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Liver magnetic resonance imaging (MR is becoming the gold standard in liver metastasis
detection and treatment response assessment. The most sensitive magnetic resonance
sequences are diffusion-weighted images and hepatobiliary phase images after Gd-EOB-
DTPA. Peripheral ring enhancement, diffusion restriction, and hypointensity on hepatobiliary
phase images are hallmarks of liver metastases. In patients with normal ultrasonography,
computed tomography (CT), and positron emission tomography (PED-CT findings and high
clinical suspicion of metastasis, MRI should be performed for diagnosis of unseen metastasis.
In melanoma, colon cancer, and neuroendocrine tumor metastases, MRI allows confident
diagnosis of treatment-related changes in liver and enables differential diagnosis from primary
liver tumors. Focal nodular hyperplasia—like nodules in patients who received platinum-based
chemotherapy, hypersteatosis, and focal fat can mimic metastasis. In cancer patients with fatty
liver, MRI should be preferred to CT. Although the first-line imaging for metastases is CT, MRI
can be used as a problem-solving method. MRI may be used as the first-line method in patients
who would undergo curative surgery or metastatectomy. Current limitation of MRI is low
sensitivity for metastasis smaller than 3 mm. MRI fingerprinting, glucoCEST MRI, and PET-

MRI may allow simpler and more sensitive diagnosis of liver metastasis.
Semin Ultrasound CT MRI 37:533-548 © 2016 Elsevier Inc. All rights reserved.

Introduction

Liver metastasis, by definition, is a malignant lesion
originating in an organ distant from the liver, which
would secondarily disseminate and grow in the liver. Liver is
avery common site of metastasis. Gastrointestinal tumors such
as neuroendocrine tumors, colorectal cancers, esophageal and
gastric tumors, and pancreatic cancers are among the most
common sources for metastatic disease to the liver. Colorectal
cancers (CRCs) are especially very common, with approx-
imately 50% of the patients would have metastatic liver disease
either at the time of diagnosis or in the follow-up period after
surgical resection.’ Despite advances in surgery, targeted
biologic therapies, and chemotherapy, the survival rates of
patients with liver metastasis are still dismal, with a significant
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portion of these patients dying owing to their metastatic liver
disease.

Disseminations through the portal venous and arterial
systems are the most common routes for metastasis. Once the
tumor cells detach from their original site, they travel into the
vascular system and extravasate into the target organ paren-
chyma and proliferate. They are frequently found as multiple
lesions of different sizes in both liver lobes, and several cancers
often incite desmoplastic reaction when they metastasize, which
gives them their hard consistency.” Often times, internal necrotic
changes give rise to their pseudocystic appearance. Central
fibrous scar formation and capsular retraction (when they are
located close to the liver capsule) may also be detected.”*

Clinical Presentation

Most liver metastases are clinically silent and detected with
cross-sectional imaging. When they are symptomatic, the
disease is most often at an advanced stage and the prognosis
is poor. Metastasis from hormonally active tumors may present
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with symptoms related to the hormonally active metabolites
secreted by the metastatic cells.

Role of Cross-Sectional Imaging
in the Evaluation of Metastatic
Liver Disease

Imaging plays a crucial and integral role in the diagnosis and
monitoring of metastatic liver disease. Several imaging modal-
ities including ultrasonography (US), computed tomography
(CD), positron emission tomography (PET), and PET-CT scans
can be used for this purpose. In this article, we are going to
focus on the role of MRI, which is becoming the gold standard
modality in the diagnosis of hepatic metastases.

MRI for Liver Metastases

MRI offers superior soft tissue resolution, providing several
advantages over other cross-sectional imaging modalities for
the detection and characterization of the focal liver lesions.
This superiority becomes more prominent when it comes to
detection of small-sized metastases. The reported sensitivity of
contrast-enhanced MRI (CE-MRD) is 91%-97% compared with
71%-73.5% for CT.”” The sensitivity of MRI increases,
especially, in the characterization of the lesions deemed to be
“too small to characterize” on multidetector CT studies”
(Fig. 1).

Advanced MRI Techniques

Several new MRI techniques have entered clinical practice in
the past few years, and they have now become essential
components of standard liver MRI protocols.” Diffusion-
weighted imaging (DWI), hepatocyte-specific magnetic
resonance (MR) contrast agents (HSMRCA), MR elastography,
and MR perfusion may be counted among them. For the sake
of brevity, we focus on DWI and HSMRCA. MR elastography
and MR perfusion are less commonly used in clinical practice,
and both are currently in the research realm awaiting trans-
lation into bedside clinical practice. It is highly possible that

they would become part of the routine liver protocols in the
coming years.

DW!I of the Liver

DWI is a technique that can provide tissue contrast based on
the measurement of diffusion properties of the water molecules
within tissue. ' Tt is mainly based on the intravoxel incoherent
motion and provides quantification of the water diffusion and
microcapillary blood perfusion within the tissue in a non-
invasive manner."'

DWI was mainly a tool for neuroimaging; however, it has
become an indispensible part of the liver MRI studies. It is not
only used in the detection of liver lesions but also commonly
used for focal liver lesion characterization and assessment of
treatment response. The technique does not require any IV
contrast use, and its use may be even more helpful in patients
with renal dysfunction. It is quick to perform, with no
significant increase in the overall examination time, and the
image quality is getting better with new refinements in the
technique. Although it is mainly used as a qualitative method,
it also allows quantification, which may provide an objective
parameter, especially in assessing tumor response. Ultimately,
with the use of DWI, one can obtain highly relevant data
regarding the structural tissue changes at cellular level in
a noninvasive manner. DWI may be also helpful for the
evaluation of the response of malignant liver lesions to new
antineoplastic agents, which mainly target the tumor vascu-
larity.” With these agents, the overall hepatic metastasis size
may not change despite highly successfull devascularization
and necrosis of the tumor cells within the metastatic focus. The
addition of hepatocyte-specific agent gadoxetate disodium to
DWI was reported to be superior to DWI alone for detecting
liver metastases from colorectal cancer metastases <1 cm in
diameter.'”

When it was first introduced, DWI was performed
by adding a symmetric pair of diffusion-sensitizing gradients
around the 180° refocusing pulse of a T2-weighted
sequence.” In densely packed environments, water molecules
would not demonstrate any appreciable change in their phases
between the 2 gradients and would, therefore, generate little
difference in the rephasing. In this situation, there would be

Figure 1 A 45-year-old male patient with newly diagnosed pancreatic cancer with subcentimeter liver metastasis. (A) Axial
fat-suppressed T2-weighted image demonstrates 5-mm hyperintense focus in the right liver lobe (arrow). (B) Arterial phase
T1-weighted axial contrast-enhanced MR image shows typical ring enhancement (arrow) with (C) subsequent diffusion
restriction (arrow) on DWI sequence (b = 500).
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minor difference in the underlying T2 signal, resulting in high-
signal intensity in the diffusion-weighted (DW) images.'*'®
The sensitivity of the sequence to water diffusion can be
modified by changing the b factor. By increasing the b value,
the sequence is more sensitized to the diffusion effects, and
DWI is performed by using at least 2 different b values. The
quantitative data from the DWI are reflected in a diffusion
coefficient, also called as apparent diffusion coefficient (ADC,
expressed in mm?/s). Low ADC values represent diffusion
restriction, whereas high ADC values represent areas with low
cellularity and less diffusion restriction.'”'” With the use of
ADC, quantifying the differentiation of cystic lesions from the
solid lesions can become a possibility, allowing noninvasive
diagnosis.'* "

DWI can be performed using breath-hold and free breathing
approaches, and it is generally performed before the injection
of IV gadolinium chelates. However, it has also been reported
that administration of MRI contrast agent before the DWI
sequence may not significantly alter the ADC values."'

Despite all the promising data related to DWI, the imaging
specialists should be aware of its potential limitations and
pitfalls. In its current role, DWI should be mainly used as an
ancillary source of information in addition to data from other
conventional MR sequences.”'

Hepatocyte-Specific Contrast
Agents

Gadolinium chelates used as IV contrast media in MRI studies
are crucial for increasing the sensitivity and specificity of the
liver MRI examinations. With increasing use of MRI for the
liver examinations, several HSMRCAs have been used in
the past. Currently, there are 2 HSMRCAs available for clinical
use, and both are gadolinium-based agents, which overcome
the other shortcomings related to former HSMRCAs. These 2
agents currently used in clinical practice are gadobenate
dimeglumine (Gd-BOPTA, MultiHance; Bracco Diagnostics)
and gadoxetate disodium (Gd-EOB-DTPA, Primovist in

Europe and Eovist in the United States; Bayer Healthcare
Pharmaceuticals). We would mainly focus our discussion on
the use of gadoxetate disodium, as it is more commonly used
for liver-specific MRI examinations and is more hepatocyte
specific when compared with gadobenate dimeglumine. With
the introduction of gadoxetate disodium, the use of MRI has
greatly expanded.

Pharmacokinetics of the
Gadoxetate Disodium

Owing to its unique properties, a brief discussion of the
pharmacokinetics of gadoxetate disodium is warranted. It first
distributes to the extracellular space after IV administration,
and once in the extracellular space, it can either be excreted
from the kidneys through glomerular filtration or taken up by
the hepatocytes and excreted into the intrahepatic biliary
canalicules.” This dual-elimination pathway gives gadoxetate
disodium its hepatocyte-specific aspect. In subjects with
preserved renal and hepatic function, it can be expected that
50% of the injected contrast is eliminated by the liver, whereas
the remaining 50% is by the kidneys.”’ This unique elimi-
nation from the liver can provide valuable information, both
structural and functional. The internalization of the gadoxetate
by the hepatocytes is made possible with the use of a specific
molecule called organic anion transporting polypeptide 1
(OATP-1). After taken up by the hepatocyte, gadoxetate is
then actively transported into the biliary canalicular system,
and this is accomplished via the help of the canalicular
multispecific organic anion transport molecule.””** This same
molecule is also used for the transport of the bilirubin molecule
from the hepatocytes to the biliary canalicules.”” Biliary transit
time is not related to sex, age, body mass index, gastric filling,
and technical variations (1.5 vs 3 T) but to liver function.”” As
both gadoxetate and bilirubin use the same transport protein
(OATP-1) for active transport into the hepatocyte, they both
compete for this transporter molecule. Therefore, in cases of
hyperbilirubinemia, hepatic parenchymal enhancement and

Figure2 A 45-year-old female patient with known breast cancer in clinical remission referred to radiology for abnormal liver
function test results. (A) US study demonstrated parenchymal heterogeneity owing to hypoechoic and hyperechoic areas
with no discernible focal mass. (B) Axial postcontrast venous phase T1-weighted image shows homogenously enhancing
subcapsular areas (asterisks) throughout the liver, and there was also diffusion restriction matching these areas. Biopsy

revealed breast cancer metastasis in the subcapsular areas.
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biliary secretion of the gadoxetate would both decrease.”
It should also be mentioned that given the dual elimination of
the molecule, studies have shown compensation by the
remaining normally functioning elimination route.””** This
physiological compensation may have a role in decreasing the
risk of nephrogenic systemic sclerosis and that administering
gadoxetate in patients with decreased renal function may be
safer than administering extracellular gadolinium chelates.””

Use of Gadoxetate Disodium

Gadoxetate disodium was approved for clinical use in Europe
in 2004, followed by United States in 2008 and Canada in
2010; there has been a massive flush of the literature regarding
its clinical value and use. Several different specialties including
radiology, hepatology, and surgery have contributed to the
accumulation of this massive body of information.

Different studies have demonstrated the superiority of MRI
with hepatocyte-specific contrast agents, in particular gadox-
etic acid, relative to dynamic CT (Fig. 2). This superiority
becomes even more important particularly for the detection
and characterization of small lesions. This particular advantage
of MRI, performed with gadoxetate disodium, is particularly
important in patients who are candidates for curative liver
surgery. "’ In a meta-analysis published in 2012, summariz-
ing the diagnostic performance of gadoxetic acid, reported a
very high sensitivity and specificity, 93% and 95%, respec-
tively, for detection of colorectal liver metastases.”” For the
reasons provided, the expert panel concluded that gadoxetate
disodium—enhanced liver MRI is superior to US, PET, and CT
and, therefore, recommended the use of gadoxetate disodium
in patients who are candidates for surgical resection owing to
liver metastasis’’ (Fig. 3).

Gadoxetate disodium—enhanced liver MRI may also have a
role in the follow-up assessment of hepatic metastases. CT may
be particularly difficult for the follow-up evaluation of the
metastatic liver disease owing to generalized parenchymal
hypodensity and heterogeneity in patients who developed
steatosis and sinusoidal obstruction, both are particularly
common after irinotecan- and oxaliplatin-based regimens.

Figure 4 A 56-year-old woman patient with known breast cancer,
referred for MR imaging for heterogeneity in right lobe on US.
Hepatobiliary phase image shows a few lesions with peripheral
washout (arrow) and central contrast filling (asterisk) most likely
because of central fibrosis within the metastases.

In these patients, the detection and characterization may be
particularly challenging to detect hypoattenuating liver meta-
stases. MRI performed with gadoxetate disodium may be
helpful for resolving this diagnostic conundrum. A meta-
analysis comparing the diagnostic performance of MRI, CT,
PET, and hybrid PET-CT in the preoperative setting revealed
that MRI was the most sensitive modality for the detection of
metastatic liver lesions in patients who have undergone
chemotherapy.” Another prospective analysis revealed the
superiority of gadoxetate disodium—enhanced MRI relative to
CT in the detection of colorectal liver metastases with a
diameter of less than 1 cm in patients with background
hepatosteatosis.”’ For all these reasons provided in the
literature, the expert panel stated that gadoxetate disodium—
enhanced liver MRI may be of particular benefit in the
preoperative assessment of these patients.’”

Hepatic metastases typically demonstrate a ring enhance-
ment on early postcontrast phases, with incomplete centripetal
progression on portal venous and delayed phases.” Peripheral
low-signal-intensity zone or washout on the portal venous or
delayed phases is also considered to be highly specific
for malignancy.”” On hepatobiliary phase, they appear as

Figure 3 A 46-year old female patient with newly diagnosed breast cancer undergoing imaging for initial staging. (A) Axial
fused FDG(18)-PET-CT image demonstrates no evidence of metastatic foci within the liver parenchyma. (B) Axial
T1-weighted hepatobiliary phase MR image (performed 6 days after the initial PET-CT scan) shows several small metastatic
foci (arrows) in the liver parenchyma that was invisible on PET-CT. (Color version of figure is available online.)
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Figure 5 A 55-year-old female patient with colon cancer presented with elevated liver enzymes after chemotherapy.
(A) Axial contrast-enhanced CT shows 7 hypodense subcapsular areas (arrows) in the right lobe, suspicious for metastases.
(B and C) There was a signal drop in these areas (arrows) on out-phase T1-weighted axial MR image compared with in-
phase images (B), consistent with multinodular steatosis.

hypointense as they do not contain functional hepatocytes.
A hypointense rim with a central round hyperintense portion
was reported to be a highly suggestive finding for metastatic
liver lesion on the hepatobiliary phase (Fig. 4).""*

In addition to its use as the single contrast agent for liver
imaging, gadoxetate disodium can also be combined with
gadofosveset trisodium (Ablavar, Lantheus Medical Imaging).
Gadofosveset trisodium is an intravascular contrast agent that
binds transiently to serum albumin, resulting in a steady-state
blood pool for approximately 1 hour.™ The combined use of
gadoxetate disodium and gadofosveset trisodium was reported
to significantly improve the detection of liver metastases and
their differentiation from hemangiomas."*

In liver imaging, 3-T MR scanners are now being commonly
used, and gadoxetate disodium may also be used with high
success in these scanners for detection of liver neoplasms.*

Evaluation of Common Liver
Metastases

Colorectal Cancer Metastases

CRC is a very common cause of morbidity and mortality, and
liver is a very common site for tumor metastasis. Approx-
imately 30% of the cases have metastatic liver disease at initial

presentation, with almost 14.5% of the cases showing develop-
ment of liver involvement during chemotherapy.”**" Early
detection and characterization of liver metastases are of crucial
importance for optimal triage of patients who may benefit from
hepatic resection from those who need chemotherapy, to
improve 5-year survival. ™

Gadoxetate disodium—enhanced MRI is the preferred
modality for the evaluation of liver metastases and was
reported to be more accurate than CT'* (Figs. 5-8). The
superiority of MRI, with incorporation of hepatobiliary phase
and DW images, in detecting hepatic CRC metastasis becomes
more apparent in the setting of hepatic steatosis.”” Lower
recurrence rates in the liver after resection for CRC metastasis
have been reported when hepatobiliary phase MRI was
incorporated into the MRI protocol (48% vs 65%, P = 0.04,
n = 92 hepatobiliary MRI, and n = 150 without).”” In a
recently published trial, it was reported that the use of
gadoxetate disodium may be beneficial for patients with
hepatic CRC metastases. In this study, the use of gadoxetate
disodium did not change the diagnostic workup costs signifi-
cantly compared with MRI studies performed with extracel-
lular MR contrast agents and CE multidetector CT studies.
However, patients assessed with gadoxetate disodium needed
less additional imaging, and based on these results, the authors
suggested that the gadoxetate sodium should be preferred as
initial imaging study to evaluate surgical resectability in

Figure 6 A 74-year-old male patient with colon cancer who underwent posttreatment staging evaluation. The patient has no
known metastatic disease at the time of imaging. (A) Axial contrast-enhanced CT scan demonstrates diffuse fatty liver and a
hypodense lesion (arrow) in the left liver lobe. (B) In-phase axial MR image shows no evident left liver lobe mass. (B) Out-
of-phase MR image shows more signal dropout within the lesionlike area compared with background fatty liver consistent
with hypersteatosis. (Color version of figure is available online.)
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Figure 7 A 55-year old male patient with known colon cancer referred for increased liver enzymes and newly developed
epigastric pain. (A) Axial contrast-enhanced CT image shows mild hypodense demarcation line (arrows) and mild
parenchymal heterogeneity in left liver lobe (asterisk). (B) Corresponding DW image demonstrates widespread diffusion
restriction in the left liver lobe (arrows). (C) Subsequent US-guided biopsy confirmed diffuse parenchymal metastatic
tumor infiltration. Initially, biopsy was refused (after CT examination) owing to normal appearance of left lobe on US;

based on MRI findings, biopsy was performed.

patients with hepatic metastases from CRC.”' Another recently
published research article and consensus report also supported
and recommended, based on the current evidence and
experience, the use of gadoxetate disodium-enhanced liver
MRI as the most accurate imaging modality for preoperative
diagnosis of liver metastases from CRC.”””” The addition of
DWI to the hepatobiliary phase may also improve lesion
detection, especially the ones smaller than 1 cm; however, the
difference was not reported to be statistically significant.'”
Surgical resection is the only potentially definitive treatment
for liver metastases owing to CRC, and with surgery, 5-year
survival rates may increase to 25%-50%. """ The criteria for
surgical resection of hepatic metastases are still an evolving
process, with the aim of achieving complete resection (RO
resection) and leave adequate amount of residual liver paren-
chyma behind.”® Perioperative chemotherapy may be benefi-
cial to patients with resectable and potentially resectable liver
disease. Neoadjuvant chemotherapy may offer eradicating the
micrometastases and assessing chemotherapy responsiveness.
It also allows time to evaluate whether more metastatic disease
would develop in the extrahepatic areas.”” The risk of hepatic
dysfunction owing to chemotherapy-induced steatosis and

sinusoidal obstruction syndrome and loss of the surgical
window should be considered as the potential drawbacks of
this approach. The major determinants of resectability are the
size, number, and distribution of the liver metastases. There-
fore, accurate detection and characterization is of crucial
importance to guide the optimal surgical approach. Informa-
tion regarding the vascular and biliary system is also important
for proper surgical planning. Disappearing metastasis (radio-
logic) may pose diagnostic difficulties as pathologic analysis of
resected liver parenchyma often showed viable tumor cells,
especially at the tumor-liver interface.”” The incidence of this
phenomenon was reported to be between 7% and 24%
depending on the quality and type of preoperative imaging,
As they are a site of recurrence after resection, accurate
mapping of these lesions is crucially important.

The role of liver MRI in patients with newly diagnosed
colorectal cancer is a question remained to be answered.
A report by Han et al. showed that the role of liver MRI in
patients with negative liver findings on CT and patients with
subcentimeter liver lesions that are deemed to be “too-small-to-
characterize” may be limited. In their study, the authors did not
recommend the routine use of liver MRI in this patient group.”

Figure 8 A 60-year-old woman patient with known colon cancer who underwent several cycles of chemotherapy with no
known liver metastasis. (A) Axial contrast-enhanced CT image showed hyperdense wedge-shaped area anterior to the main
portal vein (arrow) in fatty liver suggestive of focal fat sparing. (B) DWI showed focal diffusion restriction (arrow), not
characteristic for focal fatty sparing. Image-guided biopsy revealed metastatic breast cancer.
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Breast Cancer Metastases

Breast cancer is the most common cancer among women, with
an estimation of 1 in 8 women developing breast cancer during
her lifetime.*° Distant metastases are not uncommon, with 50%
of the patients having metastatic disease during the course of the
illness.”"** Metastatic breast cancer portends a poor prognosis,
with a median survival of 2-3 years, with very few (2%)
surviving 20 years after the diagnosis of the metastasis.”"’

Liver is a common site for metastatic disease in patients with
breast cancer, ranking third after bones and the lungs. Liver
metastasis is generally a part of systemic tumor dissemination;
however, isolated hepatic metastasis is also not unexpected; rare
finding is detected in only 4%-5% of the cases.”" Although
systemic chemotherapy, with no curative intent, is the goal for
systemically disseminated disease, the treatment approach to
isolated liver metastasis is different. Liver resection may be a
feasible approach in these patients. Several studies demonstrated
benefit from liver resection in these patients, with a 3-year
survival rates of 50%-75% and a 5-year survival of approx-
imately 18%-61%.°”°" Resection of the chemotherapy-resistant
clones and necrotic tumor, poorly accessible to chemotherapy,
may improve the efficacy of the sytemic therapy.”**” Con-
version of hormonal (positive for expressing progesterone and
estrogen receptors) or human epidermal growth factor receptor
2 (HER2) test results in metastatic breast cancer in the liver,
mostly from positive to negative, is also not uncommon and
may also negatively affect the results of systemic chemother-
apy.”” Surgical therapy for metastatic liver disease from the
breast cancer is emerging as a viable and safe approach in a
subgroup of carefully selected cases, providing a substantial
period of disease-free time which systemic therapy, and its
potential negative consequences can be avoided.”” Overall,
HER2-expressing breast cancers show greater tendency to
metastasize to the liver than the hormone-expressing breast
cancers.”'

Unusual forms are common, and new lesions that have
benign features such as very high T2 signal or steatosislike areas
should be evaluated carefully, and follow up should be
recommended (Fig. 9).

Pretreatment imaging characteristics of liver metastasis from
the breast cancer may provide clues for predicting the tumor
response. It was reported that hypervascularity detected on
dynamic MR imaging may be suggestive of poor treatment
response when compared with hypovascular metastases.

Steatosis, hepatic contour, and signal intensity changes after
chemotherapy may be detected in patients with breast cancer
with liver metastasis (Fig. 10). Diffuse nodularity of the liver,
mimicking cirrhosis, (commonly referred to as “pseudocir-
rhosis”) is not unusual after chemotherapy in hepatic breast
cancer metastases’” (Fig. 11). Multifocal capsular retractions
and enlargement of the caudate lobe, mimicking macro-
nodular cirrhosis, may be seen. The development of portal
hypertension and ascites may be seen in these cases. This
phenomenon is predominantly visualized in cases of breast
cancer metastases and rarely visualized in other hepatic
metastases.” The parenchymal heterogeneity seen in these
patients may pose diagnostic difficulty for detection of residual
or newly developed metastatic disease.

Hepatic Neuroendocrine Tumor Metastases

Neuroendocrine tumors (NETs), mostly (70%) originating
from the gastrointestinal tract, are slow-growing tumors with a
strong propensity to metastasize to the liver.”* As most patients
with liver metastasis die of liver failure, accurate imaging and
assessment of the hepatic metastatic load are mandatory for
optimal treatment approach.

Liver metastases are typically hypovascular and appear
hypointense when compared with liver parenchyma on portal
venous phase images. Breast, lung, colon, and gastric carcino-
mas typicall fall in this category. The enhancement pattern of
hepatic metastases from NETs is characteristically different
from these tumors as they demonstrate earlier enhancement on
arterial phase images with decreased conspicuity on later
phases’” (Fig. 12). Hepatic metastases from renal cell carci-
noma, melanoma, thyroid, choriocarcinoma, and occasionally,
breast cancer may be detected as hypervascular lesions
mimicking NET metastases. NET metastases smaller than

Figure9 A 70-year-old female patient with known breast cancer presented to emergency room with acute jaundice and right
upper quadrant pain. (A) Contrast-enhanced axial CT scan demonstrates hypoattenuating areas in the liver hilum
including segments 2-3, left and caudate lobes as well as parts of segment 5 (arrows). Also note associating mild biliary
dilation in both liver lobes (arrowheads). (B) Axial T2-weighted MR image demonstrates infiltrative lesion in the liver hilum
(arrows) causing biliary dilation (arrowheads). US-guided biopsy revealed metastatic liver disease owing to breast cancer.
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Figure 10 A 62-year-old female patient with known breast cancer, treated with surgery and several cycles of chemotherapy
regimens, was asymptomatic at the time of follow-up imaging. (A) PET-CT showed abnormal FDG-uptake areas in the
central liver areas without any discrete focal lesion. The findings were interpreted to be concerning for infiltrative metastatic
liver disease in the left lobe. (B) In-phase T1-weighted axial MR image demonstrated no focal parenchymal abnormality in
the corresponding area, so was the DWI sequence (not shown). (C) Out-of-phase T1-weighted axial MR image
demonstrates widespread fatty infiltration in central liver (arrows) confirming chemotherapy-associated steatohepatitis

(CASH). (Color version of figure is available online.)

1.5cm may mimick flash-filling hemangiomas as they
both demonstrate arterial phase hyperenhancement with
increased T2 signal.”® One helpful diagnostic clue is the
retention of contrast in the flash-filling hemangiomas as
opposed to washout tendency of hypervascular metasta-
ses.’”"" “Peripheral washout” is another useful sign that refers
to contrast washout from the lesion periphery on delayed CE
images with a resultant target appearance. The rim appears
hypointense relative to the center in these phases. This sign has
been reported to be fairly specific for hypervascular carcinoid
or NET metastases over other pathologic abnormalities.””

In addition to its role in diagnosis and posttreatment follow
up, MRI may also act as an imaging parameter for prognostic
stratification of patients with liver NET metastases. In a study
published by Sommer at al., it was reported that arterial phase
hypervascularization on preradioembolization MR imaging is a
strong predictor of favorable treatment response in addition to
neuron-specific enolase level below the median and a Ki-67
proliferation index <2 %.”

Figure 11 A 69-year-old female patient presented with elevated liver
enzymes after several cycles of chemotherapy. Hepatobiliary phase
T1-weighted image after Gd-EOB-DTPA administration shows
decreased function (hypointense appearance) and capsular retractions
(arrows) consistent with posttreatment pseudocirrhosis.

Hepatic Malignant Melanoma Metastases
Malignant melanoma (MM) is a relatively common and
biologically aggressive tumor. MM frequently metasta-
size to the liver and is detected in 14%-20% of patients in
clinical series,”” even after long latency.”” The early and
timely diagnosis of melanoma is important for predicting
the prognosis in patients with liver metastasis owing
to MM, and 1-year survival in these patients is estimated
at 10%."'

MRI is commonly used in the diagnosis of hepatic MM
metastases and was reported to be more sensitive in detec-
tion than CT and PET,””®” and even noncontrast MR
images appear successful for liver screening in patients with
MM 5283

On precontrast T1-weighted MR imaging, the lesions appear
characteristically hyperintense, because of their melanin con-
tent, and hypointense on T2-weighted images’’ (Fig. 13).
Diffuse melanoma infiltration without any identifiable focal
liver mass and subsequent death owing to fulminant hepatic
failure has also been reported.”

Imaging After Locoregional
Therapy for Liver Metastases

Locoregional treatments with ablative technologies and
intraarterial chemoembolization or radioembolization are
commonly used methods in the treatment of liver meta-
stases. Cross-sectional imaging is the main tool for the
evaluation of early-stage assessment of procedural success
and follow up. US, CT, PET-CT, and MRI may all be used
for this purpose. As other modalities except for MRI is out
of the scope of this article, we focus on the role of MRI.
Subtraction images may be helpful, especially after percu-
taneous ablation, to differentiate true enhancement (sug-
gesting residual or recurrent disease) from postablative
changes.””
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Figure 12 A 55-year-old male patient with known pancreatic neuroendocrine tumor. (A) T2-weighted image demonstrates
metastatic lesions with high-signal intensity (arrows). (B) Arterial phase axial T1-weighted MR image shows the

hypervascular nature of both metastatic lesions (arrows).

Imaging Findings After Ablative
Locoregional Liver Therapy

The imaging specialist should be familiar with the postproce-
dural imaging findings to prevent the potential diagnostic
confusion. Radiofrequency ablation and microwave ablation
are the 2 most commonly used local ablative technologies.

The term “ablation zone” refers to the area undergoing
coagulative necrosis after ablative therapy. This encompassess
the actual tumor zone as well as the 5-10 mm around the
tumor, which is akin to disease-free resection margin aimed
after conventional surgical resection.”’

Heterogenous or peripheral T1 hyperintensity is very
common after ablation, representing hemorrhagic products
and debris, whereas heterogenous hyperintensity is common
in T2-weighted images (Fig. 14). Assessment of contrast
enhancement in the dynamic phase is crucial as this finding
is highly suggestive of local residual disease or recurrence,

Figure 13 A 75-year-old male patient with melanoma. Axial fat-
saturated precontrast T1-weighted image demonstrates multiple
subcentimeter hyperintense lesions (arrowheads) consistent with
melanoma metastases.

depending on the clinical context. Periablation edema and
contrast enhancement is extremely common, especially in the
early postprocedure period, and these findings represent the
granulation and inflammatory changes. Typically, a concentric,
thin rim enhancement, more conspicious on the arterial phase,
is common and is not suspicious for recurrence. This edema
typically persists for 4-9 months.”*" Any asymmetric thick-
ening or nodularity in this peripheral rim is highly suspicious
for local recurrence, and comparison with prior images may be
helpful for the diagnosis.

Transient and persistent biliary dilation, periablation zone
transient perfusion changes, and mild perihepatic hemorrhage
are other common expected findings after ablation.

DWI may be helpful in detecting the local tumor recurrence.
The recurrent viable tumor typically appears as hyperintense
on DW images in contrast to hypointense necrotic dead tissue.
The findings in DWI sequences should be carefully correlated
with the morphologic findings on dynamic CE scans. ADC
maps may also be extremely helpful to differentiate T2 shine-
through effect from true diffusion restriction. Low ADC values
in hyperintense areas on T2-weighted image may represent
viable neoplastic tissue.” "

Transient biliary dilation because of edema and early
inflammatory changes are common after percutaneous abla-
tion; however, persistent dilation over long term is a sign of
procedural biliary system injury and permanent stricture
formation. Injuries to larger biliary channels are fortunately
rare because of the cooling effects (heat-sink) of the adjacent
arteries and veins. Biloma formation may also be seen and
appears as fluid density cystic structure either at the ablation
zone and distant from the original kill zone. Fistulization
between adjacent vascular structures and anatomical third
spaces as well as gallbladder injuries is rare.

Tract seeding during ablation is also very rare. In case of
seeding, the tumor appears similar to the original tumor
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Figure 14 A 55-year-old man with known colon cancer with biopsy-proven liver metastases who underwent follow-up
imaging 2 months after radiofrequency ablation. (A) Precontrast axial T1-weighted image demonstrates central
hyperintensitry (asterisk) consistent with early-phase post-RFA changes within the treated area (arrows).
(B) Postcontrast axial T1-weighted image demonstrates no abnormal enhancement at the ablation area (arrows). RFA,

radiofrequency ablation.

and is located along the needle tract. The development of
the tumor seeding may be catastrophic and may be
difficult to treat. Tumor seeding should be differentiated
from postinflammatory changes and, in relevant clinical
situations, biopsy or follow-up imaging should be recom-
mended. Agressive tumor biology, subcapsular location,
large size electrodes, and multiple repositionings and
punctures are all risk factors.”' "’ Nodular contrast
enhancement on dynamic imaging and diffusion restric-
tion, along the needle path, are both helpful clues for the
diagnosis.

Vascular complications are rare and occur because of either
direct mechanical or indirect thermal injury. Vascular injuries
may manifest as massive hemorrhage or in the form of vascular
fistulization or pseudoaneurysms.

Imaging Findings After
Transarterial Chemotherapy or
Radiotherapy

Intraarterial treatments take advantage of the dual vascular
supply of the liver. As the metastatic foci in the liver mostly

derive their blood supply from hepatic artery and the rest of the
liver from the portal vein, theoretically, by using the trans-
arterial way, the metastases may be selectively treated by
sparing the liver parenchyma. Metastatic liver disease from
several different malignant neoplasms may be treated by
transarterial approaches, but most of the information accumu-
lated is on the treatment of colorectal and neuroendocrine
tumor metastases (Fig. 15). For the technique and proce-
dural details, the interested readers can refer to the article by
Kalva et al.”*

The comparison of the lesion size was used as the main
determinant. However, it is now well known that size alone
cannot be used as the sole criterion for assessing the tumor
response. Given vascular embolization as the underlying
mechanism used in these methods, regression in the vascula-
rization of the target lesions and subsequent lack of enhance-
ment on dynamic T1-weighted MR imaging in addition to
edema and necrosis may also be helpful parameters for
response assessment. Initial enlargement of the target tumor
may also be seen, and this finding may not always represent
tumor progression.””

DWI may also provide helpful information on top of the
morhologic data provided by the conventional MR sequences.

Figure 15 A 53-year-old male patient with biopsy-proven large liver metastasis at the liver dome. (A) Preradiombolization
axial T1-weighted MR image demonstrates predominantly solid large metastatic mass (arrows). (B) Postradioembolization
image shows significant reduction in size and solid-enhancing component of the same lesion (arrows) consistent with

treatment response to Y-90 radioembolization.
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Significant interval increase in the ADC values, representing
decreased cellularity, after treatment may also be used as an
ancillary finding as a parameter of positive treatment response.

Atypical Presentations of Liver
Metastases and Challenging
Findings

Typical imaging findings in metastatic liver disease may not be
challenging to the imagers, and diagnosis is relatively straight-
forward. However, it is well known that liver metastases may
mimick other benign and malignant clinical conditions, and
awareness to these findings is crucial for the right diagnosis.

Diffuse infiltrative metastatic disease may be highly chal-
lenging to recognize in some patients. This pattern is less
common, and hematologic malignancies are known to meta-
stasize in this pattern.”””” Fatal liver failure may develop in
these patients, and the diagnosis of the underlying pathology
may be difficult. US and CT findings may be subtle and
difficult to diagnose, and MRI may be helpful as the problem-
solving technique in problematic cases (Fig. 16). DWI
sequence may be especially helpful and has the potential to
guide the higher yield biopsy by pointing the infiltrated area.

Chemotherapy regimens have diverse effects on the liver,
and some may appear years after therapy. The development of
focal nodular hyperplasia—like lesions and regenerative nod-
ules after chemotherapy (particularly platin containing regi-
mens) and hematopoietic stem cell transplantation is well
known'" (Fig. 17). Incidental detection of these lesions on
follow-up imaging studies may be confusing and has a
potential to misguide the clinical decision-making process.
These lesions typically appear as arterially hyperenhancing
lesions with no definite contrast material washout on dynamic
MRI studies. Delayed-phase central scar enhancement, typical
for focal nodular hyperplasia, may also be seen.

Metastatic liver disease may also mimic primary liver
cholangiocarcinoma clinically when they lodge close to the
liver hilum (Fig. 9). These patients may present with epigastric
and right upper quadrant pain with or without associated

jaundice, and differential diagnosis of metastatic liver disease
from primary cholangiocarcinoma may be difficult without
histopathologic confirmation.

Hepatic steatosis frequently develops after chemotherapy
cycles and is similar to nonalcoholoic steatoshepatitis (also
known as chemotherapy-associated — steatohepatitis)'*’
(Fig. 10). The liver, macroscopically, appears yellow owing
to fatty infiltration of the hepatocytes. In these patients, MRI
may be more helpful for lesion detection and characterization,
as the sensitivity of CT studies may become lower in these
patients.””'"” In addition to lesion detection, MRI may also be
used to quantify fat deposition in the liver parenchyma and
may help assessing the hepatic insult secondary to chemo-
therapy. Focal or diffuse parenchymal fatty infiltration in these
patients may not only morphologically simulate metastatic
liver disease but may also show focal fluorodeoxyglucose
(FDG) uptake'” (Fig. 3). On the contrary, metastatic liver
lesions may also mimic focal parenchymal fatty infiltration or
sparing, which may be easily overlooked (Fig. 8).

Fat may be frequently seen within the liver parenchyma, and
MRI is highly successful for detecting its presence.'”"'"”
However, the presence of fat within the metastatic liver lesions
is not very common, and fat-containing primary tumors
including Wilms tumor, liposarcoma, and renal cell carcinoma
may give rise to fat-containing metastases within the liver
parenchyma (Fig. 16).'%

Role of MRI in Prognosis and
Predicting Response of Liver
Metastases to Chemotherapy

In addition to its high sensitivity in diagnosing liver metastases,
MRI may also have a role, by using DWI and other sequences,
in predicting prognosis and tumor response to chemotherapy.
Kohetal'” have demonstrated in their study that the detection
of high ADC values in pretreatment metastatic liver foci
secondary to CRCs may be an indicator of poor prognosis.
The authors postulated that the presence of necrosis and loss of
cell membrane integrity, causing high ADC values, in the

Figure 16 A 46-year-old female patient with biopsy-proven liposarcoma with a subcentimeter hypodense liver lesions
detected on CT. (A) In-phase axial T1-weighted MR image shows patchy hyperintense areas in the mass (arrows). (B) Out-
of-of phase axial MR image shows signal drop within the mass (asterisk) and the subcentimeter lesion (arrowhead)
confirming presence of fat. Liver lesion was consistent with metastasis of liposarcoma.



A.D. Karaosmanoglu et al.

Figure 17 A 67-year-old female patient with known colon cancer under clinical remission, underwent several cycles of
chemotherapy, was referred for newly detected multiple liver lesions on US. (A) Axial contrast-enhanced CT revealed no
visible lesion in the liver parenchyma. (B) Axial fat-suppressed T2-weighted images showed 2 centrally hyperintense
nodular lesions (arrows) in segment 6. (C) Hepatobiliary phase images show retention of gadoxetate disodium at the
periphery of lesions (arrows) consistent with focal nodular hyperplasia-like lesions owing to oxaliplatin chemotherapy.

pretreatment phase of these metastases may indicate aggressive
biologic behavior (Fig. 18). Poor perfusion, causing necrosis
within the metastatic masses, was also proposed to be
responsible for tumor hypoxia and acidic environment, further
attenuating the tumoricidal effect of the chemotherapy.'”
Contrast-enhanced MRI demonstrates response to systemic
chemotherapy with size and contrast enhancement changes
(Fig. 19).

Future Directions

Several new state-of-art developments in MRI have a potential
of opening new horizons for imaging specialists including
more quantitative approaches in MRI (MR fingerprinting), the
combination of MRI with PET (PET-MRI), and metabolic
approaches such as glucose chemical exchange saturation
transfer (glucoCEST) assessing the glucose metabolism
with MRI.

In MR fingerprinting, the quantitative assessment of the
tissue T1 and T2 relaxivity has a great potential, in addition to
conventional qualitative approaches in MRI assessment. In this
approach,the use of new technique may not only improve the

success rate of detection of liver metastases but also has a
great potential to provide information regarding response to
treatment.'

PET-MRI offers exciting clinical and research opportunities
by combining the superior soft tissue resolution of MRI with
metabolic assessment of the tissues with PET using several
different tracers for molecular targets.''” Compared with
conventional [18F] FDG-PET-CT, PET-MRI was shown to
be more sensitive for the detection of liver metastases.''" This
higher accuracy of PET-MRI over PET-CT may have significant
implications on therapeutic approaches. PET-MRI may also be
helpful for assessing the response to treatment in addition to its
diagnostic capabilities.' "

GlucoCEST technique depends on the greater tendency of
the tumor cells to use anaerobic glycolysis for production of
energy than healthy tissues, a phenomenon known as the
Warburg effect.''” This effect is used in conventional PET-CT
with the use of [18F] FDG molecule. In glucoCEST technique,
MRI is used to to probe the glucose uptake by the tumor cells
without the use of radioactive tracers, by a technique known as
chemical exchange saturation transfer.' ' This technique has a
great potential by offering significant cost reductions by
eliminating the use of radiotracers and logistical hurdles related

Figure 18 A 65-year-old male patient with known colorectal cancer metastases to liver. (A) DWI (b = 500) shows
hyperintense rim (arrowheads) of the metastatic lesions with even more hyperintense central areas (asterisks).
(B) Corresponding ADC map confirms true diffusion restriction in the lesion rims (arrowheads) with central T2
shine-through effect (asterisks) confirming central necrosis in the metastases.
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Figure 19 A 38-year-old male patient with metastatic colon cancer who underwent bevacizumab treatment.
(A) Pretreatment axial portal venous phase CT image demonstrates large lesions (arrows) with internal vascularity.
(B) Posttreatment axial portal venous phase contrast-enhanced MR image shows significant devascularization of the lesions

consistent with treatment response (arrows).

to them. GlucoCEST also has a great potential by eliminating
radiation exposure to oncologic patients who need frequent
imaging in their follow-up.

Conclusion

Metastatic liver disease is very common in the course of cancer.
The presence of hepatic metastatic disease is commonly a sign
of advanced stage malignancy, and early detection and proper
follow up is mandatory for optimal management. Although all
cross-sectional imaging modalities including US, CT, and PET-
CT may be used, MRI appears to be most successful modality
with its superior soft tissue resolution. This advantage of MRI
became even more pronounced with the advances in
hepatocyte-specific contrast agents and new developments in
MRI software and hardware technology.

References

1.

Alberts SR, Wagman LD: Chemotherapy for colorectal cancer liver
metastases. Oncologist 13(10):1063-1073, 2008

. Conti JA, Kendall TJ, Bateman A, et al: The desmoplastic reaction

surrounding hepatic colorectal adenocarcinoma metastases aids tumor
growth and survival via alphav integrin ligation. Clin Cancer Res
14(20):6405-6413, 2008

. Da Ines D, Mons A, Braidy C, et al: Hepatic capsular retraction:

Spectrum of diagnosis at MRI. Acta Radiol Short Rep 3(11), 2014.
2047981614545667

. Da Ines D, Petitcolin V, Lannareix V, et al: Liver capsule retraction

adjacent to a circumscribed liver lesion: Review of 26 cases with
histological confirmation. J Radiol 90(9 Pt 1):1067-1074, 2009

. Chan VO, Das JP, Gerstenmaier JF, et al: Diagnostic performance of

MDCT, PET/CT and gadoxetic acid (Primovist((R)))-enhanced MRI
in patients with colorectal liver metastases being considered for
hepatic resection: Initial experience in a single centre. Ir ] Med Sci
181(4):499-509, 2012

. Sahani DV, Kalva SP, Fischman AJ, et al: Detection of liver metastases

from adenocarcinoma of the colon and pancreas: Comparison of
mangafodipir trisodium-enhanced liver MRI and whole-body FDG
PET. AJR Am ] Roentgenol 185(1):239-246, 2005

. Ward J, Robinson PJ, Guthrie JA, et al: Liver metastases in candidates for

hepatic resection: Comparison of helical CT and gadolinium- and SPIO-
enhanced MR imaging. Radiology 237(1):170-180, 2005

8.

10.

11.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Holalkere NS, Sahani DV, Blake MA, et al: Characterization of small liver
lesions: Added role of MR after MDCT. ] Comput Assist Tomogr 30(4):
591-596, 2006

. Van Beers BE, Daire JL, Garteiser P: New imaging techniques for liver

diseases. ] Hepatol 62(3):690-700, 2015

Kele PG, van der Jagt EJ: Diffusion weighted imaging in the liver. World J
Gastroenterol 16(13):1567-1576, 2010

Taouli B, Ehman RL, Reeder SB: Advanced MRI methods for assessment
of chronic liver disease. AJR Am ] Roentgenol 193(1):14-27, 2009

. Kim HJ, Lee SS, Byun JH, et al: Incremental value of liver MR imaging in

patients with potentially curable colorectal hepatic metastasis detected at
CT: A prospective comparison of diffusion-weighted imaging, gadoxetic
acid-enhanced MR imaging, and a combination of both MR techniques.
Radiology 274(3):712-722, 2015

Liu PS: Liver mass evaluation in patients without cirrhosis: A technique-
based method. Radiol Clin North Am 53(5):903-918, 2015

Guglielmo FF, Mitchell DG, Roth CG, et al: Hepatic MR imaging
techniques, optimization, and artifacts. Magn Reson Imaging Clin N Am
22(3):263-282, 2014

Katabathina VS, Menias CO, Shanbhogue AK, et al: Genetics and
imaging of hepatocellular adenomas: 2011 update. Radiographics 31(6):
1529-1543, 2011

Liu PS, Hussain HK: Contemporary and emerging technologies in
abdominal magnetic resonance imaging. Semin Roentgenol 48(3):
203-213, 2013

Charles-Edwards EM, deSouza NM: Diffusion-weighted magnetic
resonance imaging and its application to cancer. Cancer Imaging
6:135-143, 2006

Bruegel M, Holzapfel K, GaaJ, et al: Characterization of focal liver lesions
by ADC measurements using a respiratory triggered diffusion-weighted
single-shot echo-planar MR imaging technique. Eur Radiol 18(3):
477-485, 2008

Miller FH, Hammond N, Siddiqi AJ, et al: Utility of diffusion-weighted
MRI in distinguishing benign and malignant hepatic lesions. ] Magn
Reson Imaging 32(1):138-147, 2010

Taouli B, Sandberg A, Stemmer A, et al: Diffusion-weighted imaging of
the liver: Comparison of navigator triggered and breathhold acquisitions.
J Magn Reson Imaging 30(3):561-568, 2009

Taouli B, Koh DM, Diffusion-weighted MR: imaging of the liver.
Radiology 254(1):47-66, 2010

Lee NK, Kim S, Lee JW, et al: Biliary MR imaging with Gd-EOB-DTPA
and its clinical applications. Radiographics 29(6):1707-1724, 2009
Ringe KI, Husarik DB, Sirlin CB, et al: Gadoxetate disodium-
enhanced MRI of the liver: Part 1, protocol optimization and lesion
appearance in the noncirrhotic liver. AJR Am J Roentgenol 195(1):13-28,
2010

Cruite I, Schroeder M, Merkle EM, et al: Gadoxetate disodium-enhanced
MRI of the liver: Part 2, protocol optimization and lesion appearance in
the cirrhotic liver. AJR Am J Roentgenol 195(1):29-41, 2010


http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref1
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref1
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref2
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref2
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref2
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref2
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref3
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref3
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref3
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref4
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref4
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref4
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref5
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref5
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref5
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref5
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref5
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref6
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref6
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref6
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref6
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref7
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref7
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref7
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref8
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref8
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref8
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref9
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref9
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref10
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref10
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref11
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref11
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref12
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref12
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref12
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref12
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref12
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref13
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref13
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref14
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref14
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref14
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref15
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref15
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref15
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref16
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref16
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref16
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref17
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref17
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref17
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref18
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref18
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref18
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref18
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref19
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref19
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref19
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref20
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref20
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref20
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref21
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref21
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref22
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref22
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref23
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref23
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref23
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref23
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref24
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref24
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref24

A.D. Karaosmanoglu et al.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Schwope RB, May LA, Reiter MJ, et al: Gadoxetic acid: Pearls and pitfalls.
Abdom Imaging 40(6):2012-2029, 2015

Seale MK, Catalano OA, Saini S, et al: Hepatobiliary-specific MR contrast
agents: Role in imaging the liver and biliary tree. Radiographics 29(6):
1725-1748, 2009

Gschwend S, Ebert W, Schultze-Mosgau M, et al: Pharmacokinetics and
imaging properties of Gd-EOB-DTPA in patients with hepatic and renal
impairment. Invest Radiol 46(9):556-566, 2011

Muhler A, Heinzelmann I, Weinmann H]J: Elimination of gadolinium-
ethoxybenzyl-DTPA in a rat model of severely impaired liver and kidney
excretory function. An experimental study in rats. Invest Radiol 29(2):
213-216, 1994

Fidler J, Hough D: Hepatocyte-specific magnetic resonance imaging
contrast agents. Hepatology 53(2):678-682, 2011

Halavaara J, Breuer J, Ayuso C, et al: Liver tumor characterization:
Comparison between liver-specific gadoxetic acid disodium-enhanced
MRI and biphasic CT—A multicenter trial. ] Comput Assist Tomogr
30(3):345-354, 2006

Hammerstingl R, Huppertz A, Breuer ], et al: Diagnostic efficacy of
gadoxetic acid (Primovist)-enhanced MRI and spiral CT for a therapeutic
strategy: Comparison with intraoperative and histopathologic findings in
focal liver lesions. Eur Radiol 18(3):457-467, 2008

Ichikawa T, Saito K, Yoshioka N, et al: Detection and characterization of
focal liver lesions: A Japanese phase 111, multicenter comparison between
gadoxetic acid disodium-enhanced magnetic resonance imaging and
contrast-enhanced computed tomography predominantly in patients
with hepatocellular carcinoma and chronic liver disease. Invest Radiol
45(3):133-141, 2010

Scharitzer M, Ba-Ssalamah A, Ringl H, et al: Preoperative evaluation of
colorectal liver metastases: Comparison between gadoxetic acid-
enhanced 3.0-T MRI and contrast-enhanced MDCT with histopatho-
logical correlation. Eur Radiol 23(8):2187-2196, 2013

ChenL, ZhangJ, Zhang L, et al: Meta-analysis of gadoxetic acid disodium
(Gd-EOB-DTPA)-enhanced magnetic resonance imaging for the detec-
tion of liver metastases. PLoS One 7(11):e48681, 2012

Jhaveri K, Cleary S, Audet P, et al: Consensus statements from a
multidisciplinary expert panel on the utilization and application of a
liver-specific MRI contrast agent (gadoxetic acid). AJR Am J Roentgenol
204(3):498-509, 2015

van Kessel CS, Buckens CF, van den Bosch MA, et al: Preoperative
imaging of colorectal liver metastases after neoadjuvant chemotherapy: A
meta-analysis. Ann Surg Oncol 19(9):2805-2813, 2012
Berger-Kulemann V, Schima W, Baroud S, et al: Gadoxetic acid-
enhanced 3.0-T MR imaging versus multidetector-row CT in the
detection of colorectal metastases in fatty liver using intraoperative
ultrasound and histopathology as a standard of reference. Eur J Surg
Oncol 38(8):670-676, 2012

Danet IM, Semelka RC, Leonardou P, et al: Spectrum of MRI
appearances of untreated metastases of the liver. AJR Am ] Roentgenol
181(3):809-817, 2003

Mahfouz AE, Hamm B, Wolf KJ: Peripheral washout: A sign of
malignancy on dynamic gadolinium-enhanced MR images of focal liver
lesions. Radiology 190(1):49-52, 1994

Thian YL, Riddell AM, Koh DM: Liver-specific agents for contrast-
enhanced MRI: Role in oncological imaging. Cancer Imaging 13(4):
567-579, 2013

Granata V, Catalano O, Fusco R, et al: The target sign in colorectal liver
metastases: An atypical Gd-EOB-DTPA “uptake” on the hepatobiliary
phase of MR imaging. Abdom Imaging 40(7):2364-2371, 2015

Ha S, Lee CH, Kim BH, et al: Paradoxical uptake of Gd-EOB-DTPA on
the hepatobiliary phase in the evaluation of hepatic metastasis from
breast cancer: Is the “target sign” a common finding? Magn Reson
Imaging 30(8):1083-1090, 2012

Higashihara H, Murakami T, Kim T, et al: Differential diagnosis between
metastatic tumors and nonsolid benign lesions of the liver using
ferucarbotran-enhanced MR imaging. Eur J Radiol 73(1):125-130, 2010

. Bannas P, Bookwalter CA, Ziemlewicz T, et al: Combined gadoxetic acid

and gadofosveset enhanced liver MRI for detection and characterization
of liver metastases. Eur Radiol 2016

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

65.

66.

67.

Costa EA, Cunha GM, Smorodinsky E, et al: Diagnostic accuracy
of preoperative gadoxetic acid-enhanced 3-T MR imaging for
malignant liver lesions by using ex vivo MR Imaging-matched pathologic
findings as the reference standard. Radiology 276(3):775-786,
2015

Mantfredi S, Lepage C, Hatem C, et al: Epidemiology and management of
liver metastases from colorectal cancer. Ann Surg 244(2):254-259, 2006
Taylor I: Adjuvant chemotherapy after resection of liver metastases from
colorectal cancer. Eur J Cancer 44(9):1198-1201, 2008

Fong Y, Fortner J, Sun RL, et al: Clinical score for predicting recurrence
after hepatic resection for metastatic colorectal cancer: Analysis of 1001
consecutive cases. Ann Surg 230(3):309-318, 1999. [discussion 18-21]
Fowler KJ, Saad NE, Linehan D: Imaging approach to hepatocellular
carcinoma, cholangiocarcinoma, and metastatic colorectal cancer. Surg
Oncol Clin N Am 24(1):19-40, 2015

Knowles B, Welsh FK, Chandrakumaran K, et al: Detailed liver-specific
imaging prior to pre-operative chemotherapy for colorectal liver
metastases reduces intra-hepatic recurrence and the need for a repeat
hepatectomy. HPB (Oxford) 14(5):298-309, 2012

Zech CJ, Justo N, Lang A, et al: Cost evaluation of gadoxetic acid-
enhanced magnetic resonance imaging in the diagnosis of colorectal-
cancer metastasis in the liver: Results from the VALUE Trial. Eur Radiol
2016

Merkle EM, Zech CJ, Bartolozzi C, et al: Consensus report from the 7th
International Forum for Liver Magnetic Resonance Imaging. Eur Radiol
26(3):674-682, 2016

Zech CJ, Korpraphong P, Huppertz A, et al: Randomized multicentre
trial of gadoxetic acid-enhanced MRI versus conventional MRI or CT in
the staging of colorectal cancer liver metastases. Br J Surg 101(6):
613-621, 2014

Robertson DJ, Stukel TA, Gottlieb DJ, Sutherland JM, Fisher ES: Survival
after hepatic resection of colorectal cancer metastases: A national
experience. Cancer 115(4):752-759, 2009

Xu LH, Cai SJ, Cai GX, Peng WJ: Imaging diagnosis of colorectal liver
metastases. World J Gastroenterol 17(42):4654-4659, 2011

Adam R, De Gramont A, Figueras J, et al: The oncosurgery approach to
managing liver metastases from colorectal cancer: A multidisciplinary
international consensus. Oncologist 17(10):1225-1239, 2012
Tirumani SH, Kim KW, Nishino M, et al: Update on the role of imaging
in management of metastatic colorectal cancer. Radiographics 34(7):
1908-1928, 2014

Spolverato G, Vitale A, Ejaz A, et al: Hepatic resection for disappearing
liver metastasis: A cost-utility analysis. J Gastrointest Surg 19(9):
1668-1675, 2015

Han K, Park SH, Kim KW, et al: Use of liver magnetic resonance imaging
after standard staging abdominopelvic computed tomography to
evaluate newly diagnosed colorectal cancer patients. Ann Surg 261(3):
480-486, 2015

Jemal A, Siegel R, Ward E, et al: Cancer statistics, 2007. CA Cancer ] Clin
57(1):43-66, 2007

Goldhirsch A, Wood WC, Gelber RD, et al: Progress and promise:
Highlights of the international expert consensus on the primary therapy
of early breast cancer 2007. Ann Oncol 18(7):1133-1144, 2007

Hoe AL, Royle GT, Taylor I: Breast liver metastases—Incidence,
diagnosis and outcome. J R Soc Med 84(12):714-716, 1991

Greenberg PA, Hortobagyi GN, Smith TL, et al: Long-term follow-up of
patients with complete remission following combination chemotherapy
for metastatic breast cancer. J Clin Oncol 14(8):2197-2205, 1996

. Diaz R, Santaballa A, Munarriz B, et al: Hepatic resection in breast cancer

metastases: Should it be considered standard treatment? Breast 13(3):
254-258, 2004

Elias D, Maisonnette F, Druet-Cabanac M, et al: An attempt to clarify
indications for hepatectomy for liver metastases from breast cancer. Am ]
Surg 185(2):158-164, 2003

Maksan SM, Lehnert T, Bastert G, et al: Curative liver resection for
metastatic breast cancer. Eur J Surg Oncol 26(3):209-212, 2000
Pocard M, Pouillart P, Asselain B, et al: Hepatic resection in metastatic
breast cancer: Results and prognostic factors. Eur J Surg Oncol 26(2):
155-159, 2000


http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref25
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref25
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref26
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref26
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref26
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref27
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref27
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref27
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref28
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref28
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref28
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref28
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref29
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref29
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref30
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref30
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref30
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref30
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref31
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref31
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref31
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref31
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref32
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref32
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref32
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref32
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref32
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref32
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref33
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref33
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref33
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref33
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref34
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref34
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref34
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref35
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref35
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref35
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref35
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref36
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref36
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref36
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref37
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref37
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref37
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref37
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref37
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref38
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref38
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref38
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref39
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref39
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref39
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref40
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref40
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref40
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref41
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref41
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref41
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref42
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref42
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref42
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref42
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref43
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref43
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref43
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref44
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref44
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref44
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref45
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref45
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref45
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref45
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref45
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref46
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref46
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref47
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref47
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref48
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref48
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref48
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref49
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref49
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref49
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref50
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref50
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref50
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref50
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref51
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref51
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref51
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref51
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref52
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref52
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref52
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref53
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref53
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref53
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref53
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref54
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref54
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref54
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref55
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref55
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref56
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref56
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref56
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref57
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref57
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref57
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref58
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref58
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref58
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref59
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref59
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref59
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref59
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref60
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref60
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref61
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref61
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref61
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref62
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref62
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref63
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref63
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref63
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref64
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref64
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref64
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref65
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref65
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref65
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref66
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref66
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref67
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref67
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref67

R of liver metastasis

547

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Hoefnagel LD, Moelans CB, Meijer SL, et al: Prognostic value of
estrogen receptor alpha and progesterone receptor conversion in
distant breast cancer metastases. Cancer 118(20):4929-4935,
2012

Senkus E, Cardoso F, Pagani O: Time for more optimism in metastatic
breast cancer? Cancer Treat Rev 40(2):220-228, 2014

Sadot E, Lee SY, Sofocleous CT, et al: Hepatic resection or ablation for
isolated breast cancer liver metastasis: A case-control study with
comparison to medically treated patients. Ann Surg 264(1):147-154,
2016

Chikarmane SA, Tirumani SH, Howard SA, et al: Metastatic patterns of
breast cancer subtypes: What radiologists should know in the era of
personalized cancer medicine. Clin Radiol 70(1):1-10, 2015

Qayyum A, Lee GK, Yeh BM, et al: Frequency of hepatic contour
abnormalities and signs of portal hypertension at CT in patients receiving
chemotherapy for breast cancer metastatic to the liver. Clin Imaging
31(1):6-10, 2007

Kang SP, Taddei T, McLennan B, et al: Pseudocirrhosis in a pancreatic
cancer patient with liver metastases: A case report of complete resolution
of pseudocirrhosis with an early recognition and management. World J
Gastroenterol 14(10):1622-1624, 2008

Farley HA, Pommier RF: Treatment of neuroendocrine liver metastases.
Surg Oncol Clin N Am 25(1):217-225, 2016

Kamaya A, Maturen KE, Tye GA, et al: Hypervascular liver lesions. Semin
Ultrasound CT MR 30(5):387-407, 2009

Burkholz KJ, Silva AC: AJR teaching file: Hypervascular metastasis or
hepatic hemangioma? AJR Am ] Roentgenol 190:553-S56, 2008

Sica GT, Ji H, Ros PR: CT and MR imaging of hepatic metastases. AJR Am
J Roentgenol. 174(3):691-698, 2000

Sommer WH, Ceelen F, Garcia-Albeniz X, et al: Defining predictors
for long progression-free survival after radioembolisation of
hepatic metastases of neuroendocrine origin. Eur Radiol 23(11):
3094-3103, 2013

Rigel DS, Friedman R}, Kopf AW: The incidence of malignant melanoma
in the United States: Issues as we approach the 21st century. ] Am Acad
Dermatol 34(5 Pt 1):839-847, 1996

Satyamoorthy K, Herlyn M: Cellular and molecular biology of human
melanoma. Cancer Biol Ther 1(1):14-17, 2002

Bedikian AY, Legha SS, Mavligit G, et al: Treatment of uveal
melanoma metastatic to the liver: A review of the M. D. Anderson
Cancer Center experience and prognostic factors. Cancer 76
(9):1665-1670, 1995

Ghanem N, Altehoefer C, Hogerle S, et al: Detectability of liver metastases
in malignant melanoma: Prospective comparison of magnetic resonance
imaging and positron emission tomography. Eur J Radiol 54(2):
264-270, 2005

Vogl TJ, Schwarz W, Eichler K, et al: Hepatic intraarterial chemotherapy
with gemcitabine in patients with unresectable cholangiocarcinomas and
liver metastases of pancreatic cancer: A clinical study on maximum
tolerable dose and treatment efficacy. J Cancer Res Clin Oncol 132
(11):745-755, 2006

Shan GD, Xu GQ, Chen LH, et al: Diffuse liver infiltration by melanoma
of unknown primary origin: One case report and literature review. Intern
Med 48(24):2093-2096, 2009

Sainani NI, Gervais DA, Mueller PR, et al: Imaging after percutaneous
radiofrequency ablation of hepatic tumors: Part 1, Normal findings. AJR
Am J Roentgenol 200(1):184-193, 2013

Chopra S, Dodd 3rd GD, Chintapalli KN, et al: Tumor recurrence after
radiofrequency thermal ablation of hepatic tumors: Spectrum of findings
on dual-phase contrast-enhanced CT. AJR Am ] Roentgenol 177(2):
381-387, 2001

Dromain C, de Baere T, Elias D, et al: Hepatic tumors treated with
percutaneous radio-frequency ablation: CT and MR imaging follow-up.
Radiology 223(1):255-262, 2002

Koh DM, Takahara T, Imai Y, et al: Practical aspects of assessing tumors
using clinical diffusion-weighted imaging in the body. Magn Reson Med
Sci 6(4):211-224, 2007

Schraml C, Schwenzer NF, Clasen S, et al: Navigator respiratory-
triggered diffusion-weighted imaging in the follow-up after hepatic

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

radiofrequency ablation-initial results. ] Magn Reson Imaging 29(6):
1308-1316, 2009

Vandecaveye V, De Keyzer F, Nuyts S, et al: Detection of head
and neck squamous cell carcinoma with diffusion weighted MRI
after (chemo)radiotherapy: Correlation between radiologic and
histopathologic findings. Int J Radiat Oncol Biol Phys 67(4):
960-971, 2007

Jaskolka JD, Asch MR, Kachura JR, et al: Needle tract seeding after
radiofrequency ablation of hepatic tumors. J Vasc Interv Radiol 16(4):
485-491, 2005

Livraghi T, Solbiati L, Meloni MF, et al: Treatment of focal liver tumors
with percutaneous radio-frequency ablation: Complications encoun-
tered in a multicenter study. Radiology 226(2):441-451, 2003

Llovet JM, Vilana R, Bru C, et al: Increased risk of tumor seeding after
percutaneous radiofrequency ablation for single hepatocellular carci-
noma. Hepatology 33(5):1124-1129, 2001

Kalva SP, Thabet A, Wicky S: Recent advances in transarterial therapy of
primary and secondary liver malignancies. Radiographics 28(1):
101-117, 2008

Kamel IR, Reyes DK, Liapi E, et al: Functional MR imaging assessment of
tumor response after 90Y microsphere treatment in patients with
unresectable hepatocellular carcinoma. J Vasc Interv Radiol 18(1 Pt 1):
49-56, 2007

Athanasakis E, Mouloudi E, Prinianakis G, et al: Metastatic liver
disease and fulminant hepatic failure: Presentation of a case and
review of the literature. Eur J Gastroenterol Hepatol 15(11):
1235-1240, 2003

Nazario HE, Lepe R, Trotter JF: Metastatic breast cancer
presenting as acute liver failure. Gastroenterol Hepatol (N Y) 7(1):
65-66, 2011

Rowbotham D, Wendon J, Williams R: Acute liver failure secondary to
hepatic infiltration: A single centre experience of 18 cases. Gut 42(4):
576-580, 1998

Wyld L, Gutteridge E, Pinder SE, James ]J, Chan SY, Cheung KL, et al:
Prognostic factors for patients with hepatic metastases from breast
cancer. Br ] Cancer 89(2):284-290, 2003

Yoo SY, Kim JH, Eo H, Jeon TY, Sung KW, Kim HS: Dynamic MRI
findings and clinical features of benign hypervascular hepatic nodules in
childhood-cancer survivors. AJR Am J Roentgenol 201(1):178-184,
2013

‘White MA, Fong Y, Singh G: Chemotherapy-associated hepatotoxicities.
Surg Clin North Am 96(2):207-217, 2016

Lubezky N, Metser U, Geva R, et al: The role and limitations of 18-
fluoro-2-deoxy-D-glucose positron emission tomography (FDG-PET)
scan and computerized tomography (CT) in restaging patients with
hepatic colorectal metastases following neoadjuvant chemotherapy:
Comparison with operative and pathological findings. J Gastrointest
Surg 11(4):472-478, 2007

Kim YH, Kim JY, Jang SJ, et al: F-18 FDG uptake in focal fatty infiltration
of liver mimicking hepatic malignancy on PET/CT images. Clin Nucl
Med 36(12):1146-1148, 2011

Unal E, Karaosmanoglu AD, Akata D, et al: Invisible fat on CT: Making it
visible by MRI. Diagn Interv Radiol 22(2):133-140, 2016
Karcaaltincaba M, Haliloglu M, Akpinar E, et al: Multidetector CT and
MRI findings in periportal space pathologies. Eur J Radiol 61(1):3-10,
2007

Basaran C, Karcaaltincaba M, Akata D, et al: Fat-containing lesions of the
liver: Cross-sectional imaging findings with emphasis on MRI. AJR Am ]
Roentgenol 184(4):1103-1110, 2005

Koh DM, Scurr E, Collins D, et al: Predicting response of colorectal
hepatic metastasis: Value of pretreatment apparent diffusion coefficients.
AJR Am ] Roentgenol 188(4):1001-1008, 2007

Harrison L, Blackwell K: Hypoxia and anemia: Factors in decreased
sensitivity to radiation therapy and chemotherapy? Oncologist 9:31-40,
2004

Chen Y, Jiang Y, Pahwa S, et al: MR fingerprinting for rapid quantitative
abdominal imaging. Radiology 279(1):278-286, 2016

Gavra M, Syed R, Fraioli F, et al: PET/MRI in the upper abdomen. Semin
Nucl Med 45(4):282-292, 2015


http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref68
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref68
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref68
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref68
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref69
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref69
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref70
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref70
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref70
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref70
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref71
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref71
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref71
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref72
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref72
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref72
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref72
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref73
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref73
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref73
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref73
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref74
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref74
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref75
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref75
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref76
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref76
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref77
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref77
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref78
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref78
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref78
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref78
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref79
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref79
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref79
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref80
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref80
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref81
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref81
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref81
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref81
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref82
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref82
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref82
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref82
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref83
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref83
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref83
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref83
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref83
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref84
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref84
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref84
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref85
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref85
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref85
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref86
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref86
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref86
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref86
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref87
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref87
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref87
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref88
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref88
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref88
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref89
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref89
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref89
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref89
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref90
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref90
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref90
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref90
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref90
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref91
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref91
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref91
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref92
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref92
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref92
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref93
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref93
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref93
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref94
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref94
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref94
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref95
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref95
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref95
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref95
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref96
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref96
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref96
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref96
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref97
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref97
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref97
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref98
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref98
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref98
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref99
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref99
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref99
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref100
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref100
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref100
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref100
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref101
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref101
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref102
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref102
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref102
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref102
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref102
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref102
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref103
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref103
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref103
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref104
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref104
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref105
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref105
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref105
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref106
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref106
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref106
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref107
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref107
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref107
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref108
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref108
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref108
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref109
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref109
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref110
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref110

548 A.D. Karaosmanoglu et al.

111. Beiderwellen K, Geraldo L, Ruhlmann V, et al: Accuracy of [18F]FDG 113. Walker-Samuel S, Ramasawmy R, Torrealdea F, et al: In vivo imaging of
PET/MRI for the detection of liver metastases. PLoS One 10(9): glucose uptake and metabolism in tumors. Nat Med 19(8):1067-1072,
e0137285, 2015 2013

112. Partovi S, Kohan A, Rubbert C, et al: Clinical oncologic applications of 114. Ward KM, Balaban RS: Determination of pH using water protons and
PET/MRI: A new horizon. Am ] Nucl Med Mol Imaging 4(2):202-212, chemical exchange dependent saturation transfer (CEST). Magn Reson

2014 Med 44(5):799-802, 2000


http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref111
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref111
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref111
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref112
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref112
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref112
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref113
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref113
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref113
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref114
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref114
http://refhub.elsevier.com/S0887-2171(16)30069-5/sbref114

	Magnetic Resonance Imaging of Liver Metastasis
	Introduction
	Clinical Presentation
	Role of Cross-Sectional Imaging in the Evaluation of Metastatic Liver Disease
	MRI for Liver Metastases
	Advanced MRI Techniques
	DWI of the Liver
	Hepatocyte-Specific Contrast Agents
	Pharmacokinetics of the Gadoxetate Disodium
	Use of Gadoxetate Disodium
	Evaluation of Common Liver Metastases
	Colorectal Cancer Metastases
	Breast Cancer Metastases
	Hepatic Neuroendocrine Tumor Metastases
	Hepatic Malignant Melanoma Metastases

	Imaging After Locoregional Therapy for Liver Metastases
	Imaging Findings After Ablative Locoregional Liver Therapy
	Imaging Findings After Transarterial Chemotherapy or Radiotherapy
	Atypical Presentations of Liver Metastases and Challenging Findings
	Role of MRI in Prognosis and Predicting Response of Liver Metastases to Chemotherapy
	Future Directions
	Conclusion
	References




