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Abstract: Cross-sectional imaging with computed tomography or magnetic resonance imaging
is routinely used to detect and diagnose liver lesions; however, these examinations can provide
additional important information. The improvement of equipment and techniques has allowed
outstanding evaluation of the vascular and biliary anatomy, which is practicable in most routine
examinations. Anatomical variants may exclude patients from certain therapeutic options and
may be the cause of morbidity or mortality after surgery or interventional procedures. Diffuse
liver disease, such as steatosis, hemochromatosis, or fibrosis, must be diagnosed and quantified.
Usually these conditions are silent until the late stages, and imaging plays an important role in
detecting them early. Additionally, a background of diffuse disease may interfere in a focal lesion
systematic reasoning. The diagnostic probability of a particular nodule varies according to the
background liver disease. Nowadays, most diffuse liver diseases can be easily and accurately
quantified by imaging, which has allowed better understanding of these diseases and improved
patient management. Finally, cross-sectional imaging can calculate total and partial liver vol-
umes and estimate the future liver remnant after hepatectomy. This information helps to select
patients for portal vein embolization and reduces postoperative complications. Use of a specific
hepatic contrast agent on magnetic resonance imaging, in addition to improving detection and
characterization of focal lesions, provides functional global and segmental information about
the liver parenchyma.

Keywords: cirrhosis, steatosis, iron overload, vascular anatomy, biliary anatomy, functional
liver remnant

Introduction

Cross-sectional imaging with computed tomography (CT) or magnetic resonance
imaging (MRI) is routinely used to detect and diagnose liver lesions. In addition to
having this important role, CT and MRI provide a wealth of information that is valuable
in the treatment of patients with liver disease. The goal of this review is to describe
state-of-the-art advances, or the highest level of development, in CT and MRI, with
special attention to recent technical innovations for evaluation of the liver beyond
detection and characterization of liver lesions.

Hepatic vascular and biliary anatomical variants are very common. Classic arterial,
portal venous, and hepatic venous anatomy is seen in only 35% of patients. The most
common hepatic artery, portal venous, and hepatic vein patterns are seen in 55%—61%,
65%—-80%, and 50%—60% of people, respectively (Figures 1 and 2).!° Arterial and
hepatic venous variants are more frequent, and each one is present in approximately
40%—-50% of people. The most common variant of the hepatic veins is the accessory
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Figure | Diagram of the portal venous anatomy to the liver.
Notes: This is the most common distribution of the portal vein branches. The left portal vein supplies segments 2, 3, and 4. The right portal vein supplies segments 5-8.

right inferior hepatic vein, which is seen in 47% of people.*¢  patic biliary ducts include draining of the right posterior duct
Portal venous variants are seen in 20%—-35% of cases.' Simi-  to the left hepatic duct (12%—19%) or to the common hepatic
lar to the vascular anatomy, the biliary system has anatomical ~ duct (5%—10%), and trifurcation patterns (9%—11%).%*7

variants. Normal biliary anatomy is present in approximately Presurgical understanding of the vascular and biliary
56%—72% of patients. Common biliary variants of intrahe-  anatomy is essential. For example, when planning a partial
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Figure 2 Diagram of the arterial anatomy to the liver.

Notes: This is the most common distribution of the arterial supply to the liver. The hepatic artery is seen arising from the celiac artery. The right and left gastric arteries
are labeled.
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hepatectomy, understanding the vascular supply of the
remnant liver is required to preserve liver function. In the
setting of vascular and biliary reconstruction, knowledge
of this anatomy is critical.*® Finally, variations in vascular
anatomy may result in denial of a life-saving liver transplant.
Tsang et al evaluated the reasons for patient exclusion from
adult living donor liver transplantation and found that ana-
tomical variations were responsible for exclusion of 10%
of potential donors (5% due to biliary system anatomy, 4%
due to hepatic artery variations, and 1% due to portal vein
alterations).” Anatomical variants may also affect the delivery
of chemotherapy (transarterial chemoembolization), portal
vein embolization, and radioembolization (Y-90 transarterial
embolization).*

Cross-sectional imaging with CT or MRI can provide
information about a patient’s vascular and biliary system
at the same time as evaluation of liver lesions; however, it
requires appropriate techniques. Some anatomical variants
need intravenous contrast agents to be depicted with CT or
MRI. Most commonly, iodinated contrast agents are used
on CT and gadolinium-based agents on MRI, both working
in different ways; the former increases the density where it
is present, resulting in a higher attenuation of the X-ray and
a brighter point on CT image, and the latter causes a slight
increase of the magnetic field adjacent to where it is present
and changes the behavior of the closest water molecules, result-
ing in a brighter point on T1-weighted MRI sequences and a
black point in some T2-weighted images. The several contrast
agents available for CT and MRI contain different molecules
with distinct characteristics, resulting in different behavior.
For example, nonionic contrast agents are less allergenic than
their ionic counterparts. Intravenous contrast agents have an
intravascular, interstitial, and excretory phase. Most contrast
agents used for CT and MRI are eliminated only or mainly by
the kidneys, but some can also be eliminated via the biliary
system, allowing enhancement of the biliary ducts.?*¢7

For many years, CT angiography with intravenous con-
trast has provided excellent images of the arterial and portal
vascular system of the liver (Figure 3).“® Recent technical
developments in CT include application of dual energy CT
(DECT)."® The energy spectra of different materials can be
used to obtain specific material images. In the evaluation
of vessels, DECT with technical parameters set to iodine
material can increase the contrast between the vessel and
the background liver (Figure 3). These CT images, known
as iodine-water images, are obtained with low keV (closer
to 80 keV) imaging parameters. The lower keV results in
increased intensity of iodine relative to other material.
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Figure 3 (A) Axial maximum intensity projection image at the level of the celiac
artery. The common hepatic (hep.), splenic, and right gastric arteries are identified.
(B) Axial “iodine-material” image at the level of the celiac artery. The common hepatic,
splenic, and right gastric arteries are identified. (C) Coronal “iodine-material” image
at the level of the celiac and superior mesenteric arteries. The common hepatic, left
gastric, splenic, and superior mesenteric arteries are identified.
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Magnetic resonance (MR) angiography has also played
an important role in evaluation of the liver vasculature.*
Post-processing techniques, such as subtraction images,
provide improved contrast between the vessel and the
background liver (Figure 4). A technique that is seldom
used in MRI for evaluation of the liver is phase-contrast
imaging (Figure 5). However, phase-contrast images pro-
vide information on the direction of flow and can be very
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Figure 4 (A) Post-gadolinium magnetic resonance axial images of the abdomen
below the level of the celiac artery. The common hepatic (hep.), splenic, and right
gastric arteries are identified. (B) Post-gadolinium magnetic resonance coronal
maximum intensity projection of the abdomen. The common hepatic and splenic
arteries are identified. (C) Post-gadolinium magnetic resonance axial maximum
intensity projection of the abdomen. The common hepatic and splenic arteries are
identified.
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Figure 5 (A) Phase contrast (nongadolinium) magnetic resonance axial images of
the abdomen below the level of the celiac artery. The splenic vein (v.) and portal
confluence are identified. The bright signal shows normal directional flow of the
splenic vein. (B) Post-gadolinium magnetic resonance axial images of the abdomen
below the level of the celiac artery. The splenic vein and portal confluence are
identified. This corresponds to the anatomy seen in (A).

useful for diagnosis of portal hypertension and detection
of hepatofugal flow.

CT angiography is faster than MR angiography and
has higher special resolution; therefore, it is less motion-
sensitive and allows better identification of small vessels.
MR angiography does not require ionizing radiation and uses
a gadolinium-based contrast agent, while CT angiography is
performed with ionizing radiation and uses an iodine-based
contrast agent, which is more allergenic and is reported to
have a transient effect on the kidneys. CT angiography is
better for claustrophobic patients and is more cost-effective
than MR angiography. Contraindications of MR angiography
include pacemakers and some metallic implants.*®

Noninvasive assessment of the biliary tree is possible
by CT cholangiography or MR cholangiography (MRCP).
CT cholangiography can be performed with or without a
biliary-specific contrast agent; however, CT cholangiography
with a biliary-specific agent is seldom performed due to
technical challenges and the need for ionizing radiation.>*’
In CT cholangiography performed using only intravenous
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iodine contrast agent (ie, without biliary-specific contrast
agent), minimum intensity projection reconstruction provides
images that accentuate the voxels with the lowest attenua-
tion (ie, water attenuation from bile), which are measured
in Hounsfield units (HU, Figure 6). These images can be
reconstructed using a 10 mm slab thickness, resulting in
visualization of the anatomy similar to that of endoscopic
retrograde cholangiopancreatography. MRCP yields fluid-
sensitive (T2-weighted) images (Figure 7), and has been
used for more than a decade to depict variants in the biliary
tree.>* For differentiating benign from malignant biliary
obstructions, MRCP has a sensitivity of 70%—87%, specific-
ity of 90%—94%, and accuracy of 85%—91%.!! The addition
of standard MRI sequences to MRCP increases accuracy
and also improves the radiologist’s confidence.!? Recent
studies showed similar diagnostic performance for CT chol-
angiography with minimum intensity projection (sensitivity
of 72%-97%, specificity of 85%-95%, and accuracy of
82%—-96%).!*!* For detecting choledocholithiasis, MRCP has
a sensitivity of 89%—100% and specificity of 83%—100%,
CT cholangiography with biliary-specific contrast has a
sensitivity of 87%—89% and a sensitivity of 96%—-98%, and
CT cholangiography with minimum intensity projection
has a sensitivity of 70% and specificity of 100%.31* MRCP
can better detect gallstones than CT cholangiography with
biliary-specific contrast (with sensitivity of 94% and 78%
and specificity of 88% and 100%, respectively).'

The most recent advances in MRI include novel applica-
tions of hepatobiliary agents to visualize the biliary tree.!”"°

Figure 6 CTCP with minimum intensity projection.

Notes: Cholangiopancreatography with computed tomography allowing visualization
of the biliary and pancreatic duct anatomy. This is a 10 mm coronal oblique reformatted
image with minimum intensity projection. The source images are at 2.5 mm during
the portal venous phase following administration of intravenous contrast. The image
demonstrates the gallbladder (white arrow), the common bile duct (blue arrow), and
the right hepatic duct (orange arrow) and pancreatic (green arrow) duct. The minimum
intensity increases the contrast of fluid.

Abbreviation: CTCP, computed tomographic cholangiopancreatography.

Figure 7 MRCP.

Notes: MRI acquired in a single breath hold (less than 5 seconds) allowing
visualization of biliary and pancreatic duct anatomy. There are gallbladder stones (¥)
and also a choledochal stone (black arrow). There is dilatation of the biliary ducts.
The common bile duct, the right and left hepatic ducts, and the right anterior and
right posterior hepatic ducts are depicted. There is a low confluence of the right and
left hepatic ducts (white arrow).

Abbreviations: MRCP, magnetic resonance cholangiopancreatography; MRI, magnetic
resonance imaging; CBD, common bile duct; LHD, left hepatic duct; RHD, right hepatic
duct; RAHD, right anterior hepatic duct; RPHD, right posterior hepatic duct.

The use of these agents, ie, gadobenate dimeglumine or
gadoxetate dimeglumine, can provide anatomical and
functional information about the biliary tree (Figure 8). An
obstruction of the bile ducts will result in nonexcretion of
contrast through the bile ducts, and this obstruction may be
segmental, subsegmental, or lobar (Figure 9). Excretion of
biliary contrast is dependent on bile duct flow, functional
hepatocytes, and renal function.!”*

Diffuse liver diseases

Diffuse liver diseases are common and, in most cases, can be
identified by cross-sectional imaging. Diffuse liver diseases
include a broad spectrum of pathologies, including steatosis,
hemochromatosis, fibrosis, and cirrhosis. Imaging can detect
some of these diseases before they become clinically appar-
ent. Detection of these diseases has implications with regard
to the morbidity and mortality of various treatments for liver
disease.?*>> Nowadays, liver biopsy is considered the gold
standard for diagnosis and quantification of most diffuse liver
diseases, however, it has limitations that will be discussed below.
These limitations of biopsy probably compromised the actual
known accuracy data of cross-sectional imaging and should be
considered when we compare imaging techniques to biopsy.

Fatty liver disease
Fatty liver disease or steatosis is the most common chronic
liver disease in the USA, and is characterized by accumu-
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Figure 8 MRCP with Gd-EOB-DTPA.

Notes: Magnetic resonance cholangiography acquired in a single breath hold following intravenous administration of Gd-EOB-DTPA (at 20 minutes, 5 mm). (A — D) These
are sequential coronal images from anterior to posterior. There has been a prior right hepatectomy. There is normal enhancement of the liver and excretion of contrast into
the bile ducts, which represents a functional information that this contrast medium can provide. Hepatocytes need to have normal biliary membrane transports to uptake the
contrast media e eliminate it into the biliary tree. There are normal caliber intrahepatic bile ducts (segment Il, white arrow) and common bile duct (green arrow). Metastasis

in segments |l and Il are noted (yellow arrow).

Abbreviations: Gd-EOB-DTPA, gadolinium ethoxybenzyl diethylenetriamine pentaacetic acid; MRCP, magnetic resonance cholangiopancreatography.

lation of triglycerides within the hepatocytes. Its common
causes include obesity, alcohol consumption, and drugs.?>%
Fatty liver disease occurs in approximately 30% of the gen-
eral population, but is more prevalent in obese individuals
and in patients with diabetes or metabolic syndrome. There
had been a recent unfortunate increase in the incidence of
obesity and fatty liver disease in children.*2¢ Fatty liver
disease can range in severity from simple steatosis to
steatohepatitis and cirrhosis, which confers a higher risk
of liver failure and hepatocellular carcinoma (HCC).?"%
Adams et al have shown liver disease to be the third cause
of death in patients with fatty liver disease, after malignancy
and ischemic heart disease, and the increasing prevalence
of fatty liver disease underscores the importance of this
finding.> Fatty liver disease has also been associated with
S-fluorouracil, irinotecan, platinum drugs, and taxanes.
Other chemotherapeutic agents linked to fatty liver disease

are L-asparaginase, dactinomycin, mitomycin C, bleomycin
sulfate, and methotrexate.3*3?

Liver biopsy is considered in many centers as the refer-
ence standard for diagnosis and quantification of fatty liver
disease. However, this technique is invasive, may have sam-
pling errors, and requires subjective visual grading, which can
result in interobserver variation.?>?*33-3¢ Thus, liver biopsy
is not appropriate for screening, longitudinal monitoring, or
evaluation of the treatment response. El-Badry et al showed
that quantification of fat on biopsy was strongly observer-
dependent, was not reproducible, and did not correlate with
computed estimations.*

Cross-sectional imaging has an important role in detection
and quantification of fatty liver disease and also improves
understanding of this condition. On CT, the diagnosis of
fatty liver disease can be suggested by evaluating the liver
attenuation on nonenhanced images, and this evaluation
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Figure 9 MRCP with Gd-EOB-DTPA.

Notes: Magnetic resonance cholangiography acquired in a single breath hold following intravenous administration of Gd-EOB-DTPA (20 minutes, 5 mm). (A — D) These are
sequential coronal images from posterior to anterior. There is a cyst in segment VIII (orange arrow). There is enhancement of the liver, but no contrast in the left bile ducts
(white arrow) or common bile duct (green arrow) due to obstruction of the biliary tree by an infiltrating mass with the transition zone at the distal bile duct.
Abbreviations: Gd-EOB-DTPA, gadolinium ethoxybenzyl diethylenetriamine pentaacetic acid; MRCP, magnetic resonance cholangiopancreatography.

can be subjective or objective. Non-quantitative subjective
analysis of the CT images is done by comparing the visual
attenuation of the liver with that of the spleen (attenuation of
the liver will be lower than that of the spleen) or comparing
the visual attenuation of the liver with that of the hepatic
vessels (the vessels will be brighter than the liver, Figure 10).
This subjective technique has a sensitivity of 88%—95% and
a specificity of 90%-99%.3%37-#

A quantitative objective analysis of CT images can be
performed to assess for steatosis by measuring the hepatic
attenuation in HU. Hepatic attenuation below 48 HU is sug-
gestive of liver steatosis.*>*! Kodama et al found associa-
tions between hepatic attenuation and fatty liver disease of
64.4 HU + 3.1 for 0% steatosis, 59.1 HU £ 7.3 for 1%-25%
steatosis, 41.9 HU + 6.7 for 26%-50% steatosis, and
25.0%15.5 for more than 50% steatosis.*” The hepatic attenu-
ation may be compared objectively with the spleen, where
a liver-to-spleen attenuation ratio of less than 0.8 represents
more than 30% steatosis, with a sensitivity of 73%—82% and

specificity of 100%. A coexisting disease that increases liver
density, like hemochromatosis, can hinder the effects of fat
inside the liver parenchyma and limit the accuracy of CT.340
DECT has been used to evaluate steatosis in animal research,
in which DECT indexes, especially fat (water) concentration,
correlated with histological findings.*?

MRI is one of the most sensitive imaging techniques for
detecting fatty liver disease. Fat accumulation can be evalu-
ated qualitatively or quantitatively, and the most common
technique used is chemical shift imaging. The chemical
shift technique provides images of the liver in which the
signal intensity of the water and fat are added (in-phase) or
subtracted (out-of-phase) from each other. There is a loss
of signal intensity on out-of-phase images when fat and
water are present in the same voxel (Figure 11).3344 For
example, in a voxel with 40% fat and 60% water, the signal
will decrease from 100% (in-phase) to 20% (out-of-phase,
Figure 11). This technique is limited to 50% fat. In a voxel
with 60% fat and 40% water, the signal loss will also be to
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Figure 10 CT image of fatty liver disease.

Notes: Axial nonenhanced CT image showing the liver (¥) with lower attenuation
than the vessels (white arrow). A region of interest was placed in the liver and spleen
(circles). Attenuation of the liver and spleen was 5 HU and 40 HU, respectively, in
keeping with more than 50% fatty liver disease.

Abbreviations: CT, computed tomography; HU, Hounsfield units.

20%, because the chemical shift technique does not differen-
tiate which compound (fat or water) is predominating. This
quantitative calculation is known as the fat signal fraction
(FSF): FSF = (SIP — SOP)/2(SIP), where SIP is the hepatic
signal intensity on in-phase images and SOP is the hepatic
signal intensity on out-of-phase images.*>* In a study of
2,349 patients, none had an FSF greater than 50%.2 It is
important to mention that MRI evaluates the percentage
of fat related to water, while biopsy estimates visually the
percentage of hepatocytes with fat, regardless of the amount
of fat or its relationship to water.**

An MRI technique that expands on the chemical shift
technique is the Dixon method. This technique results in
development of in-phase and out-of-phase images in addi-
tion to water-only and fat-only images (Figure 12).* More
recently, modified Dixon methods applied to fast gradient
echo techniques have been used for evaluation of fatty liver
disease.**#"32 These new techniques allow correction of the
iron overload (see the Iron in the liver section), which is a
partial limitation of chemical shift imaging for detection and
quantification of fatty liver disease.*

The accuracy of MRI for detection and quantification
of fatty liver disease depends on the technique used and
also on the reference standard (usually biopsy), which has
intrinsic problems as already mentioned. In-phase and out-
of-phase MRI techniques have demonstrated high accuracy
for detection of fatty liver disease, with a positive correlation
coefficient of 0.84 with biopsy grade.*3>* However, these
techniques have limitations, especially in patients with iron

QOut-of-phase

Fat

Figure 11 MRI of fatty liver disease.

Notes: Axial TIW in-phase (A) and out-of-phase (B) MRI. There is loss of signal
intensity of the liver in the out-of-phase (-) image relative to the in-phase (+) image
in keeping with steatosis. (C) Graph demonstrating signal loss on the out-of-phase
series. The first bar (1) is the addition of 60% water (green) and 40% fat (blue)
signal, resulting in 100% of signal on the in-phase image. The second bar (2) is the
superposition of water and fat signal on the out-of-phase sequence (60% and 40%,
respectively). The third bar (3) is the net signal from the out-of-phase series (20%),
and it represents the subtraction of water (60%) and fat (40%) signal. Another
hypothetical case with the opposite composition (40% of water and 60% of fat) will
also results in 20% of net signal on the out-of-phase image.

Abbreviations: TIW, Tl-weighted; MRI, magnetic resonance image.

overload and those with cirrhosis (#=0.25).4555 More recent
MRI techniques show fat values that are extremely close to
the actual fat concentration in phantom models, despite the
presence of iron. These techniques have shown a potential
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Figure 12 MRI of the abdomen with the Dixon technique.

Notes: Axial TIW in-phase (A) and out-of-phase (B) images. The 100% fat images (C) and 100% water images (D) are also acquired with the Dixon technique. All these
images are obtained during the same acquisition. Note the homogeneous fat saturation on the 100% water only images (D).

Abbreviations: TIW, Tl-weighted; MRI, magnetic resonance image.

minimum error of less than 1% in comparison with the real
concentration of fat; this potential for error is smaller than
that of the subjective visual pathological scale.?*#7-5

MR spectroscopy is the most accurate method for non-
invasive evaluation of fatty liver disease. MR spectroscopy
quantifies the chemical composition of the hepatic paren-
chyma, detecting fat quantities as low as 0.5%. However,
the acquisition is limited to a localized single voxel, sus-
ceptible to field inhomogeneity, time-consuming, and very
vulnerable to motion artifacts. This technique is not recom-
mended in routine practice, and is reserved for quantification
of small amounts of fat in selected patients. 263543

Iron in the liver

There are many causes of iron overload in the liver, which
can be classified as primary (hereditary hemochromatosis)
or secondary (other causes, especially repeated transfusions).
Primary hemochromatosis is characterized by parenchymal
iron storage, while secondary causes of iron overload are char-
acterized by reticuloendothelial iron deposits first, and only
later, parenchymal iron storage. An excess of iron in the paren-
chymal cells can lead to cellular toxicity and is a risk factor for
cirrhosis and HCC, mainly in primary hemochromatosis. This

risk is increased when there are additional hepatic risk factors.
The signs and symptoms of iron overload might appear late
and be nonspecific, delaying its diagnosis.?7-6?

Hepatic iron magnitude is considered to be the best mea-
sure of total body iron burden. There is a close relationship
between the level of body iron overload and the presence and
severity of organ damage. Patients with iron overload have a
reduced life expectancy if not diagnosed and treated before
organ damage, which is usually present during the clinical
phase of the disease. Life expectancy can be brought back to
normal if an early diagnosis is made and treatment is given, so
early detection and quantification of liver iron overload is criti-
cal, especially before the disease is clinically evident.?*%

Liver biopsy remains the reference standard for the
diagnosis and staging of liver iron overload; however, the
procedure is invasive, evaluates small samples, and has vari-
able results. This variability ranges from 19% in the healthy
liver to 40% in cirrhosis. Further, distribution of iron in the
liver may be irregular because of fibrosis.>”%62-64

On nonenhanced CT examination, iron overload in the
liver may increase the hepatic attenuation (in contrast with
steatosis, in which it is reduced, Figure 13). With a threshold
of 71 HU or more, nonenhanced CT has a sensitivity of 63%
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Figure 13 CT image showing liver iron overload.

Notes: Axial nonenhanced CT image showing the liver with higher attenuation (¥).
A region of interest was placed in the liver and spleen green (circles). Attenuation
of the liver and spleen were 78 HU and 44 HU, respectively. A hepatic attenuation
higher than 71 HU has a specificity of 96% for iron overload. This is in contrast with
the fatty liver seen in Figure 10.

Abbreviations: CT, computed tomography; HU, Hounsfield units.

and a specificity of 96%. A limitation of nonenhanced CT is
that other diffuse liver diseases (eg, Wilson’s disease) may
also increase hepatic attenuation, as can long-term admin-
istration of amiodarone.®®®? Use of iodine-based contrast
does not help in detection of iron in the liver. Finally, there

are promising but limited reports on the use of DECT for
evaluation of iron in the liver.®®

MRI is the best noninvasive method for detecting and
quantifying liver iron overload. This may be due to the
ferromagnetic properties of iron. The MRI technique is
based on loss of signal in the liver on T2* sequences due to
susceptibility effects from the iron. A higher iron overload
results in greater signal loss. This can be evaluated by visual
analysis or may be quantified by different MRI techniques
(Figure 14)5260-63.66-68 MRT with in-phase and out-of-phase
sequences can provide a suggestion of iron overload in the
liver. In most systems, the in-phase sequences will have a
longer time of echo. This longer time to echo results in signal
loss due to iron overload on in-phase images (Figure 15). This
characteristic is in contrast to steatosis, where the out-of-phase
image shows the signal loss, although it is due to a different
mechanism. It is evident that a combination of steatosis and
iron overload can be problematic using in-phase and out-of-
phase series.***> However, there are more recent and better MRI
techniques for iron detection and quantification,33861:6367-70
Alustiza el al compared two MRI techniques, with an area
under the receiver operating characteristic (ROC) curve of
0.887 and 0.958, respectively.® The results demonstrated dif-
ferent accuracy according to the level of iron overload with
a sensitivity and specificity of 86% and 100%, respectively,

Figure 14 MRI showing iron overload.

Notes: Axial TIW in-phase (A) and out-of-phase (B) images. There is loss of signal intensity in the liver on both images; however, the signal drop is more pronounced on the
in-phase (—) image than on the out-of-phase (+) image. This is a result of the longer TE parameter of the former. This results in susceptibility artifact. (C—E) MRI acquisition
used for iron quantification. The TE increases from (C) to (E). There is loss of signal intensity of the liver when the TE is increased, and this reduction is proportional to the
amount of iron within the hepatic parenchyma. In this case, the iron concentration in the liver was |5 mg/g, in keeping with severe hemochromatosis.

Abbreviations: MRI, magnetic resonance image; TIW, T|-weighted; TE, time of echo.
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Figure 15 MRI showing iron overload in the liver and pancreas.

Notes: Axial TIW in-phase image. There is loss of signal intensity of the liver
(white arrow) and pancreas (black arrow), while signal intensity in the spleen (¥)
is preserved. These findings are in keeping with parenchymal iron storage due to
primary iron overload (hereditary hemochromatosis).

Abbreviations: MRI, magnetic resonance image; TIW, T-weighted.

for iron concentrations =85 pumol/g, and of 100% and 81%,
respectively, for iron concentrations =40 pumol/g.% MRI can
also evaluate iron overload in other organs and confirm the
diagnosis of primary hemochromatosis (Figure 15). The pres-
ence of iron overload in the liver and pancreas raises suspicion
for primary hemochromatosis. The spleen is not involved in
primary hemochromatosis unless the patient has received
repeated transfusions.®

Fibrosis and cirrhosis
Liver fibrosis is characterized by excess deposits of extracel-
lular matrix, especially collagen, in response to repetitive
liver injury from various causes. The main causes of liver
fibrosis in the USA are viral infection, nonalcoholic fatty
liver disease, and alcohol consumption. There is an increas-
ing incidence of chronic liver disease and of liver fibrosis in
the USA. Liver fibrosis tends to progress, leading to hepatic
dysfunction, portal hypertension, and ultimately cirrhosis;
and cirrhosis is a risk factor for HCC. This progression was
once considered to be irreversible; however, it has been
shown that liver fibrosis is a dynamic process that can regress
or disappear, especially in early cases. Like the other diffuse
liver diseases previously discussed, liver fibrosis remains
asymptomatic or has mild and nonspecific symptoms over
a long period of time, becoming evident later when there is
cirrhosis and its complications.?7!-7

Biopsy is the current standard reference for diagnosing
and staging liver fibrosis. However, liver biopsy is inva-
sive and expensive, has poor patient acceptance, may have

complications, evaluates small samples, and has sampling
errors. A difference of at least one stage of fibrosis between the
right and left lobe biopsies may be found in 33% of patients
with chronic hepatitis C. The staging system for liver fibrosis
is subjective and does not precisely measure the amount of
fibrosis. Both fibrosis and inflammation have inhomogeneous
distributions in the liver. These aspects make biopsy not ideal
for screening, monitoring, evaluation of treatment response,
or epidemiological research. 277

Use of CT for detection of liver fibrosis is limited to visu-
alization of morphological changes in the liver parenchyma.
For example, nodularity of the liver capsule or segmental or
lobar atrophy suggests fibrosis (Figure 16).2!'"! Conversely,
MRI with hepatobiliary contrast agents can estimate the
degree of fibrosis, reflecting loss of hepatocyte function.
Liver fibrosis will result in a relative decrease in enhancement
of'the liver during the hepatobiliary phase (Figure 17), which
is proportional to the degree of fibrosis; however, there is
overlap between the stages of fibrosis (area under the ROC
curve 0.85, sensitivity 73%, and specificity 87% for F3 and
F4 fibrosis).” Progressive reduction of contrast hepatocyte
uptake according to the Child-Pugh classification has also
been noted.” Although the fibrosis-related decrease in con-
trast enhancement gives information about liver function and
fibrosis, it may reduce the diagnostic efficacy of hepatocellu-
lar contrast agents.”>”” A recent meta-analysis evaluating the
accuracy of MRI with gadoxetate dimeglumine for detection

Figure 16 Axial post-contrast CT image in a patient with cirrhosis.

Notes: The right liver (—) is reduced in size, while the lateral left liver segments (+)
are increased in volume. There is diffuse heterogeneity of the hepatic parenchyma,
nodularity of the liver surface (white arrow), and enlargement of the fissures (white
arrowhead). These findings are in keeping with cirrhosis. Findings of portal hypertension
are also noted: splenomegaly (*), collateral vessels (dark arrows), reduced portal vein
caliber (dark arrowhead), and ascites (a). Residual material from arterial embolization
of a small hepatocarcinoma is present in the right liver (curved white arrow).
Abbreviation: CT, computed tomography.
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Figure 17 MRIs showing cirrhosis.

Notes: (A) Axial pre-contrast and (B) 20 minutes post-contrast with Gd-EOB-DTPA images of a patient with cirrhosis (Child-Pugh score 9). There is diffuse heterogeneity
of the hepatic parenchyma and nodularity of the liver. Enhancement at 20 minutes is barely perceptible. There is also no contrast in the bile ducts. The poor liver function

diminishes the value of the hepatocyte phase.

Abbreviations: Gd-EOB-DTPA, gadolinium ethoxybenzyl diethylenetriamine pentaacetic acid; MRIs, magnetic resonance images.

of HCC showed an area under the ROC curve of 0.98 for
overall HCC, 0.98 for HCC in patients with cirrhosis, and
0.99 for HCC 2.0 cm or smaller in diameter.”

Elastography quantifies the stiffness of a tissue by analyz-
ing the propagation of mechanical waves through it. There are
two main imaging methods for measuring stiffness, ie, MR
and ultrasound. In MR elastography, a driver device is placed
on the abdominal wall adjacent to the liver. This driver
device produces mechanical waves that propagate through
the hepatic tissue, while images are acquired using gradient
echo sequences. The velocity and wavelength of the propa-
gating waves depend on the stiffness of the tissue. Stiffness

Figure 18 MR elastography.

Notes: Axial MR elastogram of the liver. The color corresponds to the propagation
of waves on the MR elastogram. There is no significant fibrosis.

Abbreviation: MR, magnetic resonance.

in the liver increases according to the degree of fibrosis, so
liver fibrosis can be quantified (Figure 18). Liver stiffness
is measured in kilopascals (kPa), and normal liver stiffness
usually is lower than 2.5 kPa,?!-71-73.79-81

MR elastography has a high accuracy for differentiat-
ing normal or FO stage livers from those with other fibrous
stages (=F1) and also for differentiating between the stages
of fibrosis. Clinically significant fibrosis (=F2) can be diag-
nosed with accuracy exceeding 95%, and the differentiation
of cirrhosis (F4) from lesser degrees of fibrosis has an accu-
racy exceeding 98%.41"% Yin et al demonstrated a highly
significant correlation (7’=0.94) between MR elastography
and the stage of fibrosis, with a sensitivity of 98% and sen-
sitivity of more than 99% for differentiating any stage of
liver fibrosis from normal liver tissue, with an area under
the ROC curve of 0.99.% Venkatesh et al reported that MR
elastography had a sensitivity of 96%—100%, a specificity of
92%-100%, and an area under the ROC curve of 0.98-0.99
for differentiating between the stages of fibrosis.”

Cutoff stiffness values for differentiating normal from
fibrotic livers and the stages of fibrosis vary in the literature,
possibly due to inclusion of patients with different etiologies
of fibrosis in most studies.”” In patients with chronic hepatitis
B, using a cutoff value of 2.74 kPa for =F1, 3.2 kPa for =F2,
3.7 kPa for =F3, and 4.33 kPa for F4, an area under the ROC
curve of 0.98-0.99 was achieved.” In patients with nonalco-
holic fatty liver disease, both steatohepatitis and fibrosis cause
an increase in liver stiffness. Patients with isolated fatty liver
disease can be differentiated from those with steatohepatitis +
fibrosis with an accuracy of 93% using a cutoff value of
2.74 kPa.*® MR elastography can detect advanced fibrosis
(F3—F4) in nonalcoholic fatty liver disease with an accuracy

submit your manuscript

112

Dove

Journal of Hepatocellular Carcinoma 2015:2


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove Cross-sectional liver imaging

Figure 19 MRIs showing focal fat.

Notes: Axial T1W in-phase (A) and out-of-phase (B) MRIs. There is a focal area (white arrow) of signal loss on the out-of-phase image related to the in-phase image. It has
a triangular shape and is located in segment IV adjacent to the porta hepatis. The characteristics and position are compatible with focal steatosis.

Abbreviations: MRIs, magnetic resonance images; TIW, Tl-weighted.

Figure 20 MRI showing focal iron.

Notes: Axial porta hepatis in-phase (A) and out-of-phase (B) MRIs. There are many geographic areas of low signal intensity (arrows) scattered within the liver parenchyma.
The loss of signal is more pronounced on in-phase image related to out-of-phase image because of the longer time of echo parameter of the former in keeping with focal
iron deposits.

Abbreviation: MRI, magnetic resonance image.

Figure 21 Radiation changes in the liver.
Notes: Axial computed tomography (A) of the abdomen for simulation of the external radiation dose to the liver. The red central area in the liver corresponds to the

highest dose of radiotherapy. (B) Axial post-Gd-EOB-DTPA magnetic resonance of the liver showing decreased enhancement corresponding to the treated area in (A). The
decreased enhancement is due to the effects of external radiation on the liver function.
Abbreviation: Gd-EOB-DTPA, gadolinium ethoxybenzyl diethylenetriamine pentaacetic acid.
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Figure 22 Liver volumetry.
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Notes: Axial computed tomography (A) of the abdomen with intravenous contrast. The lines demonstrate the demarcation between the right and left liver and between
the segments in the left liver. (B—F) Volumetry for segments 3, 4, 2, |, and the whole liver, respectively.

0f 95% using a cutoff value of 4.15 kPa, and this information
is very important for disease management.®’

Focal liver disease, liver

volumetry, and liver function
There are multiple focal pathological processes in the liver,
besides liver lesions, that will result in decreased uptake of
a hepatobiliary contrast agent. These include fat deposi-
tion (Figure 19), iron deposition (Figure 20), liver fibrosis,
chemotherapy-induced fibrosis, and external radiation changes
(Figure 21). These pathologies can be distinguished from an
underlying liver lesion by combining the image features of the
hepatobiliary images with the other MRI sequences.?¥%
The presence and degree of liver disease has major impli-
cations in the setting of surgical management. Estimation
of the future liver remnant requires measurement of liver
segmental volumes prior to resection. A suboptimal future
liver remnant may necessitate portal vein embolization
before surgery. Routine post-contrast imaging can be used
with the assistance of post-processing software to estimate
the segmental liver volumes (Figure 22). A future liver
remnant of less than 20% in a normal liver or less than 40%
in a cirrhotic liver increases postsurgical morbidity.>!%2
Many studies have shown high correlations between cross-
sectional volumetry and actual liver volume. For example,
in orthotopic liver transplantation, a high correlation was
found between manual CT volumetry and liver volume
(r=0.96).” In living donor transplantation, a correlation
coefficient of 0.92 was shown using manual CT volumetry.**
For partial hepatectomy, a correlation coefficient of 0.92

was found for MRI and 0.88 for CT using semiautomated
software.”

Wibmer et al compared relative liver enhancement during
the hepatobiliary phase of preoperative MRI examinations
with the risk of liver failure after major liver resection.”® When
using the 50-50 criteria for liver failure, the researchers found
a lower median relative liver enhancement in patients with
postoperative liver failure (54.5%) than in patients without
liver failure (125.6%). When the International Study Group of
Liver Surgery criteria for liver failure were used, the median
relative liver enhancement was 136% in patients without liver
failure, 112.5% in those with grade A liver failure, 88.4%
in those with grade B liver failure, and 41.7% in those with
grade C liver failure. These results suggest a relationship
between the degree of enhancement during the hepatobiliary
phase of preoperative MRI and the severity of postoperative
liver failure.”

Conclusion

CT and MRI are routinely used for detection and character-
ization of liver lesions. In addition to routine examination,
novel techniques such as hepatobiliary contrast agents,
DECT, and elastography can provide a wealth of clinically
relevant information that will affect disease management and
potentially the morbidity and mortality of the therapeutic
options used. CT and MRI also have an important role in the
evaluation of vascular and biliary variant anatomy, steatosis,
iron overload, fibrosis, and liver volumetry. The major chal-
lenges of these advanced examinations are standardization
of technique, simplification of execution, and widespread
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dissemination. The combination of novel techniques with

current examination techniques can provide a “one-stop

shop” that can be completed within the time allotted for the
MRI and CT examination.
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