately differentiated HCC showing DWI restriction (b = 800). (b) Late arte-
rial phase depicting typical wash-in. (¢) Well-differentiated HCC showing absence of DWI
restriction. (d) Late arterial phase depicting typical wash-in
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Fig. 3.3 Hepatocellular carcinoma with extensive portal venous invasion. Tumor thrombosis is
clearly depicted on DWI images due to its intrinsic high contrast resolution and black blood effect
on normal vessels. (a) T2-w image with portal vein enlargement and high-signal intensity. (b)
Tumor casts extending to intrahepatic branches. (¢, d) Corresponding DWI images obtained with
high b value (b = 800)

DWI in the context of HCC can be beneficial once a DWI positive nodule is
recognized but lacks the typical wash-in/washout pattern. Until now, and together
with other imaging signs, apart from the vascular behavior, high b value DWI posi-
tivity in a nodule otherwise deemed hypovascular in the dynamic study, is one of the
ancillary findings that may trigger a closer follow-up of these patients. Hyperintensity
on DWI (using high b values) of hypovascular nodules in patients with cirrhosis has
been shown to predict progression to hypervascularity, although at a very low rate
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[23]. LI-RADS is currently the only western classification system that incorporates
DWI in the non-invasive diagnosis of liver nodules in cirrhosis, but only as an ancil-
lary feature. It can be used as a “tie-break” rule pointing toward probable malig-
nancy (as well moderate T2 hyperintensity; microscopic fat-containing nodule, T1
hypointensity on the hepatospecific phase, etc.), allowing the upgrade of a suspi-
cious nodule up to but not beyond LR-4.

3.4.1 Assessment of Tumor Response to Treatment (HCC)

Locoregional treatment of HCC results in dynamic changes and lesion remod-
eling occurring at the site of treatment. DWI can contribute to the diagnosis of
residual tumor and should be interpreted in conjunction with the mRECIST criteria
(Fig. 3.4). Residual or recurrent tumor will manifest as area/s of low ADC contrarily
to nonviable areas that will display high ADC values. In patients with contra-indi-
cations to contrast media injection DWI can be offered as an alternative solution for
tumor response evaluation. DWI has also the potential to act as a prognostic indica-
tor in patients with HCC. Low pretreatment ADC has been shown to be a risk factor
for early HCC recurrence after surgical resection, and to predict a worse response
to transarterial chemoembolization (TACE) [25]. Additionally, ADC changes of
tumors following TACE were shown to be an independent predictor of overall sur-
vival [11]. An increase in ADC 1 month after TACE or radioembolization (TARE) is
indicative of a good prognosis [25, 28]. Deriving the perfusion fraction with IVIM
although appealing is still a matter of research as an early predictor of response after
chemoembolization [28].

Mean ADC measurements may not be an adequate way to assess tumor hetero-
geneity after treatment. In this sense, kurtosis calculation may be representing more
accurately this feature [17]. Kurtosis after HCC treatment performed better than
ADC alone, with better sensitivity (85.7% vs 79.6%) and specificity (98% vs
58.3%), for predicting HCC recurrence.

At the time of this writing there is no clear-cut evidence that ADC quantification
for tumor response evaluation is superior or just additive to the mRECIST criteria.
In fact, it has been shown that contrast-enhanced MRI with subtraction technique
shows a more significant correlation with the histopathologic findings concerning
the degree of necrosis estimation after TACE, compared with DWI. Adding for this
last topic, advanced quantification of the lesion perfusion with analysis of the Ktrans
parameter can also be performed but again its clinical relevance remains to be seen.

3.5 Application of DWI to Intrahepatic Cholangiocarcinoma

Intrahepatic cholangiocarcinoma (IHCCK) is the second most common primary
hepatic malignant tumor arising from the epithelium of the bile ducts [29]. Sensitivity
is expected to be very high, with series reporting all cholangiocarcinomas to be



60 F.C. Alves and F. P. Silva

Fig. 3.4 Follow-up MR after thermal ablation of HCC. Despite the high signal intensity of the
nodule on the T2-w image, both the dynamic study after contrast administration and DWI (b 800
and ADC map) are contributive to affirm complete tumor necrosis. (a) T2-w fat-sat FSE. (b) 3D
T1-w GRE at the late arterial phase of liver enhancement. (¢) DWI at b 800 s/mm? (d)
Corresponding ADC map visually displaying high ADC of the nodule
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Fig.3.5 Intrahepatic cholangiocarcinoma typical pattern on contrast-enhanced MR and DWI. The
last sequence allows to differentiate the peripheral cellular area showing restriction and the central
zone where the less cellular fibrous tumor stroma is predominantly located. (a) DWI with b = 800 s/
mm?. (b) 3D GRE T1-w at the arterial phase of liver enhancement

detectable on DW-MR images with restricted diffusion [30]. In the cirrhotic patient
it is fundamental for patient management to recognize and differentiate IHCCK
from HCC since the former contraindicates liver transplantation due to its very bad
prognosis and early tumor relapse. As a rule of thumb, the majority of IHCCK will
show restriction to diffusion and low ADC values. A typical sign that has been asso-
ciated with this tumor type is the presence of a peripheral rim with high b value
DWL. In fact, DWI may show a more hyperintense peripheral rim and a larger cen-
tral hypointense central zone (Fig. 3.5). Pathological correlation reveals that the
peripheral rim corresponds to the higher cellularity areas and the inner core to the
predominantly fibrotic component of the tumor. This aspect on DWI together with
all the remainder imaging descriptors (lobulated contours, rim enhancement in the
arterial phase, target appearance on the hepatobiliary phase, capsular retraction, and
upstream dilatation of intrahepatic ducts) are consistent with IHCCK. It has been
however reported on multivariate logistic regression analysis that only the target
appearance on the DWI was a significant and independent variable predictive of
ICCK, making it the most reliable imaging feature for distinction of small mass
forming IHCC from small HCC [31, 32]. Other ancillary findings (such as capsule
or enhancing septa) would favor HCC [32].

3.6  Application of DWI in Liver Metastasis

Hepatic metastases usually demonstrate low ADC except if totally necrotic, calci-
fied (before or after treatment), or derived from mucin-producing tumors (Fig. 3.6)
[5,7,33].
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Fig. 3.6 Pseudo-shine-through effect in patient with colorectal cancer liver metastasis. The pri-
mary tumor was a mucin-producing adenocarcinoma. (a) T2-w fat-sat image showing the right
lobe liver metastasis with similar signal intensity to the spleen. (b) DWI with 5800 s/mm?>. (c)
Corresponding ADC map revealing a high ADC value of the liver metastasis in line with the muci-
nous content

Fig. 3.7 Liver abscess displaying marked restriction on DWI. (a) DWI with b = 800 s/mm?. (b)
Low-signal intensity on the ADC map. (¢) GRE T1-w dynamic image showing the typical periph-
eral enhancement and perilesional perfusion abnormalities

Radiologists should be aware that focal liver abscesses, due to its cellular debris
and exudates, will return low ADC values and, in the absence of clinical or labora-
tory findings, can be confused with metastatic liver disease (Fig. 3.7). There is now
abundant evidence of the role of DWI in detection and locoregional staging of meta-
static liver disease.

As stated from a recent consensus report from the seventh International Forum
for Liver Magnetic Resonance Imaging, the combination of hepatobiliary phase
images with DW-MR images yields a higher detection rate, particularly in the set-
ting of sub-centimeter liver metastasis [34]. In a meta-analysis dealing with DWI in
liver metastases, there was no difference between DWI and Gd-enhanced studies
concerning detection rate [19]. In this study however, Gd-enhanced studies were
pooled between extracellular and liver-specific contrast agents. Another meta-
analysis, based on 39 articles including a large population (nearly 2000 patients
with nearly 4, 000 liver metastases) shows that the sensitivity of combined MR
(DWI + Gd-EOB-DTPA) is significantly higher than either of the two techniques
interpreted separately [33]. However, and despite its excellent results, DWI alone is
less sensitive than gadoxetic acid-enhanced MR imaging for detecting liver
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metastases in the sub-centimeter range. Some arguments may be expanded concern-
ing the different DW protocols and b values among institutions, that may have
impacted results as a potential source of false negative results when compared with
the more homogeneous and widespread contrast-enhanced 3D-GRE technique. In
fact, highest b values ranged from 400 to 1000 s/mm?, with less than half the studies
including low b values.

Mean sensibility and specificity for metastasis detection.

Sensitivity Specificity
Mean DW-MR 82.2% [(95% CI, 69.4-90.4%)] 90.4% [(95% CI, 82.8-94.8%)]
Gd-EOB-DTPA 91.2% [(95% Cl, 83.7-95.4%)] 90.4% [(95% CI, 82.8-94.8%)]
Combined 95.0% [(95% CI, 89.9-97.6%)] 82.4% [(95% CI, 70.5-90.2%)]

When dealing with detection of liver metastases the use of low and high b values
in DWI (in our institution 50-100 and 800 s/mm?) is mandatory as low b value DWI
provide higher SNR, are less prone to motion-induced signal loss and suffer less
from eddy current-induced distortions, justifying its greater sensitivity. The “black
blood” appearance of vessels on DWI, especially on the more anatomical low b
value images is an essential component and often, in this setting, DWI is the first
sequence to map focal liver lesions. In daily practice a common setting is to use
DWI for lesion identification and interpret together low and high b values image
sets for detection and characterization.

Since 30% of patients with colorectal liver metastases are surgical candidates,
three main goals should be considered in order to offer advanced imaging studies
such as hepatobiliary-enhanced MRI:

1. to precisely define the tumor burden
2. to provide accurate lesion mapping
3. to verify resection margins around major vessels

DWI deals well with the first two questions while HBCA-MR, due to its superior
SNR and 3D spatial resolution capabilities, provides the answer for the last ques-
tion. To note that in general, the third question addresses the immediate presurgical
information while the first two are related to a prior step of patient management (to
map and measure lesions before neoadjuvant therapy). Thus, in the initial evaluation
of tumor burden and/or tumor response evaluation DWI is a fundamental step and,
at this stage, hepatobiliary CA can be skipped.

Special care should be taken not to overlook the so-called “vanishing metasta-
ses” corresponding to a dramatic change of metastasis size or signal intensity after
chemotherapy. A study addressing patients with this “disappearing” or “tiny resid-
ual metastasis” of colorectal cancer after chemotherapy on DWI or Gd-EOB-DTPA,
showed an in situ recurrence rate of 15.7% and 33.2%, respectively, at 2 years [35].
So even if not apparent on DWI, the location of prior liver metastases should be
carefully inspected and ultimately resected (Fig. 3.8). An ADC transient reduction
24-48 h after initiation of chemotherapy has been described, thought to result from
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Fig. 3.8 Liver metastasis post-chemotherapy with pathologically proven residual active tumor.
The typical imaging findings are lacking, and thus detection and/or characterization may be diffi-
cult. Prior comparison is mandatory. (a) The T2-w FS sequence is negative. (b) DWI with
b =800 s/mm?. The lesion is barely perceptible and only a discrete hyperintense rim is disclosed.
(c) The metastasis is clearly depicted although tumor viability may be difficult to ascertain

acute cell swelling and/or reduction of interstitial volume. Further ADC decrease
along time may correspond to tumor regrowth, fibrosis or tissue remodeling,
together with decreased perfusion [36, 37] Thus, in patients submitted to chemo-
therapy, ADC changes may differentiate between responders and nonresponders,
increasing (as expected) in the responders, a finding that may be detected even after
the first cycle [38].

For patients with unresectable CRC liver metastases, tumor burden and lower
pretreatment ADC values correlate with worst response to radioembolization with
90Yttrium-microspheres. Lower ADC values (<0.935 x 1073 mm?/s) were seen in
nonresponders before treatment and early ADC changes (within the first 2 months
after treatment) meaning increased survival rate [39, 40]. Another interesting
observation relates to the histogram analysis of the apparently tumor-free paren-
chyma. A trend toward larger standard deviation of the parenchyma, and lower
ADC values (in the fifth percentile) may be an early predictor of micrometastatic
disease [41, 42].

In conclusion, for metastatic liver disease, DWI is highly sensitive for lesion
detection, and thus should be routinely and incorporated in every MR liver protocol
[43]. DWI increases the accuracy for lesion characterization with the combined



3 Malignant Liver Lesions 65

reading of two or more b values along with the contrast-enhanced MR study. DWI
appears as a potential biomarker for tumor response evaluation albeit unsolved
issues such as reproducibility, artifact control and suboptimal SNR.

3.7 Future Directions

Most DW-MR imaging studies have been conducted by using 1.5-T MR systems.
3.0-T are increasingly available, have potential for improved image quality, due to
increased SNR provided by 3.0-T fields, which is used to improve spatial resolution,
to lower the acquisition time (or both), and enables the use of higher b values, which
are more sensitive to diffusion and less sensitive to T2 relaxation time.

In DWI, there can be an up to two-fold increase in SNR but with greater mag-
netic susceptibility artifacts, image distortion and signal loss, greater conspicuity of
metal or gas, particularly, with EPI sequences used in DWI, and incomplete fat satu-
ration [44]. There are also reported significant differences between ADC measure-
ments performed at 1.5 and 3 T. Some of these problems can be reduced with a
higher receiver bandwidth and parallel imaging techniques.

3.8 Conclusions

DWI can add potentially useful qualitative and quantitative information to conven-
tional imaging sequences. It is quick, can be easily incorporated to existing proto-
cols, is a nonenhanced technique (performed without the use of gadolinium-based
contrast media), thus easy to repeat, is useful in patients with severe renal dysfunc-
tion at risk for nephrogenic systemic fibrosis.

Variable field strength, number of b values used for diffusion-weighted imaging
in each study, the “IVIM” effect, contribute for lack of homogeneity of results and
lack of external validity. This is mostly true for quantitative approaches do
DWI. However, regarding qualitative reading, which is the most thoroughly used in
clinical practice, there doesn’t seem to be as much variation on the interpretation of
findings, on the expected sensibility of detections of malignant lesions (especially
metastases). This made it possible for very quick and smooth incorporation of DWI
in standard abdominal scanning.

We expect that further standardization will be necessary to ensure reproducibility
and implementation of quantitative studies. Furthermore, we believe that more data,
other than just ADC values and qualitative parameters will be available. Such data
may derive from exploring tumor heterogeneity (“the main reason why we are fail-
ing treating cancers after all these years”) as was proposed with implementation of
kurtosis. There is also the exploit of IVIM and it’s still to accurately determine
molecular findings, a phenomenon which was initially not taken in account for, but
presents with a promising field for ability to discriminate focal liver lesions, to pre-
dict its behavior or clinical significance in a follow-up, provided reproducibility is
ensured.
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TE Echo time
TR Repetition time

4.1 Introduction—YVirtual Biopsy of Diffuse Liver Diseases
with DWI

4.1.1 Hallmarks of Chronic Liver Diseases

Chronic liver diseases have diverse causes including viral hepatitis, nonalcoholic
fatty liver disease (NAFLD), alcohol- and drug-related toxicity, cholestatic and
autoimmune diseases and hemochromatosis. Chronic liver diseases can ultimately
lead to cirrhosis and its complications, through a process of inflammation and fibro-
sis [1, 2]. Currently, the two main causes of chronic liver diseases in the Western
countries are hepatitis C virus infection (HCV) and NAFLD. In 25% of patients
diagnosed with HCV, cirrhosis will develop in a span of 20-40 years after viral
infection. The complications of liver cirrhosis, namely portal hypertension, liver
failure and hepatocellular carcinoma, occur with a risk of 1-4% per passing year [3].

In developed countries, NAFLD affects about 25% of the population [4]. In 25%
of the patients with NAFLD, the excess of lipids in the liver will produce oxidative
stress and inflammation (nonalcoholic steatohepatitis or NASH) with stellate cell
activation and fibrogenesis, ultimately leading to cirrhosis in 10% of the patients
[5]. In patients with type 2 diabetes, the frequency of NAFLD is much higher (about
75%) than in the general population and 60—-80% of the NAFLD patients will pres-
ent NASH [6]. It is estimated that, in a near future, more patients will need liver
transplantation because of NAFLD than because of HCV [7].

Additional classical causes of chronic liver diseases are alcohol consumption and
hepatitis B virus infection [1]. Less common liver diseases are cholestatic diseases
which are due to impaired hepatobiliary production and excretion of bile. Primary
biliary cirrhosis and primary sclerosing cholangitis are the two mainly encountered
cholestatic liver diseases in adults [8], accounting for nearly 25% of all first liver
transplantations in the Western world. Both diseases cause high inflammatory activ-
ity and fibrosis, resulting in cirrhosis (in 4—6 years for primary biliary cirrhosis [8])
and its complications (hepatocellular carcinoma for primary biliary cirrhosis (10%
of incidence in patients with end-stage disease [8]) and cholangiocarcinoma for
primary sclerosing cholangitis (10-15% incidence) [9]). Finally, hemochromatosis
is characterized by abnormal iron deposition in the liver (among other sites) and
may also lead to cirrhosis [10].

Chronic liver diseases may present common histopathological features, includ-
ing fibrosis, inflammation, steatosis and iron overload. Fibrosis and inflammation
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should be detected and graded because they have prognostic significance [11-13].
For the former, the two main turning points are bridging fibrosis (> F2 in the
METAVIR classification of HCV and > F3 in the SAF classification of NASH) and
cirrhosis (F4). Classically, treatment is started when bridging fibrosis (also called
significant fibrosis) is present, although with recent progresses in treatment, there is
a trend to perform universal treatment in HCV patients, whatever the fibrosis stage
is. Cirrhosis is important to detect because the risk of hepatocellular carcinoma and
portal hypertension and the need to start a surveillance programme based on ultra-
sonography in these patients [14, 15]. Finally, it is important to detect liver inflam-
mation, as inflammatory activity correlates with patient prognosis, such as the rate
of progression to cirrhosis [16]. In NAFLD patients, the assessment of lobular
inflammation and hepatocyte ballooning will determine if the patient presents
NASH instead of simple steatosis [13, 17].

4.1.2 MRImaging to Provide Virtual Liver Biopsy

The reference examination for the diagnosis of diffuse liver diseases remains histo-
pathological analysis of liver biopsy [18]. However, hepatic biopsy presents some
disadvantages, as it necessitates hospitalisation in 3% of the cases [19] and has a
0.01% mortality rate for percutaneous biopsies (0.09% for transvenous biopsies)
[20]. Moreover, biopsy only assesses a small portion of the liver, which can lead to
sampling errors causing up to 20% false negative results for cirrhosis [20, 21].
Besides, there can be large inter- and intra-observer variability in the interpretation
of biopsied tissues [22, 23].

As a result, alternative diagnostic approaches have been proposed. Serological
tests (e.g. Fibrotest [24] or Nash Test [25]) can be easily implemented but their
diagnostic performance is limited [7]. Imaging markers, and more particularly those
obtained with magnetic resonance (MR) imaging, have the particular strength of
providing multiparametric information in a noninvasive manner. MR imaging
allows virtual liver biopsy, meaning a noninvasive evaluation of the state and func-
tionality of the liver parenchyma [26]. The information can be collected at the organ
or regional level, which is important for diseases with heterogeneous distribution of
fibrosis [8]. Besides, MR imaging can be easily repeated several times in the disease
course to assess its progression and response to treatment.

In particular, diffusion-weighted imaging (DWI) has been proposed to assess
diffuse liver diseases, because it does not require complex hardware and post-
processing approaches such as MR elastography, is informative on the microstruc-
tural state of the tissue and provides information relative to perfusion, using an
intravoxel incoherent motion (IVIM) approach, without any use of contrast
agents [27].
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4.2 Imaging Recommandations for DWI of Diffuse
Liver Diseases

The wide range of apparent diffusion coefficient (ADC) and IVIM parameter values
reported in the literature, as well as the variability in diagnostic performance for
fibrosis and steatosis assessment, can be partly explained by the different acquisi-
tion parameters and processing methods used, and by the technical characteristics
of the MR imaging system (e.g. gradient and coil systems, pulse sequence design
and artefact reduction strategies) [28-31]. It is important that the acquisition and
processing parameters are reported to help comparisons between studies and sites.

4.2.1 Guidelines for DWI Acquisition

One prerequisite for sound interpretation of DWI data is to choose acquisition
parameters to ensure high signal-to-noise ratio (SNR), limited artefacts (most nota-
bly motion and echo-planar imaging (EPI)-induced artefacts) and repeatable data
(Table 4.1). Indeed, the ADC values have a strong dependence on the way the acqui-
sition is performed [31]. For example, low SNR increases the uncertainty of param-
eter determination [32], which can artificially decrease ADC values [33], while
motion tends to increase them [34, 35]. Moreover, care must be taken in the choice
of b values, as it is recognized that the liver parenchyma possesses biexponential
behaviour, and as such different sets of b values may yield different “weightings” of
perfusion information and affect ADC values. All these acquisition choices may
explain some of the differences in reported ADC values or reported diagnostic per-
formance of DWI in the literature [31, 36, 37].

Table 4.1 Suggested acquisition parameters and general considerations [27, 38-41]

Free breathing or respiratory

Breathhold triggering
Field of view 350-400 x 262-300 Same
Matrix size At least 96 x 96 Same
Repetition time >1600 2500-6000
Echo time Minimum (same for all b Same
values)
Echo-planar imaging Single-shot Same
Phase-encoding direction Antero-posterior Same
Parallel imaging acceleration 2 Same
factor
Number of signals acquired 2 2-3 (up to 5 for b values
>500 s/mm?)
Section thickness 7-8 5-7
Number of sections 10 20
Direction of motion-probing Phase, frequency, section ~ Same
gradients
Fat suppression Yes Yes
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Repetition time: Long repetition time (TR) is recommended to allow full T1
recovery between shots, avoiding T1-weighting [42] and optimizing SNR.

Echo time: The echo time (TE) must be minimized as much as possible to pro-
vide high SNR, which is crucial especially for studies using high b values.
Minimization of TE also helps getting more accurate measurements of the perfusion
fraction f. Indeed, when long TE are used, the signal of liver tissue will be dramati-
cally decreased compared to the blood signal, due to their marked difference in T2
(at 1.5 T, 46 ms for liver tissue vs 290 ms for blood) [43, 44]. This will artificially
increase f, hence compromising comparison between studies [45]. A correction of
the IVIM equation has been recommended by including the relaxation times T1 and
T2 of the tissue and blood [45].

Dummy scans: It is recommended to have between 1 and 4 dummy scans to be in
a steady-state regime (1 for TR above 3000 ms, 4 for TR between 1000 and
3000 ms) [46].

Fasting: Few studies have investigated the effect of eating on the diffusion
parameters [47—49]. Overall, fasting is not mandatory as it does not affect ADC, the
molecular diffusion coefficient D, the perfusion-related diffusion coefficient D" or f
values [48, 49]. Some effect on the perfusion-related parameters is sometimes
observed [47] as portal venous flow is known to increase after eating, but the
changes in diffusion parameters caused by the prandial state are slight and most
probably within the reproducibility limits of the parameters [49].

Contrast agent administration: Usually DWI acquisition is performed before
contrast agent administration. Indeed, the presence of intravascular contrast agent
could affect ADC measurements because of a decrease in signal intensity due to the
T2-shortening effect of the agent [50]. Some authors have reported a significant
decrease in hepatic parenchyma SNR and ADC after administration of the hepato-
biliary contrast agent gadoxetic acid [51].

Number of motion-encoding gradient directions: On clinical MR imaging sys-
tems and at clinical resolution, isotropic behaviour of the liver parenchyma has been
observed, even in patients with liver cirrhosis [29, 52]. Regardless of the gradient
direction (frequency, slice or phase), ADC values were judged similar [52, 53], and
fractional anisotropy did not vary among fibrosis stages [54, 55]. This encouraged
some authors to use only monodirectional diffusion gradients to gain time during
acquisition [52, 56-58].

However, other authors have suggested to treat the fibrotic and cirrhotic hepatic
parenchyma as an anisotropic organ, as the deposition of collagen generally forms
nodules dimensioned at a scale visible at DWI (i.e. a few millimetres in diameter)
[59]. Indeed, fractional anisotropy has been shown to evolve during fibrogenesis in
preclinical studies, starting with a decrease in F1-F2 stages when cell necrosis and
apoptosis destroy the radially oriented cellular structures of the hepatic parenchyma,
and an increase in F3—F4 stages because of extracellular collagen deposition [60-62].
These changes have not been seen in clinical studies [52, 53, 63]. To guarantee that
any anisotropic effect which may occur during fibrosis is taken into account, it would
be recommended to use three motion-encoding gradient directions during acquisitions
[64]. This would also provide beneficial signal averaging in isotropic tissue.
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4.2.2 Guidelines for DWI Data Processing

Avoiding vascular structures, artefacts and margins of the liver is needed when
choosing regions-of-interest (ROIs). The most common method is manual drawing,
which provides suitable interobserver reproducibility [65-67]. Some authors use
advanced methods for ROI selection [68, 69]. It has been recommended to avoid
ROI placement in the left liver lobe, as dephasing artefacts and image degradation
caused by cardiac motion may artificially increase ADC values and worsen
the reproducibility [27, 28, 34, 70, 71]. At the exception of the left lobe, ADC values
are similar between segments [70, 72] or adjacent slices [53, 61]. Concerning the
size of the ROI, averaging several small ROIs (1-2 cm in diameter) from different
locations or selecting the largest homogeneous parenchymal area are the best
approaches compared to a single small ROI approach [67].

The IVIM approach has some diagnostic advantages relative to the classical
ADC approach for fibrosis diagnosis and staging, if acquisition and processing con-
ditions are optimal (sufficient SNR and number of acquired b values). Indeed, the
IVIM approach may provide a better diagnostic performance for fibrosis and cir-
rhosis than conventional ADC, because of the heightened ability of perfusion-
related parameters to differentiate fibrotic from non-fibrotic tissues [31, 73]. It has
been reported that D* can better help diagnosing cirrhotic patients [74] or patients
with significant to severe fibrosis than ADC [75], and D" or a combination of the
three IVIM parameters provides better fibrosis staging than ADC alone [73, 76].

Diffusion parameters can be determined in two ways: the signal intensity is aver-
aged within a ROI for each b value and the resulting mean intensities are used to
calculate the diffusion parameters [77-80] or the parameters can be calculated
pixel-by-pixel before being averaged within a ROI [39]. The latter approach allows
conserving regional information, but suffers from higher variability than ROI-wide
or organ-wide measurements [38], especially for IVIM parameters [81]. Diffuse
liver diseases allow working with large ROIs providing robust determination of the
diffusion parameters [68, 78]. In research studies, distribution pattern and texture
analysis of the pixel-by-pixel signal distribution may provide additional informa-
tion [66, 82].

4.2.3 Reference Examination

Care must be taken when using histology as reference examination. Liver biopsy is
indeed not a true gold standard. Even with optimal sampling conditions (length and
number of portal tracts), fibrosis is only correctly categorized in 75-85% of biopsy
specimens because of its local heterogeneity [21, 83]. Similarly, the staging of ste-
atosis based on visual estimation of the percentage of hepatocytes containing lipid
vacuoles suffers from high interobserver variability [84].

When feasible, the assessment of histological markers, mainly fibrosis and ste-
atosis, should be done quantitatively. Stronger correlations have been demonstrated
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between ADC and the percentage of fibrotic areas than between ADC and semi-
quantitative staging scores of fibrosis (r = —0.86 versus r = —0.5) [85]. Similarly for
steatosis, correlations are stronger when considering the percentage of lipid areas
than the visual assessment of fat-containing hepatocyte number by a pathologist
[86]. Digital image analysis techniques have been shown to be more robust in their
assessment of steatosis, with stronger correlations with MR imaging data [86—88],
and methods for histological quantitative assessment of liver fibrosis, through auto-
mated image analysis and texture assessment are available [89]. In animal models,
the quantification of hydroxyproline content from extracted liver tissues allows a
good depiction of fibrosis content in the whole organ [90].

4.2.4 Reproducibility

To be useful in clinical practice, a prognostic imaging biomarker should have a vari-
ability lower than the dynamic range of the grades or stages of the disease of inter-
est. The variability is usually assessed as repeatability, i.e. measurements repeated
in the same subject over a given time interval with all conditions kept similar, and
reproducibility, i.e. measurements repeated under different conditions [91, 92].
Ideally, the volunteer or patient should be removed from the MR scanner and repo-
sitioned before the second examination. Time intervals between examinations range
from a short 5 min pause [93] to several months [94]. Attention must be paid when
comparing reported reproducibility/repeatability values, because they can be
reported in two ways. The first consists in reporting within-subject coefficients of
variation (CV), i.e. the standard deviation of the mean values divided by the mean
[94-96]. To be judged genuine, a difference between healthy volunteers and patients
should be above 1.96 x CV [94]. A second method is to report results from a Bland—
Altman analysis, i.e. 95% limits-of-agreement calculated from the standard devia-
tion of differences between measurements [29, 71, 97], also known as coefficient of
reproducibility or repeatability (CR) (Fig. 4.1). These CR are around twice as high
as CV values, and have direct clinical meaning as they can directly be compared to
the difference in value between control and diseased liver obtained with the evalu-
ated biomarker.

The variability originates from image acquisition (variability in hardware and soft-
ware, level of SNR), from patient-related variability (motion, breathing, eating) and
from post-processing (ROI placement, processing algorithm). Technical variability
can be apprehended with phantom studies. As phantoms containing tissue-equivalent
materials are not readily available and difficult to build, some authors prefer to use
fluid-filled phantoms simpler in their conception [98, 99]. In that manner, long-term
repeatability and cross-site reproducibility ranging from 4% to 20% have been
reported [100, 101]. In vivo sources of variability additionally increase this range (e.g.
motion and motion correction schemes, shimming, fat suppression, etc.).

In vivo, ADC and D repeatability and reproducibility are generally good. CVs
ranging from 2% to 16% have been reported for ADC in healthy hepatic
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Fig.4.1 Bland-Altman plots of D, fand D" calculated in the hepatic parenchyma of nine patients
with suspected chronic liver disease and referred for liver biopsy. Data are represented as the per-
cent difference of inter-acquisition measurements (Y-axis) against mean inter-acquisition measure-
ment (X-axis). Mean bias (grey line) and 95% limits-of-agreement (dotted lines) are shown

parenchyma in small animals and humans [77, 93-96, 102], as well as CRs ranging
from 4% to 30% [29, 71, 97]. In patients with diffuse liver diseases, ADC variability
is similar [99]. Concerning the true diffusion coefficient D, CVs ranging from 5%
to 12% and CRs ranging from 5% to 12% have been reported in healthy hepatic
parenchyma in small animals and humans, as well as in patients with liver diseases
[77, 78, 93, 96, 97, 103]. Perfusion-related parameters, particularly D", present
worse reproducibility than ADC or D because perfusion only comprises 10-20% of
the total DWI signal [104] and because sharp signal loss must be assessed over a
relatively short b value dynamic range, making parameter calculation very depen-
dent on SNR [105]. CVs ranging from 8% to 36% have been reported for fin healthy
and diseased hepatic parenchyma in small animals and humans [77, 78, 93, 96], as
well as CRs ranging from 24% to 32% [97, 103]. D" is the parameter presenting the
worse reproducibility of all diffusion parameters, with reported CVs ranging from
22% to 96% [77, 78, 93, 96] and CRs ranging from 31% to 194% [97, 103].

To limit the variability in determining the diffusion parameters, some authors
suggest using an optimized set of b values, as a limited acquisition time would
decrease the probability of motion artefacts [103], or using more excitations to
improve SNR [71]. D" variability can be somewhat circumscribed by fixing a range
of values for it or use more constraints during the fitting process [103, 104].
However, variability values reported in the literature stay high for this parameter.
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4.3 Diffusion-Weighted Imaging for the Diagnosis
and Staging of Diffuse Liver Diseases—Rationale
and Results

4.3.1 Diagnosis and Staging of Fibrosis

Fibrosis is a consequence of chronic injury within the hepatic parenchyma, and
several pathological features occurring during fibrogenesis explain the rationale
behind the proposal of using DWI to detect and stage liver fibrosis. First of all,
fibrosis results from accumulation of extracellular matrix, and water mobility is
hindered by abundant and disorganized glycosaminoglycans, proteoglycans and
collagen fibres appearing during fibrogenesis [106]. Capillary functionality is also
affected by the increase of collagen fibres and hepatic stellate cells which increase
the resistance to blood flow, compress the sinusoids and decrease overall perfusion
[107, 108]. As other imaging techniques have shown that perfusion changes during
chronic liver diseases [109, 110], the perfusion-related IVIM parameters could be a
surrogate marker for fibrosis [39].

Reported results show that liver cirrhosis presents a significantly lower ADC
than the healthy hepatic parenchyma with a mean difference in ADC of 20% [39,
52-54, 56, 111-116], with high diagnostic performance (area under the ROC curve
(AUC) 0.92-0.96, 93-96% sensitivity, 82—100% specificity [56, 112]). ADC also
helps in distinguishing between absence and presence of liver fibrosis in animal
models [60, 62, 68, 117], in children with biliary atresia [55, 118] or chronic hepa-
titis [119, 120] and in patients having chronic liver disease [63, 121], with moderate
to good diagnostic performance (mean AUC/sensitivity/specificity of 0.81/82%/72%,
ranges of 0.67-0.92, 74-90% and 54-87%, respectively) [54, 63, 66, 72, 117, 120,
122-126].

In addition, worsening of the fibrosis stage is often accompanied by decrease in
ADC, with poor to strong correlations reported across studies, ranging from —0.32
to —0.94 [41, 63, 65, 72, 113, 117-136]. Diagnostic performance is moderate to
good for predicting significant fibrosis (> F2, mean AUC/sensitivity/specificity of
0.83/82%/79%, range of 0.70-0.93, 71-91% and 62-100%, respectively) or
advanced fibrosis (> F3, mean AUC/sensitivity/specificity of 0.83/85%/78%, range
of 0.64-0.93, 65-95% and 64-89%, respectively) [63, 66, 72, 95, 117-127, 129,
131-136] (Fig. 4.2). However, sharp assessment of the fibrosis stage or the severity
of cirrhosis is not attained, as nearly all authors report some overlap in ADC values
between fibrosis stages or Child—Pugh scores.

Factors explaining this wide range of correlation coefficients and diagnostic per-
formance include the choice of the reference examination (fibrosis staging by a
pathologist versus morphometry) and the fact that the percent difference in ADC
between fibrosis stages is very close to ADC repeatability. Confounders can also
play a role in this discrepancy, as most authors are not taking into account the effect
of steatosis. It has been shown that steatosis induces a decrease in ADC [37, 41, 86,
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Fig.4.2 ADC maps superimposed on T2-weighted morphological images in patients with chronic
liver disease of varying severity (F: fibrosis, A: activity, S: steatosis scores). ADC decreases with
increasing fibrosis stage

137]. Studies using multivariate analysis to separate the effect of fibrosis and steato-
sis on ADC reported moderate correlation coefficients and AUC/sensitivity/speci-
ficity of around 0.8 for predicting moderate and advanced fibrosis [41, 72, 126].

It has also been recommended to exclude patients who underwent hepatectomy,
as it is susceptible to affect diffusion parameters because of surgery-induced hepatic
vascular alterations [113, 138]. Finally, the acquisition and processing protocols
applied throughout these studies greatly vary, especially in their choice and number
of b values used for ADC calculation, meaning that the perfusion weighting in each
reported ADC varies from study to study [27, 139]. Perfusion would be an indicator
of fibrosis, and the IVIM approach has been underlined as beneficial at several occa-
sions. For example, Annet et al. [65] showed that the strong correlation that was
observed in vivo between ADC and the severity of hepatic fibrosis in a CCl, rat
model disappeared once the animal was dead. Both Wu et al. [74] and Manning
et al. [108] reported differences in IVIM parameters between fibrosis stages,
whereas they found no difference in ADC.

To further investigate the effect of fibrosis on diffusion parameters, authors have
used the IVIM approach to assess how fibrosis would independently affect the
molecular diffusion coefficient and the perfusion-related parameters. For the for-
mer, some studies showed a decrease in D when fibrosis increases, in animal models
[62, 68, 85] and in patients [78, 140]. However, nearly all of these studies do not
take into consideration the potential effect of steatosis on D. In contrast, a lot of
studies, some conducted with multivariate analysis or exclusion of steatotic patients
[39, 41, 74, 108, 141], do not show significant differences in D between healthy and
fibrotic/cirrhotic livers or across fibrosis stages [39, 41, 73, 74, 108, 115, 124,
128, 141].

Regarding perfusion-related parameters, the majority of studies report a change
in for in D* when fibrosis worsens. The perfusion fraction f was shown to decrease
with the progression of fibrosis in animal models [128], in chronic hepatitis C
patients [78], in NAFLD [108, 141] and in chronic liver diseases [73, 74, 124], with
variable efficacy (reported correlation coefficients from —0.2 to —0.72, AUC around
0.7). The perfusion fraction also helps distinguishing between Child—Pugh classes
in cirrhotic patients [115]. The perfusion-related diffusion coefficient D* has simi-
larly been shown to decrease in liver fibrosis [62, 140] and cirrhosis [39, 115] with
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moderate to strong correlation [73, 74] and moderate to high diagnostic perfor-
mance [73, 140].

The absence of change in perfusion-related parameters observed in some studies
may be explained by the high uncertainty of their determination, especially for D*
[78], and in numerous studies it was chosen not to calculate D". Finally, the apparent
discrepancy between the behaviour of fand D* for the assessment of fibrosis (very
often, one varies while the other does not) might be explained by the fact that these
two parameters reflect two different perfusion properties, the vascular volume and
the endovascular blood flow velocity, respectively, and that these properties may not
be equally affected by fibrogenesis [39, 115, 142]. Stable values of f during fibro-
genesis could also be partly explained by the hepatic buffer response, namely a
decrease of the portal venous flow inducing arterial vasodilation [143—145].

In conclusion, hepatic fibrosis decreases the ADC and the IVIM perfusion-
related parameters, fand D*. Diagnostic performance for predicting significant and
advanced fibrosis is moderate to high, depending on the patient population, the
acquisition and processing protocols and the potential influence of confounders
(especially steatosis). According to some authors, this diagnostic performance can
be similar to the one provided with other imaging techniques, such as transient elas-
tography and acoustic radiation force impulse imaging [74, 95]. However, the appli-
cability of DWI for staging liver fibrosis is mitigated, as overlaps exist between
fibrosis stages, with percent change in diffusion parameters very close to repeat-
ability levels.

Both transient elastography [134] and MR elastography [41, 73, 121, 136] gener-
ally provide higher diagnostic performance than DWI. Whereas transient elastogra-
phy may present high variability and is operator-dependent [74], MR elastography
is not operator-dependent, is not influenced by the presence of steatosis or ascites
[41, 146, 147], and its diagnostic ability for predicting fibrosis stage 2 or above can
reach AUC of 0.99, with sensitivity and specificity above 90% [73, 121, 136]. The
disadvantage of MR elastography is that it necessitates special hardware and pro-
cessing algorithms, and is not readily available. In its absence, DWI is an alternative
to predict significant and advanced fibrosis and cirrhosis. Multiparametric
approaches have also been proposed to stage fibrosis, including ADC as one of the
parameters of interest, with diagnostic performances coming close to the one of MR
elastography [125, 126].

4.3.2 Assessment of Steatosis

Steatosis, or the accumulation of lipids within the hepatocytes, affects the diffusion
parameters in several ways. First, the protons bound to fat molecules have a lower
diffusivity than water protons [148] and this decreased diffusivity can affect the
ADC. This effect is not prominent as most studies are conducted with fat saturation
[27, 149]. However, even when using conventional fat saturation schemes, such as
spatial-spectral pulses, fat can still contribute to the observed signal because of the
incomplete saturation of the fat peaks between 4.2 and 5.7 ppm, which represent up
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to 9% of the total fat signal [150]. Since fat has lower diffusivity than water, this
contribution from persistent fat signal will artificially decrease the ADC, and this
decrease is more pronounced when the proton density fat fraction is high [37, 151].
Fortunately, this effect remains marginal (at most 10% change in ADC) [108, 141].
Correction of the signal intensities on DW images for fat fraction can be considered
to account for incomplete fat suppression [37, 108]. In addition, preliminary studies
determining the most adapted fat saturation scheme are recommended, as quality
and homogeneity of fat saturation depend on MR field strength and motion compen-
sation scheme [40, 152, 153].

Second, lipid vacuoles within hepatocytes will enlarge the hepatocytes and hin-
der the diffusion of intracellular and extracellular water [68, 79, 151, 154]. This
would result in decreased molecular diffusion.

Third, microcirculation can be modified by swollen, fat-filled hepatocytes nar-
rowing the sinusoids in NAFLD, as well as by sinusoidal capillarization and vaso-
constriction in NASH [155-158]. With other imaging methods, decrease in hepatic
perfusion because of steatosis has been shown [157, 159, 160].

Overall, the reported results show that all diffusion parameters, ADC, D, f and
D’, decrease when steatosis increases [37, 79, 86, 96, 137].

Decrease of ADC with steatosis has been demonstrated in a NAFLD/NASH rab-
bit model [96], in patients with NAFLD [41, 108] or viral hepatitis [41] and in
patients with chronic liver disease [154, 161]. However, the relationship between
ADC and fat fraction is moderate at best (72 = 0.28 reported by Bulow et al. [154],
r = —0.39 reported by Poyraz et al. [161]). The lack of strong correlation may be
explained by several factors, including a low number of steatotic patients in the total
cohort, with less than 20% of the cohort presenting more than 5% steatosis [72, 126,
134], the fact that concomitant factors were not taken into consideration, especially
fibrosis [88, 104, 134], and the lack of sensitivity of the composite ADC parameter.
Indeed, a significant decrease in D in steatotic patients compared to non-steatotic
patients has been shown in two studies, whereas ADC was not affected [137, 141].

Nearly all studies show that D decreases with increasing steatosis, even for small
fat fractions (Fig. 4.3). A phantom study demonstrated that D was strongly corre-
lated to phantom fat content, with correlation coefficients above —0.97 [137]. A
strong correlation (r = —0.81) between D and the percent areas occupied by lipid
vacuoles has also been demonstrated in a mouse model of NASH [86]. In diverse
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Fig. 4.3 D maps superimposed on T2-weighted morphological images in patients with chronic
liver disease of varying severity (F: fibrosis, A: activity, S: steatosis scores). D decreases with
increasing grade of steatosis
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patient populations (NAFLD, hepatitis, diabetic or general diffuse liver disease),
decrease in D occurs when steatosis increases [41, 79, 108, 124, 137, 140, 141],
albeit with moderate correlation (r between —0.44 and —0.59) [41, 79, 124, 151].
This relationship was even observed in healthy volunteers across very low levels of
steatosis (below 2.75% and between 2.75% and 5.5% of fat content) [151].

Regarding the perfusion-related parameters, few IVIM studies showed a rela-
tionship between f or D* and steatosis [79, 96, 124]. A decrease in f has been
observed in a NAFLD/NASH rabbit model, with strong correlation (—0.83) and
excellent diagnostic performance (AUC above 0.9 for any grade) [96]. In contrast,
in two studies involving diabetic patients and patients with diffuse liver disease, f
was found to increase when steatosis increased, with poor to moderate correlation
[79, 124]. Only one study reports an effect, namely a decrease, of steatosis on D"
[79]. The fact that the two studies performed in patients reported an increase in f
whereas the hepatic perfusion is known to decrease in the presence of steatosis
[157] may be explained by several factors. First, a dependence of fon TE has been
reported, because of the T2 difference between blood and tissue [45, 79]. Second,
differences in NASH between animal models and humans as well as differences in
the percentage of NASH patients between studies might also partially explain the
discordant results [137, 156].

In contrast, no difference in for D" between steatotic and non-steatotic livers was
observed in other IVIM studies [41, 104, 108, 137, 140, 141, 151]. Technical fac-
tors, including insufficient sampling of the low b values [108, 141, 151] and high
variability of the perfusion-related parameters [104] may partially explain these
observations.

From the literature, the diagnostic performance of DWI to assess steatosis is
moderate at best in patients, and relies on a robust determination of D and, to a
lesser extent, of /. More efficient MR methods exist to grade liver steatosis, as for
example MR spectroscopy [88]. However, it only provides information from a small
volume and necessitates complex post-processing [7]. Chemical-shift-based fat
imaging methods with T2" correction and fat spectrum modelling has become the
reference method for assessing fat content within the liver [162, 163], because of its
ease of implementation and interpretation, as well as its good agreement with MR
spectroscopy and histology [164-167].

While it provides information on the pathological changes occurring in tissue
microstructure and microcirculation of liver steatosis, DWI with IVIM approach is
not really recommended for the diagnosis and staging of steatosis. However, because
of the potential effects of steatosis on ADC and IVIM parameters, steatosis has to
be considered as a serious confounding factor in liver DWI studies, especially for
the assessment of fibrosis, as we have shown in a recent study performed in patients
with chronic liver disease that steatosis was more strongly associated with diffusion
parameters than fibrosis did [41].
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4.3.3 Assessment of Inflammation
and Hepatocyte Degeneration

Activity in chronic liver diseases consists in infiltration of inflammatory cells, hepa-
tocyte ballooning and necrosis, modified regional blood flow and increase in the
free water pool (oedema). All these factors are susceptible to affect the diffusion
parameters [57, 66, 124]. In the literature, the performance of DWI for diagnosing
and grading inflammation goes from null to moderate, regardless of the patient aeti-
ology or the animal model.

A moderate correlation between D and inflammation stage was observed in a
methionine-deficient choline-deficient diet mouse model (r = —0.65) [86]. In
patients with chronic liver disease, ADC was found to be significantly decreased in
inflammation [63, 119] with moderate to good diagnostic performance to discrimi-
nate > Al (AUC = 0.83, sensitivity 75%, specificity 79%) and > A2 (AUC = 0.76,
sensitivity 67%, specificity 79%) [63, 133]. Moderate correlations between —0.3
and —0.54 have been reported [63, 119, 133]. Results were similar in patients with
chronic viral hepatitis, with moderate correlation between ADC and hepatic activ-
ity index (p = —0.62) [130] and good diagnostic performance for diagnosing > A1
(AUC = 0.89, sensitivity 81%, specificity 83%), > A2 (AUC = 0.81, sensitivity
73%, specificity 80%) and = A3 (AUC = 0.84, sensitivity 77%, specificity
83%) [66].

However, all these studies depicting moderate relationships between diffusion
parameters and inflammation have in common that they do not consider other fac-
tors which effects on diffusion parameters have been clearly demonstrated, namely
steatosis and fibrosis. To take into consideration the effects of these confounders on
ADC, some authors have used multivariate or subgroup analysis [41, 72, 96, 113,
121, 124, 126]. In these cases, the effect of inflammation on ADC is shown to be
weak at best, if not absent. Slight differences in ADC values in the order of 8—-16%
were reported between AO and A1-A3 livers in patients with chronic liver disease
[121], between A1l and A3 hepatitis patients [54] and between AO—-A1 and A2-A3
grades in chronic HCV patients [95]. In patients referred for liver biopsy, ADC
weakly correlated with the overall modified hepatic activity index (p = —0.23) or the
modified hepatic activity index 1 score for interface hepatitis (p = —0.31) in univari-
ate testing. However, multivariate analysis revealed that neither of these two scores
contributed to the observed ADC changes [72]. Similarly in diffuse liver disease
patients, ADC and f were found differ across inflammation grades, but a factorial
“fibrosis-inflammation” analysis of variance revealed that the true effect of these
diffusion parameter changes was caused by fibrosis, and not inflammation [124]. In
a NAFLD/NASH rabbit model, the perfusion fraction decreased at the onset of
NASH but it was demonstrated through multiple regression analysis that this was
caused by steatosis, and not inflammation [96]. Finally, several studies have
not demonstrated an effect of inflammation on ADC or on IVIM parameters, in
animal models [85], in viral hepatitis patients [41, 57, 113, 134] and in NAFLD
patients [108, 141].
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Initially, noninvasive serological tests have been proposed to replace liver biopsy
to detect and quantify hepatic inflammatory activity (such as serum aminotransfer-
ases). However, these tests have shown limited diagnostic performance. Several MR
methods have also been proposed, including T1 mapping [168], multifrequency MR
elastography [169, 170], gadoxetic acid-enhanced imaging [171], MR imaging with
ultrasmall superparamagnetic iron oxide particles [172] and "H/'P spectroscopy
[173, 174]. The benefit of these approaches in assessing liver inflammation remains
to be proven.

4.3.4 Effect of Iron Overload

The presence of iron deposits in the liver parenchyma induces local susceptibility
changes and shortens T2 and T2", hence decreasing the SNR. DW images will be
noisier, especially the ones acquired with high b values, which may impact ADC
calculation [154, 175, 176]. Indeed, several studies have reported lower liver ADC
values in patients with moderate and high iron content compared to those without
iron deposits [34, 124, 154, 176]. Reports indicate various levels of correlation
between ADC and iron concentration, from poor [124] to strong [176]. Other meth-
ods have been proven more robust to detect and quantify hepatic iron concentra-
tions, such as approaches involving signal intensity measurements on T2- and
T2 -weighted images [177, 178], T2- and T2" relaxation-mapping [179, 180] or
susceptibility mapping [181].

Other consequences of iron deposits are that interpretation of DW images and
measurement of ADC are not feasible because of a pronounced loss in SNR [182],
or that the local magnetic field inhomogeneities induce local shifting in b values,
hence errors in ADC measurements [176]. It has been recommended to exclude
patients with iron overload from DWI studies [66, 161], or to perform T2" imaging
for ADC correction in patients with chronic liver diseases [176].

4.3.5 Results inVascular Liver Diseases
and Liver Transplantation

Patients with less common diffuse liver diseases (e.g. Budd—Chiari syndrome,
Wilson disease or toxic hepatitis) are generally pooled with viral hepatitis and
NAFLD patients in medical imaging studies [28, 72, 124, 176, 183, 184]. The MR
methods of choice to assess these diseases are still conventional: T1- and T2-weighted
imaging and gadolinium-enhanced MR imaging for Budd—Chiari syndrome, for
example [185]. Nevertheless, several studies have investigated the benefit of using
DWI in assessing vascular hepatic diseases. While the results are debated for the
distinction between benign and malignant portal vein thrombosis [186—188], ADC
is affected by hepatic congestion caused by moderate pulmonary hypertension
[189], by parenchymal changes induced by chemotherapy [190] and by significant
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portal vein stenosis [191]. Moreover, decreased ADC has been shown to reflect the
no-reflow zones in a rodent model of reperfused partial liver infarction [192].
Finally, ADC has been reported to decrease following orthotopic liver transplanta-
tion when acute or chronic rejection, fibrosis recurrence or fat infiltration was
observed [193].

4.4 Future Perspectives

As we saw in the previous paragraphs, diffusion parameters present moderate diag-
nostic performance, and would scarcely be considered as the first-intent imaging
biomarker for staging fibrosis or assessing steatosis and inflammation. However,
their relative easy applicability (compared to MR elastography, for example) and
the common use of DWI in clinical routine have led some authors to explore new
perspectives for using DWTI in the diagnosis of diffuse liver diseases.

4.4.1 Texture Analysis

Distribution of fibrosis and inflammation within the liver can be heterogeneous at
several scales from the lobule to the lobar level [8]. Similarly, liver fat infiltration
can present a heterogeneous pattern within the parenchyma [161]. These patterns
can differ between diseases (e.g. between viral hepatitis and NAFLD for fibrosis)
[194]. These observations suggest that summarizing the whole parenchyma features
into a ROI-based mean ADC may be simplistic and that locoregional information in
ADC maps may bring complementary information on the disease.

Histogram features such as median, standard deviation and entropy have been
investigated in their ability to detect fibrosis compared with mean ADC [66, 82].
Fujimoto et al. observed that entropy ADC can diagnose fibrosis as early as F1 and
inflammatory activity as early as Al, earlier than mean ADC (F2 and A2, respec-
tively) with excellent diagnostic performance (e.g. 91% sensitivity and 92% speci-
ficity reported for inflammation) [66].

Moreover, texture analysis provides interesting avenues, as it quantifies the
organisation of patterns and sub-patterns within a tissue. However texture analysis
of ADC maps of or DW images has been rarely used in diffuse liver diseases [82] as
it stays more predominant, albeit scarce, for liver tumour assessment [195-197]. A
more widespread use is hindered by the fact that the performance of radiomics fea-
tures depends on their stability. This can be impacted by numerous acquisition and
processing factors, such as the b values used for DWI acquisition, the presence of
motion artefacts, the level of noise, the image resolution and the method used for
grey level quantization [198-200]. Further studies are needed to fully investigate the
influence of acquisition and processing parameters on the stability of radiomics
features and propose standardized protocols [201].
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4.4.2 DWI at Different Spatial Scales

A parameter that could influence the diagnostic performance of DWI for liver fibro-
sis is the gradient separation time A. This parameter dictates the time left to the
water molecules to diffuse and encounter obstacles from the microenvironment, i.e.
at which length scale the tissue is probed. Obstacles at a subcellular scale can be
probed with very short diffusion intervals through the use of motion-probing oscil-
lating gradients rather than pulsed gradients. This technique has been called “OGSE”
(for oscillating gradient spin-echo) [202] or “temporal diffusion spectroscopy”
[203]. Research groups have shown the potential of this approach to probe cell
dimension, differentiate between mitotic and non-mitotic cells [204] or assess
nuclear size and organelle integrity [202, 205].

In contrast, using long diffusion intervals directs the sensitivity of DWI towards
larger, supracellular obstacles such as collagen fibres [68]. It has been shown that
the hepatic ADC and D decrease when the gradient separation time A increases [68,
206]. Moreover, with progressively higher A, the percentage of change in D between
fibrotic stages has been observed to enlarge [68], whereas with conventional diffu-
sion parameters, D does not change significantly with fibrosis stage. ADC and D
calculated with a long (186 ms) A DWI acquisition have also been shown to provide
better diagnostic performance for fibrosis staging than a conventional acquisition
(A =35 ms) in CCly-induced fibrotic rats, with mean AUC, sensitivity and specific-
ity around 0.92, 88% and 90% for long-A DWI versus 0.82, 85% and 78% for
conventional DWI [207].

These preliminary studies suggest that long-A DWI has the potential for being a
more efficient biomarker for fibrosis staging than classical DWI. One caveat is that
with long gradient separation times around 180 ms, stimulated-echo acquisition
mode DWI is needed to yield sufficient SNR [68, 206].

4.4.3 DWIfor Measuring Mechanical Properties

A few years ago, Le Bihan et al. [208] proposed using DWI to assess the mechani-
cal properties of tissues. Indeed, mechanical properties are in large part deter-
mined by the concentration of stiff fibre materials such as collagen in the
extracellular matrix, and such materials are thought to deviate water diffusivity
from its classical Gaussian behaviour. A method sensitive to non-Gaussian diffu-
sivity might be able to probe the fibre content of a tissue [209]. In 15 chronic liver
disease patients, Le Bihan et al. showed a correlation between the liver stiffness
and ADC calculated with two b values, one being above 1000 s/mm?, and between
liver stiffness and the index of non-Gaussianity [208]. A subsequent study has
been performed by the same research group in 74 patients with chronic liver dis-
ease, showing that the diffusion-based shear modulus is in good agreement with
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the stiffness calculated with MR elastography, with AUC of 0.72 for predicting
fibrosis stage 2 and above [210]. However, more studies are needed to validate the
diagnostic performance of this method, as MR elastography presents much higher
AUCs [73, 121, 136].

4.5 Conclusion

As a noninvasive MR method which does not necessitate complex hardware and
processing, DWI has the potential to help assessing diffuse liver diseases because it
informs about tissue microstructure and perfusion. Fibrosis significantly decreases
ADC, the perfusion fraction f and the perfusion-related diffusion coefficient D".
While inflammation does not seem to affect diffusion parameters, steatosis and iron
are confounding factors which have to be taken into consideration when performing
DWTI in the liver. Avenues for stabilizing parameter determination and furthering the
information brought by DWI are currently explored, to increase its applicability and
benefit in clinical work.
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5.1 Introduction

Imaging plays a crucial role in the evaluation of patients with biliary strictures,
namely in the detection, characterization and treatment planning. For the detection
of the presence of intra- or/and extrahepatic bile duct dilatation as well as of the site,
length and degree of stricture, the superiority of MRCP is well-documented [1]. In
the characterization (i.e. differentiation of benign from malignant causes of biliary
strictures) and for treatment planning, MRCP/gadolinium-based contrast-enhanced
(CE) MRI has been traditionally widely used. After the implementation of diffusion-
weighted imaging (DWI) in clinical protocols, its role has recently been investigated.

In this chapter, the role of DWI [either as stand-alone method or as add-on to
conventional MRCP or CE-MRI] in the differentiation of benign from malignant
bile duct strictures and in treatment planning will be presented.

5.2 Causes of Bile Duct Strictures

Various benign and malignant entities may cause a biliary stricture [2, 3]. In the
benign group, the most commonly seen are chronic pancreatitis, primary sclerosing
cholangitis (PSC), IgG4-related sclerosing cholangitis (IgG4-SC), postsurgical
complications and fibrostenotic benign stricture whereas other less common causes
include ischemia, infection [e.g., recurrent pyogenic, eosinophilic, and acquired
immunodeficiency syndrome (AIDS)-related cholangitis], post-radiation and vas-
culitis. In the malignant group, cholangiocarcinoma (CCA), pancreatic cancer (PC),
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ampullary cancer and gallbladder cancer are the most common; hilar lymphade-
nopathy and intrabilliary growth of hepatocellular carcinoma and metastases are
less common causes. Intrahepatic CCA and PC are described in other chapters of
this book.

5.3 Common Benign Causes
5.3.1 Primary Sclerosing Cholangitis

PSC is a chronic disease of unknown aetiology. Approximately two-thirds of
patients with PSC have associated inflammatory bowel disease (IBD)—predomi-
nantly ulcerative colitis—and one fourth of patients has at least one autoimmune
disorder outside the gastrointestinal tract [4]; these data in conjunction with genome-
wide association studies indicate that autoimmune processes have central role in the
pathogenesis of the disease [5, 6]. Inflammation and development of concentric
fibrosis around the intra- and/or extrahepatic bile ducts lead to the development of
multiple strictures. The patients present with a clinical image and laboratory profile
of cholestasis. Imaging findings include multiple, contrast-enhancing short-segment
bile duct strictures interchanging with normal or slightly dilated segments (the so-
called “beaded” appearance), pruning of peripheral intrahepatic ducts, hypertrophy
of the caudate lobe and medial segment/atrophy of the lateral and posterior seg-
ments, hilar lymphadenopathy and hepatolithiasis.

Complications that may develop in patients with PSC include cirrhosis, liver
failure and development of CCA. Suspicion of CCA is raised when the patient
shows one or more of the following [6]:

* progression of symptoms, signs and laboratory profile of cholestasis,

* weight loss,

» elevated levels of carbohydrate antigen 19-9 (CA 19-9), despite the fact that
elevated CA 19-9 levels may be present in cases of cholestasis of other aetiology
or acute bacterial cholangitis [7] and

* new or progressing prominent high-grade stricture (the term “dominant stric-
ture” is defined at ERC and an equivalent precise definition at MRCP/CE-MRI is
lacking), particularly if there is an associated enhancing mass.

In cases where development of CCA is suspected, the initial workout of patients
should include ductal sampling such as brush cytology and endobiliary biopsies [6].
In a meta-analysis from 2014, brush cytology was shown to be highly specific
(pooled specificity 97%) but not sufficiently sensitive (pooled sensitivity of 43%)
[8]. In order to improve sensitivity, fluorescence in situ hybridization (FISH) analy-
sis is helpful in equivocal cases. Interestingly, the triple modality testing (brush
cytology, biopsy and FISH) had clearly higher sensitivity 82% compared to brush
cytology alone (82% and 42%, respectively) whereas the specificity of both was
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100% [9]. In selected cases, the use of cholangioscopy [either peroral or the most
recently developed single-operator cholangioscopy-system SpyGlass], intraductal
ultrasonography and probe-based confocal laser endomicroscopy may be performed
as these techniques have be shown to be potentially useful but still not implemented
in the clinical routine [6].

5.3.2 1gG4-Related Sclerosing Cholangitis

IgG4-SC is the manifestation of IgG4-related disease (IgG4-RD) at the bile ducts.
The disease aetiology is unknown. Within the spectrum of IgG4-RD are, among
others, autoimmune pancreatitis (AIP) type 1, retroperitoneal fibrosis and sialadeni-
tis and it is believed that immune-mediated inflammation has an important role in
the pathophysiology of the disease [10]. The clinical presentation and laboratory
findings are those of cholestatic disease; often times patients also have associated
weight loss and abdominal discomfort/pain, which make the differentiation from
CCA challenging.

Imaging findings depend on the type of IgG4-SC. Four types are described in the
literature [11]:

e Type 1: stenosis in the lower CBD,

e Type 2: multifocal intrahepatic stenoses with upstream dilatation,
» Type 3: stenosis in the hilum and lower CBD and

» Type 4: stenosis in the hilum.

Depending on the type, the differential diagnosis includes chronic pancreatitis,
pancreatic cancer, distal CCA (type 1), PSC (type 2) and perihilar CCA (types
3 and 4).

54 Common Malignant Causes
5.4.1 Cholangiocarcinoma

CCA is the second most common primary malignancy of the liver and is the result
of malignant transformation of bile duct epithelium [12, 13]. Predisposing factors
for the development of CCA are presence of PSC, hepatolithiasis, liver fluke infec-
tions, congenital anomalies, cirrhosis, hepatitis (HBV and HCV).

Depending on the location of the tumour, they are classified into the following

types [13]:

* Distal tumours, i.e. those that arise between the insertion of the cystic duct in the
extrahepatic bile duct and the ampulla of Vater. These tumours represent approx-
imately 40% of all CCA.
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 Perihilar tumours, that represent approximately 50% of all CCAs.

 Intrahepatic tumours, that arise in the intrahepatic ducts (i.e. located upstream/
peripherally from the secondary biliary confluence) and represent approximately
10% of all CCAs.

Depending on the growth pattern, CCA are classified into periductal infiltrating,
mass-forming and intraductal; the most common growth patterns in the perihilar
and distal CCA is periductal infiltrating whereas in the in the intrahepatic type the
most commons pattern is mass-forming, respectively [14].

In the vast majority of perihilar and distal tumours, the patients present with
painless jaundice and laboratory findings of cholestasis. Irrespectively of the tumour
location, patients may also have unspecific symptoms such as weight loss, abdomi-
nal discomfort, fatigue, etc.

Surgery is the only potentially curative treatment in patients with CCA. In the
absence of distant metastases and after complete tumour removal (RO-resection),
5-year survival is reported to be 27%, 30%, and 63% for distal, perihilar and intra-
hepatic CCAs, respectively. Regarding treatment planning of patients with CCA,
information on tumour extend is of utmost importance for the liver surgeon in order
to achieve complete tumour removal and, thus, increase the chances for improved
patient survival [15—17]. Besides complete tumour removal, prerequisites for suc-
cessful treatment is the presence of sufficient liver volume (liver volume remnant),
adequate circulatory in- and outflow and bile excretion [13]. For this reason, accu-
rate preoperative imaging assessment of both the longitudinal and the radial exten-
sion of the tumour as well as its relationship to the major vascular structures in the
liver hilum is of particular clinical interest.

5.5 Differentiation of Benign from Malignant Bile
Duct Strictures

Accurate differentiation of benign from malignant causes of bile duct stricture is
crucial for choice of appropriate treatment and prognosis assessment. In cases of
malignant diseases, surgical treatment is usually the only potentially curative treat-
ment in case the preoperative evaluation indicates that complete tumour removal is
possible to achieve (RO-resections). In cases of benign biliary stricture aetiology, a
variety of nonsurgical options such as medical treatment (e.g. corticosteroids in case
of IgG4-SC) and imaging-guided interventions (e.g. stricture dilatation with or
without stent placement) are indicated.

5.5.1 Conventional MRCP/Contrast-Enhanced MRI

In conventional MRCP/CE-MRI, various findings have been reported to be useful in
the differentiation between benign and malignant strictures [18-27].
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Suggestive for malignancy are the presence of the following:

* indistinct outer margins and higher degree of enhancement compared to the liver
on post-contrast T1-weighted GRE sequences,

* higher signal intensity compared to the liver on T2-weighted images,

 irregular and asymmetric luminal narrowing with abrupt cut-off and

 strictures longer than 12 mm or with thickness of bile duct wall at the site of
stricture greater than 3.1 mm.

On the contrary, findings such as the presence of a short-segment stricture with a
progressive, smooth luminal narrowing are indicative of benign disease [18-27].

However, the differentiation of benign from malignant bile duct strictures based
on these features is not always possible due to overlapping of imaging findings
between benign and malignant diseases. It has been demonstrated that in a substan-
tial number of patients with suspicion of malignant disease, histopathology after
surgery revealed a benign entity [3, 28, 29].

5.5.2 DwI

The role of DWI in the differentiation of benign from malignant lesions has been
investigated after its implementation in clinical protocols.

In a group-wise evaluation of patients with perihilar and patients with distal
extrahepatic strictures, visual evaluation of DWI images with b-values of 0 and
500 s/mm?* and ADC maps demonstrated significantly higher accuracy compared to
MRCP for the diagnosis of CCA (DWI vs. MRCP: 96% vs. 73%, respectively) [30].
In all but two cases, the malignant lesions exhibited higher SI on images with b-
values of 500 s/mm? and lower ADC values compared to the surrounding tissues. In
the two patients that DWI failed to demonstrate the malignant lesion, the reason was
either a very small lesion size or artefacts around the bile duct. In a slightly differ-
ently designed study of a patient group with extrahepatic strictures of predomi-
nantly non-malignant aetiology, visual assessment of DWI images with b-values of
0 and 1000 s/mm? together with ADC maps, showed higher sensitivity and accuracy
for diagnosis of malignancy compared to a combined reading of MRCP and
T2-weighted images [31]. However, in the evaluation of all aetiologies, the overall
accuracy of DWI was significantly lower than the combined imaging set of MRCP
and T2-weighted images; after the addition of DWI, the overall diagnostic accuracy
of the combined imaging set of MRCP and T2-weighted images increased signifi-
cantly (from 89-93% to 96-98% for two readers) [31]. In a differently designed
study of a similar patient group, it was shown that the combined evaluation of DWI
(visual assessment of images with b-value of 0, 100 and 800 s/mm? alongside with
ADC maps) and MRCP/hepatobiliary gadolinium-based (gadoxetic acid) CE-MRI
resulted in higher accuracy in the differentiation between benign and malignant bile
duct strictures compared to MRCP/hepatobiliary gadolinium-based (gadoxetic
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acid) CE-MRI alone [32]. However, strictures in patients with recurrent pyogenic
cholangitis and IgG4-SC demonstrated impeded diffusion compared to the non-
stenotic segments of the bile ducts, which resulted in false positive findings for
malignancy. This is also an anecdotal observation from our group where DWI has
not been particularly helpful for the differentiation of IgG4-SC from extrahepatic
CCA (unpublished data). Contradictory to the main finding of the above studies are
results presented in another study where the authors evaluated solely perihilar stric-
tures. They reported that the addition of visual evaluation of high b-value DWI
images (800 and 1000 s/mm?) to MRCP/extracellular gadolinium-based CE-MRI
protocol did not improve the diagnostic performance for the differentiation of
benign from malignant disease for either of two readers [33]. Imaging examples of
the role of DWI in patients with perihilar CCA are presented in Figs. 5.1 and 5.2

T1-w unenhanced T1-w portal venous ph

DWI,.b800

Fig. 5.1 Images of a 53-year-old male with autoimmune hepatitis that presented with worsening
cholestasis. In the liver hilum, there is an obstructive soft-tissue lesion (arrow) that has signal
intensity (SI) similar to the liver in T2-weighted image (a) and shows enhancement (b, ¢) after
injection of extracellular gadolinium-based contrast agent. On MRCP (d), the tumour is seen to
involve the common hepatic, left and right hepatic ducts with upstream duct dilatation whereas the
common bile duct (open arrows) is thin. On DWI, the lesion shows impeded diffusion with high SI
in the image with b-value of 800 s/mm? (e) and dark appearance in the corresponding ADC map
(f). Findings from intraductal tissue sampling indicated cholangiocarcinoma
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Fig. 5.2 Images of a 70-year-old female patient that presented with painless jaundice 20 years
post extended right hemihepatectomy for colorectal cancer liver metastatic disease. In the left
hepatic duct, there is obstruction (arrows) with upstream dilatation seen in T2-weighted image (a)
and axial maximum intensity projection-MRCP (b). In the portal venous phase post gadoxetic-acid
injection (c), there is a suspicious area of low signal intensity that also exhibits impeded diffusion
(d—f). The results of ductal sampling were equivocal and although tumour markers were negative,
the findings were suspicious of malignancy. Histopathological findings after atypical hepatectomy
showed cholangiocarcinoma

whereas in patients with benign diseases in Fig. 5.3-5.6 (Fig. 5.3: benign fibrotic
stricture; Figs. 5.4 and 5.5: PSC; and Fig. 5.6: 1gG4-SC).

In the differentiation of benign from malignant strictures in the distal CBD and
periampullary region—defined as the area within 2 cm from the ampulla of Vater
and encompasses the very distal segment of CBD, ampulla of Vater, parts of duode-
num and of pancreatic head—DWI is reported to be particularly helpful. In the
combined reading of DWI images (visual assessment of b-value of 800 and ADC
maps) and MRCP, the accuracy for differentiation of benign from malignant stric-
tures was significantly higher compared to MRCP alone for two readers (92% vs.
71% for both readers) [34]. Similar results, i.e. statistically significant improvement
of accuracy of MRCP after the addition of visual assessment of DWI images were
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Fig. 5.3 Images of a 66-year-old female that presented with painless jaundice one and a half year
post left mastectomy due to breast cancer. A stricture (arrow) affects separately the right anterior
and right posterior hepatic ducts and there is upstream duct dilatation seen in T2-weighted image
(a). No signal intensity changes are observed in the image with b-value of 800 s/mm? (b) or in the
corresponding ADC map (¢). On coronal maximum intensity projection-MRCP image (d), the
common bile duct is normal (open arrows) and there is compression of the common hepatic duct
(CHD) from the crossing right hepatic artery (small white arrow). In the portal venous phase post
gadoxetic-acid injection (e), there is no abnormal contrast-enhancement in the area that corre-
sponds to the bile duct stricture. In the hepatobiliary phase (f), there is no excretion of contrast in
the lumen of the affected bile ducts (close arrowheads) whereas the excretion is ordinary in the
CHD) (open arrowhead). Brush cytology and single-operator cholangioscopy-system SpyGlass
with targeted biopsied were without any signs of malignancy. At 5-year follow-up (not shown),
there are still no signs of malignancy and thus the MRI findings are assumed to correspond to
nonspecific fibrotic stricture

shown in a more recent work [35]; interestingly, the addition of CE-MRI did not
improve the accuracy of the combined set MRCP and DWI for any of the two read-
ers [35]. Further improvements in the differentiation between benign and malignant
strictures in the distal CBD have been reported very recently by using novel imag-
ing techniques, such as small field-of-view ZOOMit DWI compared to conventional
DWI [values of area under the receiver operating characteristic curves improving
from 0.82—0.85 (conventional DWI) to 0.92-0.94 (ZOOMit DWI) for visual assess-
ment of b-values of 0, 400, 800 and ADC maps for two reviewers] and MR texture
analysis parameters [36].
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Fig. 5.4 Images of a 61-year-old female with longstanding primary sclerosing cholangitis (PSC).
There is thickening of the common hepatic duct (CHD) wall (arrows) that shows signal intensity
lower compared to the adjacent liver parenchyma in T2-weighted image (a) and no impeded diffu-
sion (b, ¢). After the injection of the hepatobiliary contrast agent gadobenate dimeglumine, there
is no contrast-enhancement (d, e); in the hepatobiliary phase 2 h after the administration of the
contrast agent (f), there is excretion of contrast in the lumen of CHD. Imaging findings indicate
fibrotic changes secondary to chronic inflammation

5.6 Treatment Planning

Regarding treatment planning, as stated above, information on tumour extend is of
the utmost importance. For this reason, accurate preoperative imaging assessment
of both the longitudinal and the radial extension of the tumour as well as its relation-
ship to the major vascular structures in the liver hilum is of particular clinical inter-
est [13]. Data in the literature regarding the role of DWI are contradictory. On the
one hand, results from a retrospective study from 2013 showed that the combination
of DWI and MRCP/hepatobiliary gadolinium-based (gadoxetic acid) CE-MRI
improved the assessment of both the longitudinal and the radial tumour extension of
perihilar CCA compared to MRCP/hepatobiliary gadolinium-based (gadoxetic
acid) CE-MRI alone, whereas the diagnostic performance for vessel engagement
did not improve after the addition of DWI [37]. On the other hand, results from a
more recent study (2015) showed that the addition of DWI to MRCP/extracellular
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Fig.5.5 Images of a 61-year-old female with longstanding primary sclerosing cholangitis (PSC),
same as in Fig. 5.4. In the inferior/posterior part of liver segment 8, there is a bile duct stricture
(arrows) with slight upstream duct dilatation. The thickened wall shows slightly higher signal
intensity compared to the adjacent liver parenchyma in T2-weighted image (a), impeded diffusion
(b, ¢) and discrete enhancement after the injection of the hepatobiliary contrast agent gadobenate
dimeglumine (d, e). In the hepatobiliary phase 2 h after the administration of the contrast agent (f),
there is no excretion of contrast in the lumen of the affected bile duct (close arrowheads) whereas
the excretion is ordinary in other non-obstructed bile ducts (open arrowheads). Interestingly,
immediately laterally to the stricture, there is a parenchymal area with markedly impeded diffusion
(short arrows in b and c¢). The imaging findings were suspicious of malignancy but no tumour was
identified at ductal sampling. At MR imaging follow-up (not shown), the findings regressed and
were, thus, assumed to correspond to active inflammatory changes. At 10-year imaging and clini-
cal follow-up, no signs of tumour have developed

gadolinium-based CE-MRI protocol did not improve the assessment of the longitu-
dinal tumour extend compared to the MRCP/extracellular gadolinium-based
CE-MRI protocol alone [33].

In summary, literature data on the role of DWI in the evaluation of patients with
bile duct strictures are somehow contradictory. All available studies are retrospec-
tively designed and, in their vast majority, indicate that the addition of DWI to
MRCP/gadolinium-based CE-MRI contributes in the differentiation of benign from
malignant causes of bile duct strictures as well as in the preoperative assessment of
tumour extend. Furthermore, DWI has been shown to perform better than MRCP
(and/or T2-weighted sequences) for the diagnosis of bile duct stricture of malignant
aetiology.
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Fig.5.6 Images of a 72-year-old male that presented with painless jaundice. As seen in Fig. 5.1,
there is an obstructive soft-tissue lesion (arrow) in the liver hilum that has signal intensity (SI)
similar to the adjacent parenchyma in T2-weighted image (a) and shows enhancement (b, c¢) after
injection of extracellular gadolinium-based contrast agent. Om maximum intensity projection-
MRCP (d), the obstructing lesion is shown to involve the common hepatic, left, right anterior and
right posterior hepatic ducts and results in upstream duct dilatation. The common bile duct (open
arrows) is ordinary (d). On DWI, the lesion shows markedly impeded diffusion with high SI in the
image with b-value of 800 s/mm? (e) and dark appearance in the corresponding ADC map (f).
Findings were suspicious of malignancy and histopathological findings after extended right hemi-
hepatectomy showed IgG4-related cholangitis
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Diffusion-Weighted Imaging 6
of the Pancreas

Carlos Bilreiro and Celso Matos

6.1 Introduction

MRI has become an established imaging modality of the pancreas due to recent
technological advances, and diffusion-weighted imaging (DWI) is one major con-
tributor to its success. DWI is sensitive to the Brownian movement of water mole-
cules in tissues, which is a thermally driven process [1, 2]. Different tissues have
different degrees of restriction to the Brownian movement of water molecules, due
to different intracellular and extracellular compartments’ composition and cell den-
sity [3, 4]. Thus, in DWI, tissues appear with higher signal intensity depending on
the presence of restriction to diffusion. The physics behind DWI are explained in a
previous chapter.

DWI is usually performed with a T2-weighted spin-echo echo planar imaging
(SE-EPI) sequence, so the images obtained are both sensitive to T2 and diffusion.
By increasing the b values (usually up to 1000 s/mm? in abdominal imaging), the
images obtained are increasingly sensitive to water diffusion and less sensitive to T2
[5]. When performing DWI in the clinical setting, an apparent diffusion coefficient
(ADC) map is automatically calculated on modern MRI workstations, which pro-
vides visual information of quantification of apparent diffusion coefficients in the
images obtained, without influence of T2.

Because the pancreas is an organ with high blood perfusion, under low b values
(<150 s/mm?), intravoxel incoherent motion (IVIM) due to blood flow in microcir-
culation network becomes an important source of pseudo diffusion (perfusion),
which can be used to derive flowing blood volume fraction, perfusion free diffusion
coefficient and perfusion coefficient [6]. Promising results on the use of IVIM have
been reported, however, at the present moment, it is not yet implemented in routine
clinical practice [7-9].
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6.2 Image Acquisition and Technical Aspects

As stated before, DWI is usually performed over a T2-weighted SE-EPI sequence,
preferably using parallel imaging for reduced acquisition times. Fat signal suppres-
sion is usually performed, either with spectral fat saturation or spectral adiabatic
inversion recovery sequence (SPAIR) [10].

DWTI is known for a low in-plane resolution and suffers from susceptibility and
motion artifacts [10]. A reduced field of view (FOV) has been shown to improve
image quality and reduce these artifacts, however with a reduced signal-to-noise
ratio (SNR) [11, 12]. With the increasingly common use of 3 T MRI, one can expect
higher SNR with high resolution images [13].

An example of DWI sequence parameters at 3 T is shown in Table 6.1.

6.3 DWI in the Normal Pancreas

The normal disease-free pancreas is basically homogeneous on DWI and should
serve as tissue background when identifying focal lesions and abnormalities
(Fig. 6.1) [10]. Slightly decreasing ADC values in the different anatomical seg-
ments (from head to body to tail) have been reported [14, 15]. However, other stud-
ies found variable or no differences in ADC values measured in different pancreatic
anatomical segments [10, 16—18].

DWTI has been used to evaluate pancreatic exocrine function. Increased and peak-
ing ADC values have been reported, mainly in the pancreatic head, early after secre-
tin administration in healthy subjects, with a subsequent gradual decrease to baseline
values [19, 20].

Table 6.1 Suggested parameters for acquiring DWI of the pancreas at 3 T scanners

MR parameters for DWI of the pancreas at 3 T

Transmission technology Multi transmit radiofrequency

Body coil Phased-array 16 channel

FOV 260 x 303 mm

Voxel size 1.8 x 1.8 x 5 mm?®

Sequence SE EPI DWI

EPI factor 63

B values 0, 150, 1000

Number of signal averages 3(2,2,8)

Parallel imaging Sense RL 2.6 and POS 1.5 = S total 3.9
Breathing motion Free breathing with respiratory triggering
TR 1200 ms

TE 82 ms

Fat suppression SPAIR

Abbreviations: FOV field of view, SE spin-echo, EPI echo planar imaging, DWI diffusion weighted
imaging, Sense sensitivity encoding, RL right to left, 7R repetition time, 7E echo time, SPAIR
spectral adiabatic inversion recovery
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Fig.6.1 Normal pancreas on DWIb600 (a) with respective ADC map (b). The healthy pancreatic
parenchyma is basically homogeneous (asterisk), serving as tissue background for identification of
focal lesions

6.4 DWI of Pancreatic Pathological Conditions
6.4.1 Inflammatory Conditions

6.4.1.1 Acute Pancreatitis

In the setting of acute pancreatitis, the role of DWI is not yet clear. The diagnosis,
based on the 2012 revised Atlanta consensus, relies in the presence of two of the
following criteria: acute onset of persistent, severe epigastric pain; serum lipase
activity (or amylase activity) at least three times greater than the upper limit of nor-
mal; characteristic imaging features on contrast-enhanced CT, MRI, or ultrasound
[21]. Imaging studies, therefore, are frequently not necessary for the diagnosis and
when they are actually performed, MRI is usually not the first option, due to low
availability in the emergency setting and higher financial costs.

Acute inflammatory changes in the pancreatic parenchyma have been reported to
cause restricted diffusion, with lower ADC values than the healthy pancreatic paren-
chyma [22]. More importantly, DWI may have a role in identifying infection in acute
pancreatic and acute necrotic fluid collections (Figs. 6.2, 6.3 and 6.4). These have
been shown to present with restricted diffusion in the collection periphery, a finding
reported in one study to have 100% sensitivity and 90.9% specificity when differenti-
ating from sterile collections [23]. The same study reported better DWI MRI perfor-
mance for this diagnosis when compared to CT (60% sensitivity and 100% specificity).
In another study, the addition of DWI to a standard MRI protocol significantly
increased diagnostic accuracy for infected pancreatic fluid collections [24]. These
authors also suggested a possible increase in diagnostic confidence level for inexperi-
enced readers, probably due to the straightforward nature of DWTI interpretation.

6.4.1.2 Chronic Pancreatitis
ADC values of the pancreatic parenchyma have been shown to be lower in chronic
pancreatitis compared with healthy pancreas [16, 25]. One study reported an ADC
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Fig. 6.2 Sterile acute pancreatic fluid collection. There is a large collection in the tail of the pan-
creas (a, arrow), well depicted in T2WI. The lesion shows high signal intensity on DWI b1000,
suspicious for possible infection (¢, asterisk). However, in DWI b1600 the lesion shows low signal
intensity (d, asterisk), exemplifying the importance of high 5 value DWI to minimize T2 shine-
through effects, as confirmed with high ADC values in the lesion (b, asterisk)

cutoff value of 2.2 x 1073 mm?/s with 100% sensitivity and 73% specificity for this
purpose, at 3 T MRI [24]. However, in the same studies, when trying to differentiate
between patients with severe and mild chronic pancreatitis, ADC values have not
proven useful.

The use of secretin in conjunction with DWI has also been studied for chronic
pancreatitis. Delayed and absent peak of ADC values after secretin administration
have been correlated with the presence of chronic alcohol abuse and severe chronic
pancreatitis, respectively [20].

6.4.1.3 Autoimmune Pancreatitis

Autoimmune pancreatitis may have a variable appearance in MRI studies. The clas-
sical description is a diffusely enlarged, “sausage-like” pancreas with decreased
signal on T1- and increased signal on T2-weighted images and delayed enhance-
ment after intravenous contrast administration [26-28]. However, different imaging
presentations of autoimmune pancreatitis are described, most frequently a focal
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Fig. 6.3 Infected acute pancreatic fluid collections. This patient with acute pancreatitis presented
several fluid collections (a and d, arrows). These collections show restricted diffusion mainly in the
periphery, with high signal intensity in b1000 DWI (b and e, arrows) and low ADC values (¢ and
f, arrows). These collections were drained and the presence of infection was confirmed

Fig. 6.4 Infected acute pancreatic fluid collections in two different patients (a—c¢ and d—f). In both
patients, the pancreatic collections (a and d, arrows) show restricted diffusion with high signal
intensity in high b value DWI (b and e, arrows). The T2-DWI fusion images clearly depict the
lesions with restricted diffusion (¢ and f, arrows)
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Fig. 6.5 Autoimmune pancreatitis (IgG4-related disease). Note the diffusely enlarged pancreatic
parenchyma, with restricted diffusion on DWI b900 (a and e, asterisks) and consequently low
values on ADC map (b and d, asterisks). There is also bilateral kidney involvement (¢ and
d, arrows)

mass-like enlargement, which poses a diagnostic challenge. Also, signal changes
with absent pancreatic enlargement may be seen, although less frequently [26-28].

DWI may help in the diagnosis of autoimmune pancreatitis (Figs. 6.5 and 6.6).
When compared to healthy pancreatic parenchyma, ADC values of autoimmune
pancreatitis are known to be lower [29-32]. Also, in the setting of IgG4-related
pancreatitis, the involvement of other organs (especially the kidneys) can accurately
be detected by DWI, providing additional clues for the differential diagnosis [33].

Another potential role of ADC values in the setting of autoimmune pancreatitis
is evaluation of disease activity and response to therapy. One study reported lower
ADC values in symptomatic patients when compared with asymptomatic patients
[34]. Others reported increasing ADC values correlate with response to steroid
administration [35]. IVIM-based models might also help in assessing response to
therapy, with perfusion fraction showing progressively increasing values with ste-
roid administration, possibly serving as an imaging biomarker [36].

6.4.1.4 Differentiating Mass Forming Pancreatitis

from Pancreatic Adenocarcinoma
An important diagnostic challenge arises when differentiating mass forming pan-
creatitis from pancreatic adenocarcinoma. ADC values have been studied as a tool
to perform the differential diagnosis, however with conflicting success in literature
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Fig. 6.6 Same patient from Fig. 6.5, after corticosteroid therapy. The pancreatic parenchyma is
no longer enlarged and there is no restricted diffusion on DWI b900 (a, ¢) with corresponding
normal ADC map (b, d) (asterisks). The kidney lesions seen previously have also resolved with
therapy (arrows)

reports. Some studies reported lower ADC values in pancreatic adenocarcinoma
than mass forming pancreatitis [29-31]. One study even reported a sensitivity of
100% and a specificity of 98% when using ADC cutoff values of 0.88 x 10> mm?/s
together with morphologic findings and delayed parenchymal enhancement [30].
However, others found ADC values unable to differentiate both conditions, or even
lower ADC values in pancreatic adenocarcinoma [32, 37]. Due to these conflicting
reports, the role of ADC values in differentiating mass forming pancreatitis from
pancreatic adenocarcinoma remains unclear.

The use of intravoxel incoherent motion (IVIM)-based models for characteriza-
tion of pancreatic lesions has been proposed in the differentiation of mass forming
pancreatitis and pancreatic adenocarcinoma. The perfusion fraction has been
reported as the most valuable IVIM derived parameter for differentiating these enti-
ties, with pancreatic adenocarcinoma presenting significantly lower values than
pancreatitis [8, 36, 38, 39]. Another study evaluated IVIM-derived parameter maps
(diffusivity, perfusion fraction and ADC), reporting good discrimination of pancre-
atic adenocarcinoma from pancreatitis and neuroendocrine tumors [9]. However,
one study reported conflicting results, with perfusion fraction and fast diffusion
unable to differentiate these conditions [40]. These results require further studies for
clarification, validation and standardization of protocols, before IVIM-based mod-
els can be recommended for clinical practice.
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6.4.2 Cystic Pancreatic Lesions

Cystic pancreatic lesions include lesions with an invariably benign course (pancre-
atic fluid collection/pseudocyst, serous cystadenoma, cystic lymphangioma) and
lesions with malignant potential (mucinous cystadenoma and intraductal papillary
mucinous neoplasm—IPMN).

As discussed previously, DWI may help in the diagnosis of infected pancreatic
fluid collection [23, 24]. However, DWI has been reported to be of little value in
differentiating pancreatic cystic lesions, with conflicting results in the literature
[10]. Several researchers have studied DWI for differentiating mucinous from non-
mucinous lesions, malignant from benign lesions and inflammatory from non-
inflammatory lesions; however their results were conflicting or showed DWI unable
to confidently differentiate these conditions [41-46].

A possible role of DWI with measurement of ADC values in pancreatic cystic
lesions might be the differentiation of high-grade/invasive IPMN from low-grade
IPMN, with high-grade/invasive lesions presenting significantly lower values than
low-grade lesions, as reported in one study (Fig. 6.7) [43]. Another study reported

Fig. 6.7 Malignant mixed-type IPMN. There is a large complex cystic lesion in the pancreatic
head, as seen on T2 weighted images (a, arrow). On DWI b900 (b), there are internal septa and
solid components with restricted diffusion (arrows) and corresponding low values on ADC map (c¢)
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significantly higher specificity for DWI MRI compared with conventional MRI,
when differentiating malignant from benign IPMN lesions, mainly due to identifica-
tion of restricted diffusion on the cyst wall, internal septations, mural nodules or
solid components [47]. However, further studies are required to confirm these
results.

6.4.3 Pancreatic Ductal Adenocarcinoma

DWI MRI has a major role in diagnosing pancreatic adenocarcinoma, with lesions
presenting restricted diffusion (Figs. 6.8 and 6.9). High sensitivity and specificity
have been reported (96.2% and 98.6%, respectively) using b value of 1000 s/mm?
[48]. DWI is also comparable to a contrast-enhanced comprehensive MRI for diag-
nosis of pancreatic adenocarcinoma, with similar accuracy [49].

DWI was studied regarding its ability to evaluate tumor grading, but with con-
flicting results. One study reported significantly lower ADC values in poorly dif-
ferentiated adenocarcinoma with dense fibrosis compared to well/moderately
differentiated adenocarcinomas [50]. However, another study reported no associa-
tion between ADC values of pancreatic adenocarcinoma and tumor grade or other
adverse pathological features [51].

Fig. 6.8 Ductal adenocarcinoma of the pancreatic head. This is a typical case, with a mass in the
pancreatic head, identified on T2 weighted images (a), causing diffuse dilatation of the biliary tree
and the main pancreatic duct, clearly visible on MRCP (b). On DWI b900, the mass presents with
restricted diffusion (¢, arrow) with consequent low values on ADC map (d, arrow)
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Fig. 6.9 Ductal adenocarcinoma of the pancreatic tail. The tumor is difficult to identify on T2
weighted images (a), mainly because of its location in the pancreatic tail, where it doesn’t cause
typical dilatation of the main pancreatic duct. On DWI b900, it is clearly seen with restricted dif-
fusion (b, arrow), with corresponding low values on ADC map (¢, arrow)

The role of DWI in the diagnostic challenge of differentiating mass forming
pancreatitis from pancreatic adenocarcinoma has been discussed previously in this
chapter.

DWI may be useful in the prediction of tumor response to neoadjuvant therapy.
Two studies reported that tumors of patients without response to neoadjuvant che-
motherapy or radio-chemotherapy present lower ADC values, in comparison with
patients with response [52, 53].

Another role of DWI may be the imaging assessment of tumor response to neo-
adjuvant therapy. One study reported reduction of 39% in tumor DW volume (a
software assisted DWI tumor volume measurement) as having great performance to
assess response to neoadjuvant chemotherapy, with 93% sensitivity and 100% spec-
ificity [54]. The same study evaluated IVIM derived parameters and reported
increasing diffusivity and ADC values after neoadjuvant chemotherapy in patients
with response to therapy, whereas no changes were seen in patients without response
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to therapy. Perfusion fraction, however, did not show any significant increase in
responding patients, as might have been expected. These are promising results; fur-
ther studies should help define the role of DWI in assessing response to neoadjuvant
chemotherapy.

6.4.4 Pancreatic Neuroendocrine Tumors

Typically, pancreatic neuroendocrine tumors are small lesions with early enhance-
ment in the arterial phase of contrast-enhanced imaging studies [55, 56]. However,
variable imaging findings are common, posing diagnostic challenges. DWI MRI has
been proposed for the detection and characterization of these lesions. Tumor detec-
tion was reported to significantly improve with the addition of DWI to T2-weighted
images, with the tumors showing restricted diffusion (Fig. 6.10) [57-59]. One of
these studies used fusion T2 and DWI images, reporting improved lesion detection
especially for small isointense lesions on T2-weighted images [58].

DWI has also been studied for its ability to predict tumor grade according to the
2010 World Health Organization classification [60]. A recent meta-analysis
reviewed nine studies on this topic, more specifically the role of ADC, using cutoff
values of 0.95-1.27 x 1073 mm?*/s [61-70]. A high diagnostic accuracy was reported,
with higher grade tumors (G2 and G3) showing lower ADC values, with pooled
sensitivity of 84% and pooled specificity of 87%, when compared with low grade
tumors (G1). The same study revealed that 3 T devices had higher sensitivity (93%);

Fig.6.10 Pancreatic neuroendocrine tumors in two patients (a—c, d—f). In both patients, there are
no visible pancreatic lesions on T2 weighted images (a, d). On DWI, a focal lesion is clearly iden-
tified in both patients (b and ¢, arrows). On fusion T2-DWI images, the lesions are also clearly
visible (¢ and f, arrows)
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Fig. 6.11 Pancreatic neuroendocrine tumor with liver metastasis. A large mass in the pancreatic
body and tail is seen in T2 weighted images and DWI (a and b, arrows). The liver metastases are
visible on T2 weighted images, but badly defined (a, asterisks). On DWI, the liver metastases are
much clearly depicted (b, asterisks)

additionally, using a b value of 1000 s/mm? and an ADC cutoff of 1.0 x 10> mm?*/s
had the highest specificity (95%). Once standardized imaging parameters are
adopted and validation studies are performed, DWI might be used to predict tumor
grade in clinical practice.

When trying to differentiate pancreatic neuroendocrine tumors from pancreatic
adenocarcinoma, IVIM based models might prove useful. Perfusion fraction and
incoherent microcirculation (fast diffusion) have been reported as the most valuable
parameters, with neuroendocrine tumors presenting significantly higher values in
comparison with adenocarcinoma [8, 39, 40].

Another role of DWI in the setting of pancreatic neuroendocrine tumors is iden-
tification of liver metastasis, with high sensitivity (Fig. 6.11) [10, 71].

6.4.5 Rare Conditions

Rare pancreatic lesions not included in the previous discussions comprise solid
pseudopapillary neoplasm and intrapancreatic accessory spleen.

Solid pseudopapillary neoplasm has been reported to present lower ADC vales
compared with normal pancreatic parenchyma [18, 72, 73]. However, the role of
DWTI in diagnosis and management of these tumors remains unclear.

Intrapancreatic spleen is usually diagnosed in MRI by comparing the lesion with
the spleen, as signal intensities should be similar in all sequences. DWI may further
help in this setting, with two studies reporting excellent diagnostic accuracy by
visually comparing findings in the focal pancreatic lesion and the spleen [74, 75].

6.5 Conclusion

DWI MRI is a useful tool for the diagnosis of focal and diffuse pancreatic patho-
logical conditions. DWI may further help evaluating tumor grade (neuroendo-
crine tumor and IPMN) and predicting and assessing therapeutic response
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Table 6.2 Short summary of main aspects for DW MRI of the pancreas

Condition
Normal pancreas

Acute pancreatitis

Chronic pancreatitis

Autoimmune pancreatitis

Differentiating mass forming
pancreatitis from pancreatic
adenocarcinoma

Cystic lesions

Ductal adenocarcinoma

Neuroendocrine tumors

Solid pseudopapillary neoplasm

Intrapancreatic spleen

Relevant aspects

Homogeneous DWI signal

Peak ADC values after secretin administration, with
subsequent gradual decrease to baseline

Low ADC values in the parenchyma

Restricted diffusion in the periphery of fluid
collections indicates infection

Low ADC values in the parenchyma

Delayed or absent peak in ADC values after secretin
administration

Low ADC values in the parenchyma

ADC and IVIM perfusion fraction values may
correlate with symptoms and response to therapy
ADC values unable to differentiate

IVIM-based models appear useful with perfusion
fraction as the best parameter

DWI unable to differentiate lesions

ADC values lower in malignant/high-grade IPMN,
especially components of complex lesions

DWTI has high sensitivity and accuracy for diagnosis
ADC values and IVIM-based models may help predict
and assess response to neoadjuvant therapy

DWI improves tumor detection

ADC values correlate with tumor grading
IVIM-based models with perfusion fraction and
incoherent diffusivity may help differentiate from
adenocarcinoma

DWI identifies liver metastases

Low ADC values in the tumor

DWI with identical findings to the spleen

(pancreatic ductal adenocarcinoma and autoimmune pancreatitis). [IVIM-based
models are promising methods of lesion characterization and may be further
developed in the near future. Table 6.2 provides a short summary of key aspects

from this chapter.
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Pancreatic Cystic Neoplasms 7

Allen Q. Ye, Camila Lopes Vendrami, Frank H. Miller,
and Paul Nikolaidis

7.1 Introduction

Pancreatic cystic neoplasms (PCN) account for 10-15% of all pancreatic cystic
lesions and approximately 1% of pancreatic neoplasms. PCN can be divided into
mucinous lesions, including intraductal papillary mucinous neoplasms (IPMN) and
mucinous cystic neoplasms (MCN), and non-mucinous lesions, which includes
serous cystic neoplasms (SCN), solid pseudopapillary neoplasms (SPN), and cystic
pancreatic endocrine neoplasms (CPEN) [1]. With an aging population, the wide-
spread use of cross-sectional imaging, as well as better resolution afforded by tech-
nical improvements in all imaging modalities, the detection of pancreatic cystic
lesions has become very common. The prevalence of PCN varies considerably with
the imaging method employed as well as among studies. Ultrasound (US) imaging
detects 0.21% of cases of PCN, while computed tomography (CT) and magnetic
resonance imaging (MRI) (coupled with magnetic resonance cholangiopancreatog-
raphy—MRCP) detect 2.6% and 2.4% to 49.1% of these cases, respectively. PCNs
are detected in up to 50% of patients according to autopsy studies [2]. Risk factors
that predispose patients to developing pancreatic cystic lesions include patient age,
diabetes mellitus, non-melanoma skin cancer, hepatocellular carcinoma, and being
of Asian descent [3, 4].

Differentiation between the types of PCN is critical since the malignant poten-
tial of these types of lesions varies. SCN are usually benign with no need for
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surveillance, whereas IPMN, MCN, SPN, and CPEN are considered premalignant
lesions and necessitate either surveillance or surgery. PCNs are known precursors
of pancreatic cancer [2]. There has been some controversy recently on how to best
approach pancreatic cystic neoplasms. Historically, all mucinous pancreatic cysts
required resection; however, this does not come without significant risks (up to
2% mortality, 40% morbidity) [5]. Current standard of care advocates a more
conservative approach with retrospective data suggesting typically a benign
course for pancreatic cystic neoplasms [6, 7]. The overall risk of malignant trans-
formation has been estimated at 0.24% per year [8]. Currently, three guidelines
yield recommendations regarding surveillance and surgical resection of PCNs
based on symptoms and risk of malignancy: the 2015 American Gastroenterological
Association (AGA), the International Association of Pancreatology (IAP, revised
in 2017), and the European Study Group on Cystic Tumors of the Pancreas
(European, revised in 2018). Surveillance should be considered in asymptomatic
patients with cysts presumed to be MCN or IPMN without any concerning char-
acteristics. Concerning characteristics vary with among the different guidelines,
though some of these include: pancreatic duct dilatation, presence of a solid com-
ponent or an enhancing mural nodule, cytology suspicious or positive for malig-
nancy, jaundice, cyst diameter > 40 mm. It has not been established which
modality or approach is best, however, and these guidelines provide somewhat
different recommendations [2].

In this chapter we will discuss the general MR imaging findings of pancreatic
cystic neoplasms, along with the utility and limitations of diffusion weighted imag-
ing (DWI) in assessing cystic lesions of the pancreas. In general, DWI may not be
particularly helpful by itself in distinguishing between different cystic lesions and
therefore MRI features encountered on other sequences that are obtained as part of
a pancreatic protocol MRI will be stressed. These features in conjunction with clini-
cal and demographic data often allow for correct diagnosis on MRI.

7.2  Serous Cystic Neoplasms

Serous cystic neoplasms are typically benign tumors and account for about 1-2% of
all exocrine pancreatic neoplasms and approximately 20% of all pancreatic cystic
neoplasms [5, 6]. Typically, serous cystic neoplasms occur in older women in the
fifth to seventh decade, median age of 65 years [8]. These lesions can be found
throughout the pancreas (head, body, and tail) and can grow to span multiple regions
[9, 10], though they are often located in the pancreatic head. Mean gross lesion size
is 6 cm and typically the lesion is composed of multiple smaller cysts measuring
under 2 cm, separated with fibrous septa conglomerating into an area central fibrosis
which may also be calcified [11]. The most common subtype is the serous microcys-
tic adenoma, 70% of cases [12], which is lined by glycogen rich epithelial cells and
is composed of multiple serous fluid filled cysts [11]. The other two morphologic
patterns are: honeycomb pattern (20% of cases), and macrocystic (or oligocystic;
10% of cases) pattern [12], which is composed of larger individual cysts (1-8 cm)
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[13]. CT or MRI may often detect the sunburst or stellate appearance of the central
scar which may have calcifications (better seen on CT) which is considered pathog-
nomonic for a serous cystic tumor [14]. Chances for malignant transformation are
miniscule and symptoms are typically secondary to lesion size and may include a
palpable mass, abdominal pain, nausea and vomiting, weight loss, hemorrhage [15],
and obstructive jaundice [16].

Other subtypes of serous cystic tumors include von Hippel-Lindau (VHL)-
associated cystic neoplasm, serous oligocystic adenoma, solid serous adenoma, and
serous cystadenocarcinoma [11]. VHL-associated cystic neoplasms occur in
50-80% of patients with VHL syndrome, without gender predilection, with lesions
typically detected at a younger age [17]. Serous oligocystic adenomas are composed
of fewer but larger cysts. These lesions can occur in both males and females, are
discovered at a younger age (mean age of 50 years) [10]. Solid serous adenomas are
even more rare and there are only few case reports of this variant [18, 19]. While
they lack the macroscopic cysts typical of serous microcystic adenomas, the cells
maintain the same immunohistochemical profile [20]. The malignant variant, serous
cystadenocarcinoma, is rare [21].

Serous cystic neoplasms can show wide-ranging appearance on imaging with
typical and atypical characteristics, depending on the number of fibrous septa and
degree of enhancement [12, 22]. The typical appearance on MRI, is of well-defined
grape-like clusters of serous fluid-filled cysts. There should be no evidence of inva-
sion of adjacent organs [23] unless the size of the serous cystic neoplasm becomes
excessively large and it begins to show localized adhesion and/or penetration of
neighboring organs [24]. On T2-weighted images, the fluid filled cysts should show
high signal intensity and the thin fibrous septa associated with these lesions can
show delayed enhancement on contrast enhanced T1-weighted images (Fig. 7.1)
[25]. While the lesions may appear solid on early phase contrast-enhanced CT or
MR from enhancing septations, T2-weighted MR nicely shows the cystic nature of
the lesion. There should also be no evidence of invasion into the pancreatic duct or
communication with the pancreatic duct in contrast with side branch intraductal
papillary mucinous neoplasms (IPMN) which communicate with the duct [26]. As
the lesion grows, the central scar may demonstrate a signal void corresponding to
the increasing calcification. With regards to diffusion weighted imaging, serous
cystadenomas may have higher signal intensity with high b values and lower ADC
values due to the fibrous septa. When there is a large cystic component the ADC
values should be higher secondary to “T2-shine through.” The ADC values vary
widely depending on the proportion of fibrous and cystic components and do not
allow for differentiation between a nonneoplastic cyst and a cystic neoplasm nor do
they allow distinction among different types of cystic neoplasms [13]. It has been
suggested that using a threshold of 3.0 x 10~ mm?s for ADC value can differentiate
mucin-producing cysts from serous cysts, since mucin-producing ones tend to have
higher values, with sensitivity rates of 84-88%, and specificity rates of 66-72%
[27]. Atypical characteristics include thick wall, intralesional hemorrhage, portal
hypertension secondary to splenic vein obstruction, and communication with main
pancreatic duct [12].
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Fig. 7.1 A 60-year-old male presenting for follow-up of a serous cystadenoma. (a, b) Coronal
T2-weighted (a) and axial T1 post contrast (b) MR images show a lobular T2 hyperintense mass in
the pancreatic head (arrows) with internal septations and a stellate central scar. The septations
enhance on the postcontrast images (b). (¢, d) DWI and ADC images show no restricted diffusion

7.3  Mucinous Cystic Neoplasms

Mucinous cystic neoplasms (MCN) can be divided into two primary categories,
mucinous cystadenomas (benign) and mucinous cystadenocarcinomas (malignant)
and account for less than 10% of pancreatic cystic neoplasms [6, 7, 28]. Originally
they were described as large, septated, thick-walled cysts filled with mucoid and
occasionally hemorrhagic material by Compagno and Oertel in 1978 [29].
Histologically, these are lined by an epithelium consisting of tall, mucin-producing
columnar cells with varying degrees of atypia [30]. Unique to MCNs, as compared
to microcystic or serous cystadenomas, is the presence of a dense cellular ovarian-
type stroma surrounding the cyst [9]. The presence of this ovarian stroma has been
required to establish the diagnosis of MCN according to the International
Association of Pancreatology [31]. Moreover, MCNs do not have communication
with the pancreatic ductal system as compared to intraductal papillary mucinous
neoplasms. Additional characteristics which often lead to the diagnosis of MCNs
include female gender and location in the body or tail of the pancreas with esti-
mates ranging for up to 93-98% for MCNs. Median age for diagnosis was typically
in the mid-forties, with age ranges spanning from 16 to 82 [32-34].
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Often these lesions are incidentally discovered on imaging studies performed for
other indications, however symptoms such as mild abdominal pain, fullness,
abdominal masses, or acute pancreatitis have been described [30, 34]. The malig-
nant mucinous cystadenocarcinoma is more rarely diagnosed on biopsy than the
mucinous cystadenoma by at most a 1:10 ratio but current guidelines from the
International Association of Pancreatology suggest that all MCNs may progress to
malignancy and should therefore be routinely resected [31, 35]. In contrast, the
American Gastroenterological Association recently endorsed a more conservative
approach in those with small lesions (<3 cm) and without solid components, a
dilated pancreatic duct, or other symptomatology recommending follow-up MRI
scans at 1, 3, and 5 years [36]. Newer approaches include using endoscopic
ultrasound-guided alcohol ablation, which may be considered for patients when
surgical resection is not an option [37]. After resection, if proven benign, MCNs do
not need any follow-up as there is virtually no chance of recurrence, whereas
patients with confirmed malignancy should have follow up scanning every 6 months
by MRI or CT [32, 38].

MCNs are typically well circumscribed unilocular or mildly septated cystic
lesions located in the body or tail of the pancreas without evidence of local inva-
sion or distant metastases and are less likely to be found in the head as com-
pared to serous cystic neoplasms [25, 28]. Because of the fluid content, the
lesions are high signal intensity on T2-weighted images and low signal intensity
on T1-weighted images (Fig. 7.2) [13]. These cysts are typically larger than
3 cm with the median size reported to be 5-7 cm with ranges up to 23 cm [32,
33]. The thicker walls of the MCNs may show delayed enhancement on fat-
suppressed contrast enhanced T1 images which can correlate to fibrotic changes
within the walls of the MCN [28]. Calcifications when present are typically
peripheral and may result in signal voids [33]. On imaging, the lesions can look
similar to walled off necrosis or pseudocysts, so a high index of suspicion is
needed especially in middle-aged women without history or clinical findings of
pancreatitis. Diffusion weighted imaging in these cases may overlap with non-
neoplastic cysts with high signal on low b-value images and low signal intensity
on high b-value DWI and a high ADC within the cysts [13]. Additionally, if soft
tissue components are seen within the cysts, there should be increased concern
for the presence of a mucinous cystadenocarcinoma [25, 39]. These soft tissue
components may have restricted diffusion. Atypical imaging features include
internal hemorrhage, upstream chronic obstructive pancreatitis changes (paren-
chymal atrophy, dilated pancreatic duct, coarse calculi, decreased enhancement
in some areas, and decreased signal intensity on fat-saturated unenhanced
T1-weighted MR images), and communication with main pancreatic duct
related to malignant pancreatic fistula. Features that suggest malignancy
include: invasion of adjacent structures, nodal and distant metastases, larger
lesion size (cysts <3 cm are usually benign), peripheral calcifications, irregular
margins, thick irregular wall, and enhancement of soft tissue component or
mural nodules [12].
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Fig.7.2 A 67-year-old female with a history of a biopsy-proven mucinous cystic neoplasm (cyst-
adenoma). (a—c) Coronal T2-weighted (a), axial T1 post contrast (b), and MRCP (c) images show
a cystic lesion (arrow) in the pancreatic body/tail with internal septations. The non-dilated pancre-
atic duct courses in close proximity to this lesion. (d, ) DWI and ADC images show no restricted
diffusion

7.4 Intraductal Papillary Mucinous Neoplasms

Intraductal papillary mucinous neoplasm (IPMN) is the most common cystic pan-
creatic neoplasm (20%), accounting for up to 7% of all pancreatic neoplasms [12].
As with many of the other PCNs, IPMNs have demonstrated a growing incidence
likely secondary to the increased usage of cross-sectional imaging and increased
awareness by radiologists and other physicians. These lesions are potentially
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malignant and most often visible; however, the true incidence for these neoplasms
is likely underestimated with many early IPMNs being small and asymptomatic [4].
In addition, it is often difficult to determine which lesions are malignant and which
are nonaggressive based on imaging studies. If symptoms are present, they may
include abdominal pain, jaundice, weight loss, or intermittent pancreatitis-like
symptoms [40, 41]. These lesions are lined with mucin-producing columnar cells
and can show papillary proliferation, formation of cystic spaces, and different
degrees of invasion. Epidemiologically IPMNs are more prevalent in men of older
age, most typically occurring in the seventh decade of life [41, 42]. Other risk fac-
tors include genetic syndromes with predisposition for pancreatic tumors (Peutz—
Jeghers [43], familial adenomatous polyposis [44], familial pancreatic carcinoma
syndrome [45]), diabetes [46—48], chronic pancreatitis, family history of IPMNs
[49], or history of smoking [46].

There are a few classifications of IPMNs with respect to location and degree of
invasion/potential for malignancy. First, IPMNs are subdivided into main duct
(MD-IPMN), branch duct (BD-IPMN), or mixed-type (MT-IPMN), depending on
the anatomical involvement of the pancreatic duct. MD-IPMNs usually have greater
malignant potential than those of BD-IPMNs, with MD-IPMNs more often exhibit-
ing dilation of the pancreatic duct without stricturing, along with dilation of pancre-
atic duct radicals, and intraductal growth of mucin-producing ductal cells [47]. In
comparison, BD-IPMN most often show no or low-grade dysplasia, lack nodular
formation, and can show viscous mucin contents [50]. While both forms can occur
throughout the pancreas, BD-IPMNs are more likely to be seen in the head and
uncinate process while only 30-40% of main duct neoplasms have been shown to
involve the body and tail [47, 51].

When assessing the depth of invasion for IPMNSs, noninvasive IPMNs can be
categorized as adenoma, borderline, or carcinoma in situ. Invasive types can be
further characterized as tubular, colloid, mixed, or anaplastic [41]. Of these, the
main invasive types encountered on histological examination are tubular adenocar-
cinomas and colloid carcinomas [50]. Unlike the previously described mucinous
cystic neoplasms, [IPMNs lack the ovarian type stroma surrounding the cyst and are
in communication with the pancreatic ductal system. IPMNs without invasive com-
ponents have a 5-year survival rate approaching 100% with single digit recurrence
rates [51, 52]. In comparison, when invasive components are noted, 5-year survival
rates are significantly decreased with estimates ranging from 24 to 60% [51, 53] and
median survival in certain studies is estimated at 21 months [54]. In addition, further
differentiation between tubular and colloid subtypes also carries prognostic signifi-
cance as the 2011 study by Yopp et al. showed that tubular carcinoma cases showed
no significant survival advantage when compared with pancreatic duct adenocarci-
nomas when matched stage for stage, while patients with colloid carcinomas fare
much better [55].

MR is the modality of choice when imaging IPMNs due to its ability to delineate
the pancreatic duct with great detail [56]. Differentiating between MD from
BD-IPMNS is of great importance given the differences in prognosis and manage-
ment. In cases of MD-IPMN, one would expect to see more ductal dilatation from
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obstruction and either the entire duct or segmental portions could be dilated [25].
For BD-IPMN, the lesion itself is typically found in either the head or the neck of
the pancreas and dilation of multiple side branches is typically seen on T2-weighted
images (Fig. 7.3) [57]. These lesions demonstrate high signal intensity on
T2-weighted images and low signal on T1-weighted images [13]. With increased
viscosity within noninvasive IPMNs, one would expect to see statistically

Fig. 7.3 A 65-year-old male with a history of a biopsy-proven pancreatic intraductal papillary
mucinous neoplasm. (a—c¢) Coronal T2-weighted (a), axial T1 post contrast (b), and MRCP images
show lobular fluid signal mass in the pancreatic head/uncinate process. There is a connection
between this mass and the main pancreatic duct. No enhancing nodular components are identified.
There is no pancreatic ductal dilatation. (d, €) DWI and ADC images show no restricted diffusion
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significant lower ADC values within the fluid portion, however, in practice the dif-
ference in ADC values is not clinically perceptible and is difficult to rely on [13, 58,
59]. More advanced models of diffusion, especially those with multiple b-values,
have showed promising results in differentiation between benign and malignant
IPMN [60, 61]. Much like other PCNs, additional factors that may cause concern
include size >3 cm, thickened or enhancing walls, non-enhancing mural nodules,
associated pancreatitis, main duct dilation exceeding 5-9 mm, lymphadenopathy, or
an abrupt change in caliber of the pancreatic duct with distal pancreatic atrophy [6].

7.5 Mucinous Nonneoplastic Cyst

While this is a nonneoplastic entity, distinguishing mucinous nonneoplastic cysts
(MNC) from other PCNs is difficult even with appropriate clinical, radiographical
and biochemical analysis [62]. First described by Kosmabhl et al. in 2002, these are
unilocular or multilocular thin walled cysts, lined by cuboidal to columnal mucin-
producing cells [58]. In comparison to the mucinous cystic neoplasm, the fibrous
stromal cells in MNCs lack progesterone positivity. Moreover, unlike IPMNs,
MNCs do not exhibit cellular atypia, papillary projections, or ductal communication
[7, 13, 63]. More commonly found in women and the elderly, the majority of MNCs
occur in the head of the pancreas and are often associated with (or adjacent to) aci-
nar-ductal mucinous metaplasia [62, 63].

On MR imaging, MNCs are typically hyperintense on T2-weighted imaging and
hypointense on T1-weighted imaging, consistent with a simple fluid-filled cystic
structure [13, 25]. On dynamic contrast-enhanced MR images, there should be no
enhancement of fluid or the accompanying soft tissue components [25]. Diffusion
weighted imaging could prove useful in supporting the benign nature of the MNC
by comparing multiple b-values. With these lesions it is expected that signal inten-
sity should drop with increasing b-values due to the unhindered environment within
the cystic cavity of a MNC as compared to other more complex neoplasms [13].
Conversely, ADC values should be higher.

7.6  Solid Pseudopapillary Neoplasms

Solid pseudopapillary neoplasms are primarily solid but are often complex lesions
with cystic, solid, and/or hemorrhagic components surrounded by a capsule. They
are rare slow-growing tumors that occur mainly in young women and often asymp-
tomatic at presentation. About 5—15% of solid pseudopapillary neoplasms are more
aggressive with metastases and poor prognosis [12]. Their imaging findings are
often dictated by the presence of cystic and hemorrhagic degeneration and could
overlap those of other cystic pancreatic lesions.

On imaging, these tumors are often well circumscribed with T2 signal that
increases with increasing cystic degeneration. Imaging findings may overlap with
cystic or degenerated neuroendocrine tumors of the pancreas, however solid
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pseudopapillary neoplasms enhance much more slowly on dynamic contrast
weighted MRI than neuroendocrine tumors (which show brisk enhancement of their
solid components) [25]. As these tumors accumulate more hemorrhagic components,
they may show fluid-debris levels and appear hyperintense on T1-weighted images
which is often a major distinguishing factor, along with more heterogeneous signal
on T2-weighted images (Fig. 7.4) [64, 65]. There have been few reports of diffusion
weighted imaging in these neoplasms but some authors have suggested that there are
possible ADC thresholds in differentiating pancreatic adenocarcinoma from pseudo-
papillary tumors from normal pancreatic parenchyma with neoplasms with more
solid components having lower ADCs [66]. DWI may be useful and ADCs could
help separate solid from hemorrhagic or cystic components in solid pseudopapillary
neoplasms [67]. Higher ADCs would be expected in cystic areas of these tumors.
Finally, there have been applications of more advanced diffusion models such as
intravoxel incoherent motion (IVIM) applied to these tumors which have suggested
improved differentiation between malignant and benign entities when using the per-
fusion-related diffusion coefficient and the perfusion fraction [68]. Nonetheless, in
cases of young female patients with a hemorrhagic pancreatic mass that is typically
large and without evidence of metastases, solid pseudopapillary neoplasms must

Fig.7.4 A 25-year-old female with an incidental pancreatic mass that was resected and proven to
represent a solid pseudopapillary neoplasm. (a, b) Coronal T2-weighted (a), and axial T1 post
contrast (b) MR images show an encapsulated heterogeneous enhancing pancreatic head mass
with areas of necrosis and internal hemorrhage. (¢, d) DWI and ADC images show restricted dif-
fusion in portions of the pancreatic mass
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strongly be considered. Features that are suggestive of malignant solid pseudopapil-
lary neoplasm include: nodal and distant metastases, local invasion of adjacent
organs or vessels, extracapsular extension, and ductal dilatation [12].

7.7 Conclusion

In conclusion, the increasing rate of detection of pancreatic cystic neoplasms on
MRI makes thorough understanding of these lesions imperative. Throughout this
chapter we provide a framework of understanding for the four major classifications
of pancreatic cystic neoplasms, as well as a common masquerading entity, the muci-
nous nonneoplastic cyst. While conventional MRI sequences remain of great impor-
tance in the evaluation of these entities, radiologists and clinicians alike should be
aware of their appearance on DWI.
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