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INTRODUCTION

Anatomic MR imaging is the most sensitive imaging tool in the detection of hepatobiliary
and pancreatic (HBP) malignancies.? The combination of morphologic features and
enhancement patterns provides an integral assessment of these tumors, including therapy
monitoring using size criteria.2 Recently, new MR imaging techniques are able to explore
functional and molecular characteristics of abdominal cancers (Table 1). This functional
information is very useful for overcoming limitations of morphologic MR imaging and has
shown particular promise in the assessment of therapy response to novel targeted therapies.3
These techniques are inherently quantitative and yield absolute or relative measurements of
tissue properties, providing potential imaging biomarkers of disease severity.4~’

This review focuses on basic concepts behind these techniques, clinical applications, and
levels of validation in the analysis of abdominal malignancies, and also the integration of
these technologies into a multiparametric imaging (MPI) approach.
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DIFFUSION-WEIGHTED MR IMAGING

Diffusion-weighted imaging (DWI) has gained ground in the upper abdomen, being included
in state-of-the-art MR imaging protocols. This technique is easy to perform, relatively fast,
and does not require administration of an extrinsic contrast agent. Its use facilitates lesion
detection and characterization in the liver and pancreas. Furthermore, its role as a cancer
biomarker of tissue cellularity and cell membrane integrity has been confirmed for HBP
malignancies.®

DWI reflects the microscopic movement of water protons in different tissues. The net
motion of water molecules is directly related to the movement of water in various tissue
compartments. The presence of a dense cellular structure, many intact cell membranes, or
viscous fluid with viscous content can reduce or restrict water mobility, which results in high
signal on high b-value (heavily diffusion weighted) imaging and corresponds to low
diffusivity on apparent diffusion coefficient (ADC) maps. Conversely, tissues with low
cellularity show an increase in water diffusion, low signal intensity (SI) on high b-value
images, and high diffusivity on ADC maps.

Technical Aspects of Diffusion-Weighted Imaging

Sequence design—An adequate sequence design of diffusion-weighted sequence in the
upper abdomen is critical, because it has intrinsically limited spatial resolution. Box 1
summarizes the list of scanning parameters to be optimized in a DWI sequence of the body.
Most commonly, a single-shot spin-echo echo-planar imaging sequence is performed, which
has the advantage of a very fast readout, making it insensitive to macroscopic patient
motion.* However, this family of sequences is prone to motion and magnetic susceptibility
artifacts. The maintenance of echo time (TE) as short as possible, using parallel imaging,
high bandwidth, and advanced suppression techniques, minimizes distortion artifacts,
although diffusion requires intrinsically long TEs due to the time required to impart
sufficient diffusion sensitivity. In order to reduce the effects of respiratory and cardiac
motion, it is necessary to use gated acquisitions (Fig. 1). Most commonly, breath-hold or
free-breathing sequences are used (Box 2). In addition, fat suppression must be used to avoid
ghosting artifacts from the fat signal.

Modeling of diffusion signal—In order to use DWI as an oncological biomarker,
quantitative mapping is critical, especially in the setting of therapy monitoring. The most
widely used quantitative property is the ADC from a monocompartmental model of
diffusion signal decay. ADC measurement minimizes the so-called T2 shine-through,
referring to the high signal from long T2 species seen in DWI because of superimposed T2
weighting and permits evaluation of isolated diffusion effects.4

However, the ADC model does not distinguish between the different compartments where
the water protons can move, such as intravascular, extravascular, extracellular, and
intracellular spaces. If several b values are acquired less than and greater than 100 s/mm?, it
is possible to differentiate between the fast movement of intravascular water molecules with
low b values (<100 s/mm?), and the slow signal decay of diffusion signal with b values
greater than 100 s/mm?, secondary to restricted water movement in the extracellular and
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intracellular compartments® (see Fig. 1 in the article by Broncano in this issue).® This model
is known as Intra Voxel Incoherent Motion (IVIM) because it has been found useful in the
characterization of focal liver and pancreatic lesions, with advantage over ADC
measurements in some scenarios.1%:11 The contribution of true diffusion and perfusion
toward signal loss is separated in this model and reflected in the following parameters: f
(perfusion fraction) that represents the flowing water molecules within the capillaries; D
(tissue diffusivity), a more reliable marker of tissue diffusion than ADC in organs with
tissues with significant perfusion fraction; and finally, D* (pseudo-diffusion coefficient),
related to the perfusion contribution to signal decay.

If ultrahigh b values greater than 1500 s/mm? are acquired, the remaining diffusion signal is
related to a layer of polarized water molecules near of the charges of the membranes. The
measurement of this very slow diffusion pool requires the use of a non-Gaussian model,
such as diffusional kurtosis imaging (DKI), which reflects the microstructural complexity of
tissue (see Fig. 1 in the article by Broncano in this issue). Derived parameters from DKI can
help in the characterization of focal liver lesions.12 Compared with ADC, these models
provide supplementary information of the diffusion signal from other compartments
different to extracellular one (Fig. 2).

b-values selection—ADC calculation minimally requires the use of 2 b values, although
the more b values obtained, the better the reliability of ADC maps. In the abdomen, typically
the ideal higher b value ranges between 600 and 1000 s/mm? in order to maintain a
sufficient signal-to-noise ratio (SNR).# DKI requires a maximum b value in the range of
1500-2000 s/mm? 12 and IVIM analysis requires several b values less than and greater than
100 s/mm?, although it is feasible even with only 3 to 4 b values.13 However, the optimum
set of b values and diffusion model used for analysis for oncological applications in the body
is still to be defined.

Clinical Applications of Diffusion-Weighted Imaging
Liver

Lesion detection: DWI using a low b value around 50 s/mm?, also known as black-blood
diffusion, allows better detection of small focal liver lesions against a liver parenchyma
without vessel signall4 (Fig. 3). This type of approach has been shown to improve detection
of metastases in comparison to fat-suppressed T2-weighted sequences and is of special
interest for identifying metastases from colorectal cancer before surgery, with particular
advantage in the detection of lesions smaller than 1 cm and those adjacent to vascular
structures. Furthermore, in patients at risk for nephrogenic systemic fibrosis, DWI can be
considered an alternative to contrast-enhanced imaging.1* DWI in combination with
gadoxetic acid (Gd-EOB-DTPA) improves detection of liver metastases compared with any
individual technique alone, even after neoadjuvant chemotherapy.1®

Lesion characterization: The role of DWI in focal liver lesion characterization is
controversial due to misregistration between images with different b values, caused by
respiratory motion. Adequate reproducibility has been achieved for ADC, but lower for f and
D*.16 DWI has been shown to accurate differentiate between cystic and solid liver lesions.

Magn Reson Imaging Clin N Am. Author manuscript; available in PMC 2017 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Luna et al. Page 4

Benign lesions tend to show higher ADC values and lower Sl with high b values than
malignant ones (Fig. 4). However, there are no definitive data to support the use of ADC in
the distinction between benign and malignant focal liver lesions, due to substantial overlap,
particularly focal nodular hyperplasia (FNH) and adenomas with hepatocellular carcinoma
(HCC) and metastasis. In addition, radiologists must be alert to potential pitfalls such as low
ADC values seen in pyogenic abscess or high ADC values of necrotic or mucinous
metastasis.’

IVIM-derived D and ADC show inconclusive results in the distinction of benign and
malignant lesions, although with contradictory data about which of both parameters is more
accurate.1013.18 D* and f are useful to differentiate hypervascular from hypovascular
lesions.10

Hepatocellullar nodules in cirrhosis: DWI is of limited value in the evaluation of focal
lesions in cirrhotic livers. DWI shows a lower sensitivity compared with dynamic contrast-
enhanced MR imaging (DCE-MR imaging) and hepatobiliary (HB) phase in HCC
detection.19 It also does not allow differentiation between dysplastic nodules and early
HCC.20 However, DWI should be included in the protocol of detection of HCC, because it
significantly improves sensitivity when used in combination with either technique.2? Most
commonly, HCC shows restriction of water diffusion, paralleling degree of cellularity and
dedifferentiation. Furthermore, a recent meta-analysis concluded that DWI had excellent and
moderately high diagnostic accuracy for the prediction of well-differentiated versus poorly
differentiated HCC,2! although overlap remains between different histologic grades.??
Recently, IVIM-derived D values of HCC showed significantly better diagnostic
performance than ADC values in differentiating high-grade from low-grade HCC. In
addition, f demonstrated a significant correlation with the percentage of arterial
enhancement of HCC.23 Interestingly, benign lesions associated with cirrhosis, such as
confluent fibrosis or perfusion alterations, do not show increased signal with high b values.24

Therapy monitoring: DWI has been used for early assessment of tumor response to
treatment of both primary and secondary malignancies of the liver:52° (Figs. 5 and 6). The
good reproducibility of ADC measurement means that any ADC changes after treatment can
be related to treatment effects. In general, increases in ADC after 1 week of successful
treatment can be detected in the liver.®

For example, DWI with ADC is useful in the early assessment of HCC response after
transcatheter arterial chemoembolization (TACE), and differentiating between viable and
necrotic portions of the treated HCCs.2% Furthermore, DWI can detect recurrent tumor after
treatment and predict HCC response to TACE using the monoexponential or biexponential
models of analysis.27:28

DWI also can be used as a biomarker of treatment response of HCC to the antiangiogenic
agent, sorafenib. First, ADC decreases probably related to hemorrhagic necrosis and,
posteriorly, increases because of tumor necrosis. A delayed ADC decrease suggests tumor
recurrence.?? IVIM-related D and f have been shown also to be valuable markers of
treatment response to sorafenib for HCC.30
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For therapy monitoring of hepatic metastases, increases of ADC after the start of
chemotherapy or radiotherapy have been related to responding metastases, although there is
no defined threshold of increase in ADC to define response.®2° These changes can be
detected during the first week after the start of treatment in colorectal and breast liver
metastases and occur before changes in size.3! In addition, DWI appears superior to positron
emission tomography/computed tomography (PET/CT) for early response assessment of
metastases of common solid tumors treated with Y90 radioembolization.3? Lower
pretreatment ADC value has been related to good response to chemotherapy in colorectal
and gastric hepatic metastases, although these data were not confirmed in a prospective
series including digestive tract and breast liver metastases.31:33 Furthermore, low-
pretreatment ADC value of colorectal liver metastases has shown an association to shorter
overall survival and progression-free survival.34

Biliary system and gall-bladder malignancies—DW!I detects intrahepatic and
extrahepatic cholangiocarcinoma (CHC) with advantage over T2-weighted and in a similar
manner to DCE-MR imaging. Because this lesion shows the lowest ADC of all hepatic
malignancies, its differentiation from benign focal liver lesions using DWI is feasible. DWI
also helps in the differentiation between mucus and viable intraductal CHC obstructing the
bile duct. The lower the degree of tumor differentiation in CHC, the lower the ADC value
is.35 A target appearance on DWI, a hyperintense peripheral halo (viable tumor) with a
hypointense central area (fibrosis), permits the accurate differentiation of small intrahepatic
CHC from HCC, because this sign is superior to other morphologic, DCE-MR imaging, or
HB phase features.36

As with other malignancies, gallbladder carcinoma typically demonstrates high signal on
high b-value imaging, and low ADC values (Fig. 7). Acute cholecystitis may simulate a
neoplastic process on DWI. For this reason, DWI must be evaluated along with the other
morphologic images, increasing the accuracy in the differentiation of benign and malignant
gallbladder lesions.3”

Pancreatic cancer and other pancreatic tumors—A recent meta-analysis
demonstrates high performance of DWI in detection of pancreatic adenocarcinoma (PA),
with similar sensitivity to fluorodeoxyglucose (18FDG) PET/CT, but better specificity.38
Most commonly, PA shows high Sl on high b-value imaging and lower ADC values than
normal pancreas, related to dense fibrosis and increased cellular elements3® (Fig. 8).
However, PA can have different appearances on diffusion imaging depending on histologic
characteristics. Edematous fibrosis and loose collagen fibers have been described in PA to
yield higher ADC than normal parenchyma.*? This heterogeneity in histologic content is
probably the cause of contradictory data in the relationship between ADC values of PA and
tumor grade.#142 Moreover, the association of acute pancreatitis and PA located in the
pancreatic head has been reported. Both entities show a similar behavior in DWI, hampering
cancer detection.3? The use of IVIM-derived parameters, such as f, improves the
differentiation between PA and normal pancreatic tissue.*3

DWI is also helpful in the differentiation between PA and benign lesions, although with
limitations in the distinction from mass-forming pancreatitis. There is an evident overlap in
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ADC values of both lesions, probably due to variable proportions of fibrosis and
inflammation in mass-forming pancreatitis and different degrees of PA differentiation394142
(see Fig. 8; Fig. 9). However, initial data suggest a role for IVIM-derived perfusion
parameters in this distinction.11

In the therapy monitoring setting, preliminary data suggest that lower pretreatment ADC
values of advanced PA, treated with chemotherapy or chemoradiation, are related to poor
response and early progression** (Fig. 10). DWI is also useful in the evaluation of
autoimmune pancreatitis response to steroids. This entity shows high Sl on high b value and
lower ADC values than chronic pancreatitis and PA. However, with successful treatment, Sl
on high b value decreases, and ADC returns to normal values.*?

Pancreatic neuroendocrine tumors (PNET) show a restrictive pattern in diffusion, in
comparison with normal pancreatic parenchyma“® (Fig. 11). However, the detection rate of
PNETSs with MR imaging including DWI was significantly lower than that of58Ga-
DOTATATE PET/CT.#” Most aggressive PNETs show lower ADC values than benign
lesions. In addition, an inverse correlation between Ki-67 (cellular marker for proliferation)
and ADC values has been established, which would allow for the evaluation of tumor
aggressiveness.*6 Perfusion parameters from 1VIM models are able to accurately
differentiate PNET from PA.11

Pancreatic cystic lesions are a common incidental finding. It is important to differentiate
cystic tumors from nonneoplastic lesions and identify malignant variants. Cystic tumors
show different biological behavior and risk of malignancy® and can be classified as shown
in Box 3. Cystic lesions greater than 2 cm in size are usually premalignant or malignant.*®

DWI with high b value can differentiate nonneoplastic cysts, such as simple cysts and
pseudocysts, which are usually isointense to the pancreas, from neoplastic cysts and
abscesses, which remain hyperintense.#® Boraschi and colleagues® found statistically
significant differences in ADC values of intraductal papillary mucinous neoplasms (IPMNs),
mucinous cystic neoplasms (MCNSs), serous cystadenomas, and pseudocysts, although other
series have shown significant overlap in the ADC values of cystic pancreatic lesions.*8 More
consistent data have shown significantly higher ADC values for IPMNs compared with
MCNSs.5! Furthermore, ADC and D values of malignant IPMN are significantly lower than
benign variants!! (Figs. 12 and 13). Currently, the differentiation of cystic pancreatic lesions
only based on DWI remains limited, although integrated in a comprehensive MR protocol,
diffusion is considered helpful.

PERFUSION MR IMAGING

A mainstay of tissue and lesion characterization in abdominal MR imaging is a DCE series,
which assesses the enhancement of tissues at predetermined time points after contrast
injection. The core physiology probed by this examination is perfusion, which is defined as
the passage of blood through the capillary bed to deliver nutrients and oxygen to the tissue.
The current clinical assessment uses 2 to 4 time points after contrast injection to visually
assess enhancement patterns in organ parenchyma and lesions, which indirectly provide
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valuable information about tissue physiology and pathology. One limitation to this approach
is that very few images are acquired to analyze a very complex enhancement curve. The
arterial phase of enhancement, in particular, can be difficult to capture because of the
transient and temporally variable nature of enhancement of lesions during this phase.
Moreover, this assessment is qualitative, and factors, such as the radiologist’s skill, accuracy
of timing after injection, and the protocol used, can inordinately affect the clinical reading.
A major frontier in abdominal MR imaging is the development of an accurate quantitative
DCE-MR imaging examination that enables extraction of perfusion parameters, which
reflect tissue properties. Recent literature suggests that this quantitative approach has
potential applications in early diagnosis of liver cirrhosis,®2>3 noninvasive diagnosis of focal
lesions,>* assessment of response to novel antiangiogenic chemotherapeutic drugs,>>->7 and
in predicting treatment response in tumors as HCC®6:58:59 and PA 60

Technical Design of Perfusion MR Imaging of Upper Abdomen

Image acquisition—The characteristics of an ideal DCE-MR imaging perfusion
examination are listed in Box 4. Gadolinium-based contrast agents (GBCAS) are used as
tracers and image acquisition aims to accurately capture changes in tissue Sl, which is
related to changes in concentration of the GBCA over time. Both extracellular and
hepatobiliary contrast agents (HBCA; Gd-EOB-DTPA) have been used for perfusion MR
imaging studies.>3:61-63 Before injecting the contrast agent, a T; quantification acquisition is
performed to determine the baseline tissue signal. This T quantification acquisition is done
by using the variable flip angle technique®4; flip angles in the range of 30° to 60° are
recommended.5°66 This T, quantification acquisition is followed by the actual DCEMR
imaging acquisition: a GBCA (0.1 mmol/kg body weight) is injected through a wide-bore
cannula (20Gor larger) placed in a large antecubital vein using a power injector at a flow rate
of 2 to 4 mL/s, followed by a 20 to 30 mL saline flush. Repeated T1-weighted gradient echo
imaging of the tissue of interest is performed every few seconds. The capillary transit time in
well-perfused organs such as the liver is on the order of 3 to 5 seconds; hence, a sampling
interval of less than 2 seconds per volume is typically required.5467 Multiple volumes are
acquired over a period of 3 to 5 minutes, starting 10 to 20 seconds before contrast injection,
to capture the change in concentration of the GBCA with time.52:53

Meeting the high-spatial and temporal resolution and volumetric coverage goals in a
perfusion DCE-MR imaging examination requires the use of ultrafast MR imaging
techniques. The fast acquisition techniques currently available in clinical practice use
combinations of acceleration technologies as partial Fourier acquisitions,8 view
sharing,6%70 and parallel imaging.”1"2 Abdominal perfusion imaging based on these
technologies has been applied to characterization of focal liver lesions®*73.74 and in
assessing response in liver tumors after antiangiogenic chemotherapy.>%7> However,
dynamic imaging performed with view-sharing techniques involves direct sharing of data
across frames, and thus, each image has a broad temporal footprint. Motion can thus
adversely affect the images, and at least theoretically, the accuracy of perfusion modeling
can also be compromised. Thus, multiple acquisition strategies are under investigation in the
research setting, using non-Cartesian acquisitions, non-Cartesian parallel imaging, and
compressed sensing reconstructions,’6-83
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Images may be acquired during breath-hold or using respiratory triggering so that data are
acquired at the same time in the respiratory cycle. A continuous breath-hold for 3 to 5
minutes of a perfusion scan is clearly impossible—and thus multiple breath-holds may be
used.”®:80 However, this results in gaps in data acquisition, which affect perfusion
calculations. Imaging using respiratory cycle triggering results in lower temporal resolution,
which is inadequate for calculating perfusion parameters.81 A more practical approach is
acquiring data during quiet breathing, followed by use of postprocessing image registration
techniques that align the images to the same level.78:82-85 Thys, ultrafast 3-dimensional
high-resolution techniques that enable free breathing perfusion examinations have become
the subject of cutting-edge work in the field.”6.77.79-82,84-87

Data analysis—The data obtained from a perfusion study can be analyzed in 3 ways:
visual assessment, semiquantitative assessment, or a quantitative analysis.> These
approaches are briefly described in Table 2, along with pros and cons of each approach.
Visual assessment is a qualitative evaluation of enhancement pattern of the lesion by the
radiologist. The semiquantitative methods track change in tissue Sl over time to provide
parameters as time to peak enhancement, maximum enhancement, wash-in slope, washout
slope, arterial perfusion index (defined as proportion of perfusion derived from an artery, for
example, hepatic perfusion index for hepatic artery),”* mean transit time (MTT), and area
under the curve (AUC).88.89 Quantitative methods allow conversion of Sl-time curves to
concentration-time curves, which are then modeled using knowledge of tracer
pharmacokinetics to derive tissue properties as perfusion and permeability.%0 The perfusion
parameters are finally calculated by voxel or region-of-interest (ROI) analysis.

Although multiple methods to model data have been described, most commonly used are
compartment models,5% which are discussed in this review. There is some variability in the
literature regarding usage of the term compartment. Some authors consider vessels
supplying the tissue as one compartment and the extravascular, extracellular space (EES) in
the tissue as a second compartment.’491 Others define vessels as an input and restrict the
term compartment to the EES, where actual exchange of plasma occurs.”>92 In this
discussion, the latter convention is followed. The GBCAs diffuse freely across the blood
vessel wall into the EES. The movement of GBCASs from circulation into the EES and then
back into the venous system for clearance describes the physiologic properties of a tissue or
vascular properties of a lesion. This movement is described in terms of compartment
volumes and rate of transfer of GBCAs between the compartments. As most tracers are not
taken up by cells, v, represents volume of EES per unit volume of tissue. The transfer
constant of GBCA from plasma into EES is called K@ (forward volume transfer constant),
and it depends on tissue permeability and flow. In high-permeability tissues such as liver, it
measures the flow of contrast from the microvasculature into the EES; in high-flow
conditions, it represents the permeability.%3 Finally, the rate constant Kep represents the
return of contrast from the EES to the vessels and is obtained as a ratio of K2 and V. In
most tissues, there is a single artery supplying the tissues—a single-input, single-
compartment model is applied. The compartment model can be adapted according to
variations in the arterial supply in organs and number of tissue compartments perfused: a
dual-input, single-compartment model is often used in the liver where dual input is derived
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from hepatic artery and portal vein and the tissue perfused is liver parenchyma; a single-
input, dual-compartment model is applied in the kidney where input is derived from renal
artery, and glomeruli and tubules form the 2 tissue compartments. Based on the tissue
evaluated and the model used, parameters such as arterial fraction, venous fraction, total
blood flow, distribution volume (DV), MTT, and capillary permeability-surface area product
(PS) can be derived (Fig. 14).

Although quantitative DCE-MR imaging methods have some advantages over visual
assessment or semiquantitative methods, variations in physiologic assumptions made at the
outset and the choice of mathematical models can influence the values of derived
quantitative parameters. Another major limitation is that there are no universally accepted
acquisition methods, mathematical models, and software for calculation of perfusion
parameters. Hence, these methods suffer from poor reproducibility, and it is difficult to
compare results from different studies. Moreover, image acquisition, reconstruction,
registration, and postprocessing techniques for most of the methods described thus far are
complicated and time- and labor-intensive. Current efforts are geared toward development of
standardized image acquisition and data analysis models so that these powerful techniques
can gain wider acceptance in abdominal imaging.

Clinical Applications of Dynamic Contrast-Enhanced-MR Imaging

Liver—Both semiquantitative and quantitative methods have been applied for assessment of
perfusion in liver in various disease states.”3 It has been shown that the hepatic perfusion
index, that is, the fraction of perfusion derived from the hepatic artery, is different in patients
with and without metastases84%4 (see Fig. 14), even when the metastases are not
macroscopically visible.%> Also, metastases were found to have a finite PS and interstitial
space volume, in contrast to normal liver, which has near zero PS and interstitial space
volume.53 Perfusion MR imaging in patients receiving bevacizumab-based chemotherapy for
colorectal cancer metastases to liver revealed that a decrease in K”#™ and kg, ratios
correlated with treatment response as early as 1 week after therapy.%6

HCC is characterized by neoangiogenesis and derives most of its blood supply from the
hepatic artery; this is reflected in the MR perfusion studies as increased hepatic arterial flow,
total blood flow, and PS compared with metastases.>91 DCE-MR imaging has been used as
an imaging biomarker to assess the effectiveness of various treatment modalities. These
changes have been documented with standard cytotoxic therapies,®®>9 radiotherapy,%’ as
well as with use of antiangiogenic drugs as bevacizumab®® and antivascular endothelial
growth factor tyrosine kinase inhibitor sorafenib.>®°7 Various authors have reported
significant changes in perfusion parameters that correlate with treatment response as well as
disease outcome.5559.97 A decrease in K72 was the most useful measure that predicted
prolonged survival.>>38 |t has been suggested that a 40% decrease in K@ correlates with
significant drug effect.%8

Pancreas—Perfusion MR imaging of the pancreas has been performed using radial k-
space sampling gradient-echo sequence with k-space-weighted image contrast.99:100 A
significant difference (A<.0001) was found in K74, ky, and AUC values for pancreatic
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cancer, neuroendocrine tumors, chronic pancreatitis, and normal pancreas'® (Fig. 15). In
addition, it was found that K72 values for pancreatic cancer, and for apparently normal
pancreatic parenchyma adjacent to the tumor, was significantly lower in patients who
developed a recurrence than those who did not. This finding reflects the fact that pancreatic
cancer is a hypovascular tumor and K2 values reflect blood flow. Thus, perfusion MR
imaging has a potential role in the characterization of solid pancreatic masses, which
frequently have overlapping imaging features.

Perfusion MR imaging has also been studied in evaluating response after antiangiogenic
chemotherapy in locally advanced pancreatic cancer; pretreatment K72 and Kep values were
found to be significantly higher in tumors that showed marked response compared with
those that did not respond.50

Cholangiocarcinoma—The utility of perfusion MR imaging in assessing response to
intra-arterial chemotherapy in patients with unresectable, intrahepatic CHC has been
evaluated in a single clinical trial.101 It was found that patients with a higher AUC at 90 and
180 seconds had a longer disease-free survival (Fig. 16). Hence, AUC can be an imaging
biomarker that helps select patients who would benefit the most from intra-arterial
chemotherapy.

ARTERIAL SPIN LABELING

Avrterial spin labeling (ASL) has proven useful to quantify blood flow in brain, prostate, and
renal tumors.102.103 This noncontrast technique allows quantifying blood flow using arterial
water as an endogenous contrast agent. A flow-sensitized image (labeled image) is
subtracted from a control image in order to obtain a difference (subtraction) image, which
reflects the tissue (and lesion) perfusion, as all the signal from the stationary tissue is the
same in both images, and therefore, completely suppressed during the subtraction process.
Water protons of the blood supplying the liver are saturated using a radiofrequency inversion
pulse; when these labeled spins reach the capillaries of the liver, they are exchanged with
tissue water, originating the perfusion signal.

There are different technical approaches such as low-sensitive alternating inversion recovery
(FAIR) and pseudocontinuous ASL acquisitions that permit the detection of flow and its
quantification. Limited experience is accumulated in the upper abdomen because this
technique is complex and very sensitive to breathing artifacts.104-106 Recent data suggest a
role for this technique in the differentiation between solid and cystic liver lesions.107
Furthermore, ASL has been proven useful for therapy monitoring of renal cell carcinoma
treated with antiangiogenic drugs, opening a window for their use for other malignancies of
the upper abdomen1% (Fig. 17).

IH-MAGNETIC RESONANCE SPECTROSCOPY

MR spectroscopy (MRS) can explore in vivo the pathophysiology and metabolism of
tumors. This technique analyzes the tissue chemical composition of different molecules
present in the voxel using nuclei such as phosphorus (31P), carbon (13C), and hydrogen (1H).
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This last nucleus is the only nucleus that is readily analyzed in clinical practice, because it
shows the highest sensitivity and SNR and does not require special hardware or
equipment.198 Box 5 summarizes the main technical characteristics of in vivo 1H-MRS for
liver tumor assessment, which is very challenging.

The detection of a choline peak at 3.2 ppm, a biomarker of tumor proliferation, is consistent
with malignancyl (Fig. 18). In general, the greater the choline peak, the less differentiated
the tumor. In vitro 1H-MRS has shown excellent results in the differentiation of HCC from
cirrhotic liver,110 but these results have not been confirmed for in vivo 1H-MRS of liver
tumors. Increased choline resonances were found in malignant liver tumors compared with
uninvolved liver or benign lesions, but without statistical difference in mean choline/lipid
ratio.109 Conversely, the data from Fischbach and colleagues! showed reduced choline
signal relative to that of water in metastatic lesions, without significant differences between
malignant liver tumors and normal liver. These contradictory data can be due to multiple
contributions to the total choline signal from choline, phosphocholine,
glycerophosphocholine, and taurine, which are different in normal liver and malignant
tumors, but not detectable with 1H-MRS.108 However, preliminary data suggest a possible
role for IH-MRS in therapy monitoring of HCC, as an early drop in choline peak is
identified in responding HCC to TACE.199 The use of multivoxel acquisition, fat
suppression, and 7-T magnets will probably improve these initial results.112

MAGNETIC RESONANCE ELASTOGRAPHY

MR elastography (MRE) has been applied mostly in the detection and grading of liver
fibrosis because this technique allows the assessment of liver parenchyma stiffness. MRE
requires specialized hardware and software, which has limited its clinical use. Low-
frequency (50-60 Hz) mechanical shear waves are generated via an active audio driver
outside the MR suite, which are transmitted to a passive driver placed over the liver. A
modified phase-contrast sequence is used to image the propagating waves (wave image),
which is then processed with an inversion algorithm to generate a quantitative image of
shear stiffness (elastogram) measured in kilopascals. These shear waves propagate more
rapidly in stiffer tissue and more slowly in softer tissue, and as they are applied
continuously, the wavelength is longer in stiffer tissues.

MRE has also been tested for characterization of liver tumors, because malignant tumors
show significantly higher mean shear stiffness than benign ones (Fig. 19). Preliminary data
suggest that cutoff values of 5 kPa accurately differentiated malignant tumors from benign
tumors and normal liver parenchyma.® These results are similar to those obtained using
acoustic radiation-forced imaging elastography. In addition, MRE can also differentiate the
viscoelastic components of liver tumors by analyzing the complex-valued shear modules
separately. Increased viscosity has been reported in malignant liver tumors. Moreover, a
potential role for MRE in the early assessment of tumor response to vascular disrupting
agents and chemotherapy in animal models has been proposed.112 Larger studies are
necessary to confirm these promising preliminary results.
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HEPATOBILIARY CONTRAST AGENTS

HBCAs have both extracellular behavior and a hepatocyte-specific delayed phase, which
improves detection and characterization of focal liver lesions.2> There are 2 commercially
available agents in the United States (Table 3). Gd-EOB-DTPA shows greater hepatocellular
uptake and biliary excretion than gadobenate dimeglumine (Gd-BOPTA), which has resulted
in more extended use and more reported clinical experience in recent years. Table 4
summarizes some key characteristics of both contrast agents.

Boxes 6 and 7 summarize the normal appearance of common solid benign and malignant
focal liver lesions (except hemangioma) and the current clinical applications in oncology of
HBCA, respectively. Currently, HBCA have a defined role in the preoperative assessment of
colorectal cancer liver metastasis, as they increase its detection compared with other imaging
techniques, improving even more their results if they are used in combination with
DWI715.114 (Fig. 20). HB images do not rely on lesion vascularity, which is a significant
advantage in the posttherapeutic setting, as after neoadjuvant chemotherapy the detection
rates of metastases with MR imaging are lowered, although they are still superior to other
imaging methods.1® Hence, the use of Gd-EOB-DTPA provides accurate preoperative
staging and detection rates similar to pretreatment imaging.1®

Both HBCA perform similarly in the detection of HCC,11° with initial data supporting
improvements compared with dynamic MR imaging with GBCAs for the detection of small
HCC (<2 cm)15:118 (Fig. 21). Furthermore, HBCAs help in the staging and histologic
grading of this tumor, although there is still a need for larger multicenter trials to define their
usefulness in this task.”-1> Better defined is the role of these contrast agents in the
differentiation between adenoma and FNH, as their use improves the differentiation of these
2 entities compared with GBCAs!17:118 (Figs. 22 and 23). HBCAs are also of interest in the
postoperative assessment of biliary or traumatic leaks.” More recently, decreased excretion
of Gd-EOBDTPA has been demonstrated in the setting of impaired HB function, which can
be quantified. In this manner, this contrast agent has the potential to assess the risk for liver
failure after major liver resection.113

MULTIPARAMETRIC IMAGING

MR imaging explores different functional and molecular information of HBP malignancies
in a single examination. Therefore, the combination of these different quantitative
parameters can help gain insight into tumor biology. Measurement of changes in tumor
characteristics with treatment can help in therapy monitoring, radiotherapy planning, and
drug development. Furthermore, the combined use of MR imaging-derived parameters with
other functional techniques such as CT perfusion or PET can improve results and will be
enhanced with the use of new hybrid technology such as PET-MR imaging. MPI is in its
infancy, and further research is needed to enhance its role in the management of abdominal
malignancies.
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SUMMARY

Page 13

MR imaging provides multiple imaging biomarkers for the assessment of HBP
malignancies, which can be integrated in a comprehensive protocol tailored to the clinical
problem. These techniques are at various stages of clinical adoption, as many are technically
demanding and lack sufficient standardization and still require further validation. The
potential of all these techniques is enhanced if an MPI approach is used to assess tumor
behavior.
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KEY POINTS

MR imaging provides different multiple imaging biomarkers for the
assessment of hepatobiliary and pancreatic malignancies, which can be
integrated in a comprehensive protocol using a multiparametric
approach.

Diffusion-weighted imaging is now fully embedded in clinical
protocols in the evaluation of abdominal malignancies.

Perfusion MR imaging is technically ready for the clinical arena, with a
promising role in the assessment of response to targeted-therapies.

Magnetic resonance (MR) elastography and H-MR spectroscopy can
be used to assess focal liver lesions, but are still limited to research
centers.

Hepatobiliary contrast agents are widely used in the detection of
metastasis and in the assessment of hepatocellular carcinoma.
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Box 1

Scanning parameters to optimize in diffusion-weighted imaging
acquisitions

Increase SNR

Maintain TE as shortest as possible
Coarse matrix

Use parallel imaging

Simultaneous gradient application
Multiple signal averaging

Reduce artifacts

Optimize fat suppression

Increase bandwidth

Control eddy currents

Avoid areas with susceptibility artifacts

Use respiratory synchronism techniques
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Box 2

Main characteristics of breath-hold and free-breathing diffusion-weighted
sequences

Breath-hold sequence

Limited SNR, spatial resolution, and slice thickness
Prone to distortion and ghosting artifacts

Limited number of b values (usually 2 or 3)

Limited quality of ADC map due to misregistration
Shorter acquisition time

Free breathing sequence

Increased SNR, spatial resolution, and slice thickness
Prone to respiratory artifacts, blurring, and volume averaging
Permit to acquire more b values

Better quality of ADC map

Usually longer acquisition time
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Box 3
Classification of pancreatic cystic lesions
Benign cystic tumors
Serous cystadenoma
Cystic tumors with malignant potential
Mucinous cystic neoplasms (MCN)
Intraductal papillary mucinous neoplasm (IPMN)
Frankly malignant cystic tumors
Cystadenocarcinoma
Intraductal papillary mucinous adenocarcinoma (Malignant IPMN)
Cystic-appearing pancreatic tumors
Solid pseudopapillary neoplasm
Acinar cell cystadenocarcinoma
Lymphangioma
Hemangioma
Paraganglioma
Solid pancreatic lesions with cystic degeneration
Pancreatic adenocarcinoma
Cystic pancreatic neuroendocrine neoplasm (PNET)
Metastasis
Cystic teratoma
Sarcoma
Nonneoplastic cystic lesions
True epithelial cyst
Mucinous nonneoplastic cyst
Pseudocyst

Abscess
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Box 4
Goals of an ideal perfusion MR imaging examination
1. High temporal resolution: To capture ultrafast changes in contrast
concentration in the tissue of interest
2. High spatial resolution: To detect very small lesions (<1 cm in size)
3. Complete volumetric coverage of the organ of interest
4, Methods to account for respiratory motion
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Box 5
1H-MR spectroscopy for liver tumor assessment

Techniques
Stimulated-echo acquisition mode (STEAM)

. Better definition of voxel

. Shorter minimum TE
Point-resolved spectroscopy (PRESS)

. Double SNR than STEAM
Sequence design
3T magnet is preferred
Torso phased-array coil
Automatic or manual shimming
Single-voxel (10-30 mm?) technique: Only a focal area of tissue is explored

Adequate positioning of voxel is critical to avoiding large vessel and areas of tumor
Necrosis

Acquisition with water suppression and without fat suppression
Respiratory motion synchronism or postprocessing correction
Shortcomings

Prone to field inhomogeneities

Prone to motion and other artifacts

Limited spectral resolution

Complex acquisition and postprocessing

Needs of T1 and T2 corrections

Limited clinical experience
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Box 6

Typical MR imaging characteristics of common solid benign and malignant
focal liver lesions with hepatobiliary contrast agent

Focal nodular hyperplasia
Isointense to hypointense on T1-weighted images
Isointense to hyperintense on T2-weighted images

Intense arterial enhancement and isointense to hyperintense to liver in portal venous
phase

Isointense to hyperintense to liver in HB phase

Central scar in 80%, which is hyperintense on T2-weighted sequence and shows delayed
enhancement

Hepatocellular adenoma

Isointense to hyperintense with heterogeneous appearance on T1-weighted images
Variable signal intensity on T2-weighted images

Intense arterial enhancement

Absence of enhancement in HB phase, although in some cases can show variable
enhancement with gadoxetic acid

Fat and hemorrhage can be present

Hepatocellular carcinoma

Variable appearance on T1-weighted images

Isointense to hyperintense on T2-weighted images

Intense arterial enhancement and washout to liver in portal/delayed phases

Hypointense to liver in HB phase, although well-differentiated lesions can show
enhancement

Hypovascular HCC cannot show intense arterial enhancement
Metastasis

Variable appearance on T1-weighted images

Isointense to hyperintense on T2-weighted images

Variable appearance on dynamic series, hypervascular to hypovascular on arterial phase,
with washout in portal venous phase. Similar behavior to primary tumor on DCE-MR
imaging

Absence of enhancement in HB phase
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Modified from Lebedis C, Luna A, Soto JA. Use of magnetic resonance imaging contrast
agents in the liver and biliary tract. Magn Reson Imaging Clin N Am 2012;20(4):715-37.
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Box 7

Main clinical applications of hepatobiliary contrast agents in the
assessment of focal liver lesions

Improved detection of colorectal cancer liver metastasis

. HBCAs have shown improved sensitivity and specificity than
ultrasound, CT, and PET in the detection of liver metastasis

. These results are improved if they are used in combination with DWI

. In a recent meta-analysis including 1900 cases evaluating the detection
of liver metastases, the sensitivity and specificity of gadoxetic acid
were 93% and 95%, respectivelyl14

. A recent consensus paper from a multidisciplinary expert panel stated
that preoperative imaging with gadoxetic acid is of special interest in
the assessment of patients with colorectal liver metastases who are
going to be treated with chemotherapy®

Differentiation of FNH from adenoma

. Pooled sensitivities and specificities on this task are more than 83%
and 95%, respectively, with both HBCAs117.118

Improved detection of HCC

. HBCAs improve diagnostic accuracy and sensitivity in the detection of
HCC compared with multiphase CT

. HBCAs improves the detection of small HCC (<1 cm) compared with
extracellular contrast agents according to preliminary results, although
larger studies are needed to support these data

. According to initial data, the lesser the contrast enhancement during the
HB phase, the higher the HCC aggressiveness

. Although dysplastic nodules mostly show enhancement on HB phase
and not early HCC, there are not enough data to support the use of
HBCA:s for this task

. The role of HBCASs in the assessment of HCC and in its screening in
cirrhotic livers has still to be defined and supported with cost-
effectiveness studies or outcomes

. Hypointense nodules on HB phase, but with atypical enhancement
pattern on DCE acquisition, should be considered suspicious for HCC
and biopsy, or close surveillance is recommended
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Fig. 1.
Techniques of respiratory synchronization in DWI1 of the liver. Notice different SNR and

acquisition time in (A) breath-hold (acquisition time: 120 seconds; 20 seconds per breath-
hold), (B) free-breathing (acquisition time: 80 seconds), and (C) respiratory trigger
(acquisition time: 220 seconds) acquisitions.
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Fig. 2.

D3VI of HCC analyzed with different models of signal decay. (A-C) Precontrast, arterial,
and venous phases of DCE-MR imaging show a large focal liver lesion with heterogeneous
wash-in during arterial phase and posterior washout. (D) DWI with b value of 2000 s/mm?
shows high SI of the lesion and (£) very low ADC value (0.65 x 1073 mm#/s). IVIM model
confirms the restriction of water diffusion of the lesion in the (F) D map with a value of 0.6
x 1073 mm?/s. (G) Increased perfusion fraction (16%) and (4) pseudodiffusion value (D*:
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28.8 x 1073 mm?/s) demonstrate increased flow within the nodule. (/, J) Derived parameters
from DKI show a kurtosis value of 1.1 and mean diffusion kurtosis of 1.4 x 1073 mm?/s.
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Fig. 3.

Brgeast cancer liver metastasis (arrows) detection. (A) Axial turbo spin-echo (TSE) T2-
weighted sequence does not depict a lesion in segment 1Va, which was hardly visualized in
(B) postcontrast portal phase of DCE-MR imaging sequence (arrow). (C-E) Axial DWI with
b values of 0, 50 and 900 s/mm?: notice how the lesion is better visualized (arrows) against a
background liver parenchyma without vessel signal with b value of 50 ssmm2. High Sl on
high b-value image suggests its malignant origin.
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Fig. 4.
Typical behavior on DWI of the most common focal liver lesions (arrows). Paired high b-

value image and corresponding ADC map of (A, B) Simplecyst: ADC value: 2.1 x
10~3mm?/s. (C, D) Hemangioma: ADC value:1.4 x 10~3mm?/s. (£, F) FNH ADC value: 1.5
x 1073 mm?/s. (G, H) Hepatocellular adenoma: ADC value: 0.9 x 1073 mm?/s. (/, J) HCC:
ADC value: 0.65 x 1073 mm?/s. (K, L) Colorectal liver metastasis: ADC value: 0.8 x 1073
mm?/s. (M, N) CHC: ADC value: 0.9 x 1073 mm?/s. Notice the overlap in ADC values
between benign and malignant solid lesions.
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Fig. 5.

Tf?erapy monitoring of breast cancer liver metastasis (arrows) with DWI. (A, B)
Pretreatment DWI with b value of 900 s/mm? and corresponding ADC map show lesions
with true restriction of water motion in segment 1Va. ADC value: 0.48 x 1073 mm?/s. (C, D)
4 months after chemotherapy DWI and ADC map demonstrate partial response with
decrease in size and in Sl in high b-value image, with increase in ADC value up to 1.1 x
1073 mm?/s.
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Fig. 6.

Tf?erapy monitoring of colorectal cancer liver metastasis (arrows) with DWI. (A, B)
Pretreatment DWI with b value of 900 s/mm? and corresponding ADC map show a lesion
with heterogeneous restriction of water motion in segment VII1. High pretreatment ADC
value of 1.5 x 1073 mm?/s suggests poor response to treatment. (C, D) 8 months after
chemotherapy DWI and ADC map demonstrate progression with increase in size and in Sl
on high b-value image and decrease in ADC value: 0.73 x 1073 mm?/s.
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Fig. 7.
Gallbladder carcinoma with DWI. (A) Axial TSE T2-weighted image and (5B) delayed

postcontrast T1 high resolution isotropic volume excitation (THRIVE) show a mural
thickening of the fundus of the gallbladder invading the adjacent hepatic parenchyma.
Notice the presence of multiple lithiasis. (C, D) High b-value DWI with inverted gray-scale
and corresponding ADC map demonstrates restriction of water motion of the mural lesion
(arrow), with low ADC of 1.08 x 103 mm?2/s (ROI).

Magn Reson Imaging Clin N Am. Author manuscript; available in PMC 2017 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Luna et al. Page 38

Fig. 8.
Pancreatic carcinoma (arrows) with DWI. (A) Axial TSE T2-weighted image shows an ill-

defined mass located in the pancreatic head. (B, C) High b-value DWI and corresponding
ADC map demonstrate restriction of water motion of the lesion, with low ADC value: 0.9 x
1073 mm?/s.
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Fig. 9.
Mass-forming chronic pancreatitis (arrowheads). (A, B) DCE-MR imaging during the portal

and delayed phases show a large mass in the pancreatic head with peripheral enhancement
during the portal phase and delayed heterogeneous wash-in. Notice the distal dilatation of
main pancreatic duct due to obstruction (arrow). (C, D) High b-value DWI and
corresponding ADC map demonstrate restriction of water motion of the lesion. Notice how
the limits of the lesion are better depicted on DWI compared with DCE-MR imaging.
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Fig. 10.
Therapy monitoring of pancreatic carcinoma (arrows) with DWI. (A) Pretreatment axial

TSE T2-weighted image depicts a large hyperintense lesion involving the distal aspect of the
body and tail of the pancreas. (B, C) Pretreatment DWI with b value of 1000 s/mm? and
corresponding ADC map show restriction of water motion of the pancreatic tumor with
ADC value of 1.4 x 1073 mm?/s. (D-F) 5 months after chemotherapy TSE T2-weighted,
DWI, and ADC map, respectively, demonstrate stable size of the mass, but with decrease in
Sl on high b-value image and increase in ADC value: 1.8 x 103 mm?/s, indicating partial
response.
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Fig. 11.
PNET. (A) Axial TSE T2-weighted and (B) postcontrast e-THRIVE during the arterial phase

demonstrate a large mass in pancreatic head with vessel involvement. The mass shows high
Sl on T2-weighted image and intense heterogeneous enhancement. (C, D) DWI with b value
of 800 s/mm? (arrow) and corresponding ADC map confirm the aggressiveness of the lesion
with intense restriction of water motion (ADC: 1 x 1073 mm?/s).
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Fig. 12.
Accessory-branch IPMN. (A, B) Axial TSE T2-weighted and coronal thick-slice 2-

dimensional cholangiography demonstrate a cystic mass with small locules and septa in the
pancreatic head. The mass is connected to a secondary branch of the pancreatic duct. (C, D)
DW!I with b value of 800 s/mm? and corresponding ADC map show high signal on high b-
value image (arrow), but absence of true restriction of water motion of the pancreatic tumor
with ADC value of 2.9 x 1073 mm#/s (ROI). This appearance is due to T2 shine-through
effect.
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Fig. 13.
Malignant MCN. (A, B) Axial TSE T2-weighted image and (B) axial postcontrast THRIVE

during the venous phase show a complex cystic lesion with solid peripheral neoplastic
component that shows enhancement and a mural nodule (arrows). (C, D) Diffusion-weighted
image (& 800 mm?2/s) with inverted gray-scale and corresponding ADC map demonstrate
restriction of water motion in the solid mural thickening (arrowhead), with ADC value of
1.04 x 1073 mm?/s. ADC of the cystic component is 2.4 x 1073 mm?2/s (ROIs).
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Fig. 14.
Perfusion modeling in a patient with metastatic adenocarcinoma using 3-dimensional

through-time spiral GRAPPA (generalized autocalibrating partially parallel acquisitions)
acceleration technique with a temporal resolution of 2 seconds (A). Representative
concentration-time curves of both lesion and normal surrounding tissue as shown in the T;-
weighted image (B). Corresponding liver perfusion maps of (C) arterial fraction (AF) should
appear arterial fraction (AF), (D) DV, and (£) MTT. The AF, DV, and MTT for the lesion
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(76.3%, 29.7%, and 58.7 seconds, respectively) were different from surrounding normal
liver parenchyma (35%, 12.6%, and 5.6 seconds, respectively).
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Fig. 15.
DCE-MR imaging in 79 year-old man with pancreatic cancer (arrows). (A) DWI with b

value of 800 s/mm2 shows a pancreatic mass with high signal intensity. (B, C)K"@™ and kg,
parametric maps respectively, obtained using a bicompartmental model from DCE-MR
imaging, show elevated values of both biomarkers, suggesting a potential good response of
this tumor to antiangiogenic drugs.
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Fig. 16.
Perfusion parameters predict survival in patients with unresectable intrahepatic CHC: (A)

Survival curves. Overall survival in patients with AUC 180 above or below the median value
and hepatic progression free survival (HPF) in 3-year versus less than 3-year survivors. (B)
Prechemotherapy DCE-MR imaging with low AUC curve of gadolinium and corresponding
MR imaging show poor contrast enhancement in a less than 3-year survivor, and high AUC
curve of gad-olinium and corresponding MR imaging showing greater contrast enhancement
in a 3-year or greater survivor. PFS, progression-free survival. (From Konstantinidis IT,
DoRKG, Gultekin DH, et al. Regional chemotherapy for unresectable intrahepatic
cholangiocarcinoma: a potential role for dynamic magnetic resonance imaging as an
imaging biomarker and a survival update from two prospective clinical trials. Ann Surg
Oncol 2014;21(8):2675-83. with permission.)
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Fig. 17.
HCC (arrows) shows flow in the subtraction image of FAIR-ASL sequence (A) in a similar

manner to the enhancement showed during the arterial phase (subtraction image) of a DCE-
MR imaging sequence (B).
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Fig. 18.
Assessment of well-differentiated HCC with single-voxel PRESS 1H-MRS, which shows a

peak of choline (Cho) at 3.2 ppm (arrow) and an increase of lipids (peak at 1.3 ppm),
consistent with a malignant lesion.
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Fig. 19.
MRE of HCC (arrows). (A, B) DCE-MR imaging during the arterial and venous phases

shows a nodule with the typical pattern of wash-in/washout. (C, D) Wave and elastogram
maps demonstrate increased stiffness of the lesion with a value of 8.33 kPa, consistent with a
malignant origin. (Courtesy of Alvin C. Silva, MD, Mayo Clinic, Scottdale, AZ.)
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Fig. 20.
Pancreatic cancer liver metastasis with Gd-BOPTA. (A, B) DCE-MR imaging during arterial

and venous phases demonstrates multiple nodules with ring enhancement. (C) The HB phase
permits the depiction of more millimetric metastases (arrows), which appear as hypointense
nodules.
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Fig. 21.
Well-differentiated HCC with Gd-BOPTA. (A, B) DCE-MR imaging during arterial and

venous phases demonstrates a nodule with homogeneous enhancement on arterial phase and
delayed washout (C) The nodule is slightly hypointense to liver parenchyma during the HB
phase.
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Fig. 22.
FNH with Gd-EOB-DTPA. (A, B) DCE-MR imaging during arterial and venous phases

demonstrate a nodule with homogeneous enhancement on arterial phase, presenting a central
hypovascular scar. The nodule becomes isointense to liver in the venous phase with
enhancement of the scar (arrow). (C) Notice heterogeneous enhancement of the nodule
during the HB phase.
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Fig. 23.
Hepatocellular adenoma with Gd-BOPTA. (A, B) DCE-MR imaging during arterial and

venous phases demonstrate a nodule with enhancement on arterial phase and delayed
washout. (C) Notice the absence of enhancement during the HB phase.
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Table 1

MR imaging functional techniques for abdominal tumor evaluation

Tumor Feature MR Imaging Technique

Quantitative Parameters

Cellularity, necrosis, and apoptosis  DWI

ADC

Metabolism 1H-MRS Ratio of choline (ppm) to other metabolites
Angiogenesis DCE-MR imaging KIans ., Ko Vo AUC

Elasticity/stiffness MRE Young’s modulus, shear modulus

Hepatic function HB contrast agents Lesion-to-liver enhancement ratio

Abbreviations: Kgp, rate constant; KIans efflux constant; Ve, volume of extravascular extracellular space; vp, plasma volumen.
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Table 2

Methods of analyzing a perfusion MR imaging examination of the abdomen

Page 56

Method

Description

Disadvantage

Visual assessment

Images acquired in

discrete breath-
hold

phases (early
and/or

late arterial, portal

venous, and one or

more delayed
phases);

enhancement
patterns

of the lesion and

parenchyma
analyzed

by the radiologist

No special
technique required

Fairly accurate
characterization of
lesions

Subjective

Intraobserver and
interobserver
variations

No quantitative
parameters obtained,
so difficult to follow-
up lesions, assess
treatment response
after novel drug
therapies

paramete rs

Semiquantitative Change in Sl over Easy to use . Actual contrast
assessment time is i concentration not
tracked Provides calculated, hence
semiquantitative affected by factors as
metrics of rate of contrast
perfusion injection
. Not a true reflection
of the tissue
perfusion and
permeability
Quantitative assessment  Change in Tissue properties as . Complex
concentration blood flow, postprocessing
of GBCA with interstitial volume, required
time is and permeability .
calculated; are derived * Not available on
mathematic al standard clinical
models Potentially more scanners
i objective
tilsjzﬁ(ej to derive ) . No ur:jiversally
. agreed on
ggng;ﬁ;d mathematical models

to calculate perfusion
parameters
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Table 3

Hepatobiliary contrast agents used for liver MR imaging

Generic Name Abbreviated Name  Trade Name Manufacturer
Gadobenate dimeglumine  Gd-BOPTA Multihance Bracco, Princeton, NJ, USA
Gadoxetic acid Gd-EOB-DTPA Eovist/Primovist  Bayer, Wayne, NJ, USA

Eovist is the trade name in the United States. Primovist is the trade name in the European Union, Australia, and Japan.
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