Imaging of Hepatocellular Carcinoma
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7.1 Introduction

Hepatocellular carcinoma (HCC), the sixth most common cancer worldwide, is
a frequent cause of diagnostic liver imaging [1]. It causes approximately
250,000 deaths per year worldwide [2]. Given the high prevalence of the dis-
ease, accurate screening and diagnosis of this tumor are critical for possible
early intervention.

Liver cirrhosis increases the risk of HCC. The annual risk of HCC in
patients with cirrhosis is approximately 1-6% [3]. Although there are a myr-
iad of causative factors for cirrhosis including alcohol, autoimmune hepatitis,
nonalcoholic fatty liver disease, and specific metabolic disorders, hepatitis B
and C are responsible for a majority of causes of cirrhosis and subsequent
HCC [4]. There is evidence to suggest that viral hepatitis is responsible for
75% of HCC worldwide. Given that up to 90% of HCC occurs in patients with
a background of cirrhotic liver disease, screening for HCC in this patient pop-
ulation is critical [4].

7.2  Screening of HCC

The purpose of screening is to allow early detection of HCC in at-risk, asymptom-
atic individuals in order to decrease HCC-related mortality. Since the HCC tumor
doubling time is 6—12 months, the American Association for the Study of Liver
Diseases (AASLD) recommends HCC screening every 6 months. Ultrasound has a
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sensitivity of 65-80% and a specificity of greater than 90% for screening of HCC
[5]. It has replaced serum alpha-fetoprotein (AFP) marker as the predominant
screening test for HCC.

Screening recommendations apply to patients with chronic hepatitis C who have
developed cirrhosis. Some experts also recommend screening HC V-infected patients
who have liver fibrosis but not cirrhosis. HCC surveillance is not recommended in
HCV-infected patients without fibrosis or cirrhosis [6].

Hepatitis B is considered more oncogenic compared to hepatitis C, and, there-
fore, screening recommendations in patients with hepatitis B are more aggressive.
In patients with hepatitis B infection, screening for HCC is recommended in patients
with cirrhosis, patients with family history of HCC, Asian males >40 years, Asian
females >50 years, and Africans >20 years [6].

HCC screening is also recommended in other patients with cirrhosis,
including those with stage 4 primary biliary cirrhosis (PBC), genetic hemo-
chromatosis, alpha 1 antitrypsin deficiency, or other causes of cirrhosis [6].
Surveillance is also performed in patients listed for liver transplantation
because the development of HCC increases the priority of these patients on the
transplant list [5].

Once a small nodule is identified on screening ultrasound, further imaging rec-
ommendations are based on the size of the nodule. If the nodule is less than 1 cm,
repeat ultrasound in 3 months is recommended to assess for stability. If the nodule
increases in size during the 3-month period, further investigation is recommended.
If the initial nodule is greater than 1 cm, evaluation with multiphase multidetector
CT or dynamic contrast-enhanced MRI is recommended [5].

7.3  Altered Hemodynamics

The physiologic and pathologic alterations that occur in a cirrhotic liver are
critical to understanding the imaging findings of HCC. With cirrhosis, the liver
becomes more fibrotic. There is hypertrophy of the caudate lobe (segment I) as
well as the lateral segments of the left hepatic lobe (segments II and III). The
portal blood flow is altered as the portal veins become more tortuous and subse-
quently diminutive, which may ultimately lead to reversal of portal flow. There
are multiple regenerative nodules that emerge as the liver tries to regenerate its
parenchyma. The umbilical vein is recanalized, and multiple varices form in an
effort to divert portal flow away from the liver tissue, which now has increased
parenchymal resistance. With time, dysplastic nodules can emerge, which are
precancerous and can serve as precursors to HCC [7]. Stromal invasion and
alteration of arterial supply to the nodule then occur, allowing the dysplastic
nodule to develop into HCC. While most of the liver is supplied by the portal
system (75%) in normal hepatic physiology, the predominant supply to a HCC
is from the hepatic arterial system. This altered hemodynamic system is the
basis of radiologic imaging as it helps differentiate background liver paren-
chyma from HCC.
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7.4 Ultrasound

As stated previously, ultrasound is the predominant screening tool for
HCC. Unenhanced brightness mode (B-mode) ultrasound is most commonly used
for HCC screening. Additional sonographic tools that can be used in the detection
of HCC are Doppler imaging and contrast-enhanced ultrasound.

HCC does not have a specific appearance on ultrasound (Fig. 7.1). Well-
differentiated HCC less than 3 cm usually appears as a well-circumscribed
hypoechoic mass [8]. There are studies to suggest that small HCCs that are less than
5 cm are hypoechoic on ultrasound approximately 75% of the time [9]. However,
HCC can be hyperechoic or of mixed echogenicity on ultrasound [10]. As the tumor
grows, a hypoechoic rim can develop [11]. The HCC can also become more hetero-
geneous with growth. If there is a fatty component to the tumor, or if there is hemor-
rhage within the tumor, these can lead to a hyperechoic signal as well.

Doppler ultrasound is an adjunct to B-mode ultrasound for detection of
HCC. Approximately 75% of HCC tumors demonstrate internal vascularity on
Doppler ultrasound. This is in contrast to liver metastatic lesions, which

Fig. 7.1 HCC can have variable appearances on ultrasound. (a) Arrow points to a HCC lesion,
which is hyperechoic relative to liver parenchyma. (b) Arrow points to a HCC lesion that is
hypoechoic on ultrasound. (¢) Arrow points to a HCC, which is heterogeneous and large on ultra-
sound. (d) Arrow points to a HCC lesion, which has a target appearance. A target appearance is
used to describe a lesion that has a hyperechoic center and a hypoechoic rim
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demonstrate internal vascularity only approximately 25% of the time [8].
Invasion of the hepatic or portal veins is also strongly suggestive of HCC.

Contrast-enhanced ultrasound (CEUS) is an emerging technique that can poten-
tially detect HCC. The technique involves administration of intravenous contrast
and obtaining images in the arterial, venous, and delayed phases. After administra-
tion of contrast, the arterial phase images are obtained at 15-30 s, the venous phase
images are obtained at 50-80 s, and the delayed phase images are obtained at 180—
240 s [12]. Since HCC obtains most of its blood flow from the hepatic arterial sys-
tem, contrast flows into the tumor in the arterial phase, and the tumor appears
hyperechoic on ultrasound compared to the rest of the liver parenchyma.
Subsequently, when the rest of the liver parenchyma enhances with contrast in the
venous and delayed phases, the contrast within the HCC lesion washes out. This is
because the predominant blood supply to the liver is from the portal veins, while the
tumor predominantly gets its blood supply from the hepatic arteries. The lesion
therefore becomes isoechoic and subsequently hypoechoic compared to the rest of
the liver parenchyma with time.

While this can potentially play an important role in identifying HCC and has an
advantage of avoiding the radiation risk that patients obtain with CT, the AASLD
excludes CEUS as a diagnostic tool in patients with cirrhosis due to its high false
positive rate. There are, however, societies such as the Italian Association for the
Study of the Liver (AISF) who maintain a role for CEUS in identifying HCC nod-
ules that are specifically greater than 1 cm [12].

7.5 Ultrasound Surveillance Algorithm

Although any nodule detected on ultrasound in a patient undergoing surveillance
could potentially represent HCC, there are guidelines by the AASLD for subsequent
management based on size. If a nodule <1 cm is detected on screening ultrasound,
it is suggested that the nodule be followed every 3 months with ultrasound. If it
increases in size within this time period, further imaging using multiphase contrast-
enhanced CT or MRI is recommended. If the nodule initially detected on screening
ultrasound is greater than 1 cm in size, multiphase contrast-enhanced CT or MRI
are directly recommended as the next step in management [5].

7.6 Computed Tomography (CT)

Multiphase CT is an option used to further characterize liver lesions noted on
ultrasound or single-phase CT (Fig. 7.2). After the administration of intravenous
contrast, CT scans are usually performed in the late arterial phase, portal venous
phase, and delayed phase. The arterial phase is usually performed at 15-30 s [13]
and represents the enhancement of the hepatic arteries with some early enhance-
ment of the portal veins. The portal venous phase is performed at approximately
60-80 s and represents enhancement of the entire portal venous system as well
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Fig.7.2 (a) CT of the liver during the arterial phase demonstrates a lesion in the liver dome that
is hyperenhancing relative to the rest of the liver parenchyma. (b) Venous phase demonstrates that
the lesion is hypoenhancing compared to surrounding liver parenchyma. This is referred to as
“washout.” There is a faint area of enhancement around the lesion, which is the pseudocapsule. (¢)
Delayed phase imaging demonstrates persistent washout of the lesion relative to surrounding liver
parenchyma. (d) Initial single-phase scan obtained during the early venous phase, which better
demonstrates the peripherally enhancing pseudocapsule. Collectively, this multiphase exam dem-
onstrates characteristics highly suspicious for HCC, which are arterial enhancement, venous phase
washout, and pseudocapsule formation

as the hepatic veins [14]. A delayed scan is obtained at approximately 3—-5 min
and represents the equilibrium phase when contrast has mostly washed out of the
liver parenchyma.

Hepatocellular carcinoma is an epithelial tumor composed of cells similar to
normal hepatocytes. In the process of hepatocarcinogenesis, there is development of
increased arterial supply to the tumor [7]. The purpose of the late arterial phase
therefore is to identify intrahepatic lesions that demonstrate hypervascularity com-
pared to the rest of the liver parenchyma. Studies have shown that approximately
78% of HCCs demonstrate arterial enhancement [15]. Findings, however, do vary
depending on tumor differentiation and size. Although the majority of HCC lesions
demonstrate hypervascularity regardless of differentiation, moderately differenti-
ated HCCs are noted to have the highest proportion of arterial enhancement. The
number of well-differentiated HCCs demonstrating hyperenhancement is slightly
less, and poorly differentiated HCCs are proportionally the least in terms of arterial
enhancement [15, 16]. The variation of arterial enhancement is again secondary to
the degree of tumoral neoangiogenesis in the various levels of differentiation [15].
Tumoral size also plays a role in the visualization of arterial enhancement. Studies
have shown that arterial enhancement is more commonly found in HCCs that are



120 N. Samreen and J.R. Grajo

1-2.9 cm (70-75%) compared to HCCs that are less than 1 cm (52%) [16]. However,
when tumors significantly increase in size to greater than 5 cm, arterial flow may
diminish, likely secondary to increased cell proliferation causing increased intersti-
tial pressure and regression of neoarteries [7].

There are a few lesions in addition to HCC that also may demonstrate hyperen-
hancement in the arterial phase. These include benign perfusion alterations, small
hemangiomas, small focal nodular hyperplasia-type lesions, atypical cirrhotic or
dysplastic nodules, atypical focal/confluent fibrosis, and other malignancies such as
small intrahepatic cholangiocarcinomas or hypervascular metastases such as neuro-
endocrine tumors [14]. Additionally, since HCC commonly occurs on a background
of cirrhosis or chronic hepatitis where arterioportal shunting is common, a large
majority of focal enhancing areas less than 2 cm that are only identified on the arte-
rial phase and are predominantly wedge shaped and subcapsular are actually non-
neoplastic [14]. The other phases of multiphase CT therefore are important to
further characterize lesions that are hyperenhancing in the arterial phase and well as
to identify HCC lesions that may not arterially enhance.

The portal venous phase and delayed phases also play a critical role in the evalu-
ation of HCC. HCC predominantly (approximately 72% of the time) demonstrates
a washout pattern on these two phases, which means it is hypoenhancing compared
to the rest of the background liver parenchyma [15]. This occurs because, with
hepatocarcinogenesis, there is a decrease in the number of portal tracts that contain
the portal veins. This leads to a gradual decrease in blood flow to the tumor during
the portal venous phase. The reduction in portal flow parallels the progression of
HCC such that the more advanced the HCC, the more likely it is to have reduced or
absent portal blood flow [15].

As with arterial phase imaging, tumoral differentiation plays a role in the imag-
ing pattern of HCC during the portal venous and delayed phases. Moderately dif-
ferentiated and poorly differentiated HCCs are more likely to demonstrate washout
on these phases (75-76%, respectively). This is in contrast to well-differentiated
tumors which were shown to demonstrate washout only 50% of the time according
to some studies [15]. There is also evidence to suggest that with progression from
well to moderate to poor differentiation of HCC, there is a shift in the timing of
washout pattern during the portal venous phase. Well-differentiated HCC tends to
washout relatively late compared to poorly differentiated tumors [15]. Additionally,
a minority of HCC tumors are iso- or hyperattenuating during the portal venous
phase. It is important to note that there are other liver lesions that can be hypoattenu-
ating relative to the rest of the liver parenchyma on the portal venous or delayed
phases, making it important to look at the enhancement pattern of the lesion on all
three phases of imaging.

The delayed phase is especially important in HCC tumors that demonstrate slow
washout, as this may not be apparent on the initial portal venous phase. This is in part
because with cirrhosis, the increased hepatic tissue resistance causes delayed back-
ground parenchymal enhancement. The delayed phase imaging is also important in
differentiating HCC from other tumors like cholangiocarcinoma, which demonstrate
progressively increased enhancement on the portal venous and delayed phases.
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There are additional characteristics of HCC that can be present on CT, including
capsule formation and portal vein invasion. Capsule formation is a feature of HCC
that occurs with disease progression and is suggestive of tumor with increased
malignant potential compared to early HCC. Progressed HCC tumors are noted to
have capsule formation and internal fibrous septa approximately 70% of the time
[14]. Capsule enhancement appears as a complete or partial peripheral hyperen-
hancing rim around the tumor. It is classically seen a few seconds after tumoral
enhancement and is best visualized in the late arterial or early portal venous phase.
Visualization of a capsule suggests that tumor venous drainage has progressed from
the hepatic veins to the portal veins [14].

Invasion into the venous system, predominantly into the portal veins, is another
characteristic of HCC that helps differentiate it from other tumors. It is more fre-
quently found in tumors of increased size and histologic grade. Vascular invasion
carries a poorer prognosis as it represents a means by which HCC metastasizes to
other areas of the liver as well as to different parts of the body [7]. Tumor thrombus
within a lumen of a vein can also demonstrate enhancement on the arterial phase
and appear hypodense on the portal venous phase. If present, these characteristics
help differentiate it from bland venous thrombosis, which can also occur in this
patient population.

Intratumoral fat, or hepatosteatosis, is another characteristic feature of HCC. It
represents a process by which abnormal hepatocytes accumulate more intracellular
fat and is seen in approximately 40% of early HCCs [7]. However, this finding is
most commonly seen in HCCs that are approximately 1.5 cm in diameter. It is
uncommon with further increase in tumor size and grade and not frequently seen in
HCC:s larger than 3 cm [7]. Intratumoral fat however is better recognized on MRI as
it is difficult to characterize well on CT.

7.7  Magnetic Resonance Imaging (MRI)

Given technical advancements, HCC has now become an imaging diagnosis. The
criteria include any nodule greater than 1 cm that demonstrates arterial enhance-
ment and subsequent washout on CT or MRI. Although many meta-analyses found
CT and MRI to have comparable specificities for the diagnosis of HCC in a cirrhotic
liver, MRI is noted to have a higher sensitivity than CT, with MRI sensitivities rang-
ing from 70 to 85% and CT sensitivities ranging from 50 to 68% [17]. The sensitiv-
ity for MRI detection of HCC, however, does vary depending on the size of tumor.
A HCC larger than 2 cm was noted to have 100% sensitivity on MRI, while a HCC
less than 1 cm had only a 4% sensitivity on one study [17].

The typical MRI protocol for HCC includes multiple T1-weighted imaging
sequences and T2-weighted imaging sequences, including diffusion-weighted
imaging. The T1 sequences are preferably obtained both pre- and postcontrast if the
patient is able to receive intravenous contrast. There are several contrast agents that
can be used for liver imaging, the most common being extracellular agents, hepato-
biliary agents, or reticuloendothelial agents.
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Gadolinium chelates are common extracellular contrast agents used in the MRI
detection of HCC. Gadolinium demonstrates pharmacokinetics similar to the iodin-
ated contrast media used in CT. As an extracellular agent, it leaves the vasculature
and enters the interstitial space after it is administered intravenously. It causes relax-
ation of adjacent water protons since it is highly paramagnetic and has seven unpaired
electrons. This in turn shortens the T1 and T2 times, leading to enhanced T1 signal
and hypointense T2 signal on MRI. A single gadolinium atom has the potential to
relax multiple adjacent protons, allowing better visualization of subtle small areas of
contrast enhancement, which makes MRI more sensitive than CT [18]. The T1 post-
contrast images, therefore, are a primary tool for evaluating HCC. A similar enhance-
ment pattern as CT is used to characterize HCC on MRI, which includes arterial
enhancement and subsequent washout on the venous and/or delayed imaging.

Gadoxetate disodium (Eovist) is a hepatobiliary (or hepatocyte-specific) agent
that is used for MRI evaluation of liver lesions, including HCC (Fig. 7.3). After
intravenous administration, it enters the extracellular space similar to extracellular

Fig. 7.3 MRI of the liver was performed using Eovist. (a) T1-weighted image of a HCC during
the arterial phase demonstrates hyperenhancement of the lesion relative to liver parenchyma as
demonstrated by the arrow. (b) T1-weighted image of the HCC during the delayed phase demon-
strates washout relative to liver parenchyma. There is also a visible pseudocapsule around the
lesion. (¢) T2-weighted image of the HCC lesion demonstrates mild hyperintensity relative to the
rest of the liver parenchyma. (d) 20 min hepatocyte phase demonstrates no uptake of contrast by
the tumor, while the rest of the liver parenchyma is able to uptake the Eovist and demonstrate
increased signal
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agents. However, it is unique in that it is subsequently transported into the hepato-
cyte by an ATP-dependent receptor called organic anion transporting polypeptide
(OATP1). Once inside the hepatocyte, it is excreted into the biliary canaliculi by
another transporter known as canalicular multispecific organic anion transporter
(cMOAT). Excretion of Eovist into the biliary system therefore is dependent on the
overall liver function. In patients with normal liver function, approximately 50% of
Eovist is excreted via the hepatobiliary system, and the rest is excreted by the kid-
neys [7]. Since it has a half-life of 56 min, hepatic phase imaging for Eovist is usu-
ally done 20 min after intravenous administration of the contrast agent. By 20 min,
the contrast is taken up by the hepatocytes where it reversibly interacts with intra-
cellular proteins and leads to increased T1 relaxivity compared to other contrast
agents. The 20 min hepatocyte sequence is unique to Eovist and is simply an addi-
tion to the usual hepatic imaging sequences. Since HCC has altered hepatocyte
function, the tumor cells are not able to take up Eovist. The HCC therefore appears
hypointense on the 20 min phase compared to the surrounding liver parenchyma
where the hepatocytes are able to uptake Eovist and demonstrate increased signal.

A third agent used for imaging HCC is superparamagnetic iron oxide (SPIO) particles.
These are iron-based particles designed to target the reticuloendothelial system, specifi-
cally the liver and the spleen. Only one of these agents, ferumoxide, is approved for use in
the United States. In the liver, SPIO particles are phagocytosed by a type of macrophages
known as Kupffer cells which line the sinusoids [18]. Subsequently, the particles cause
inhomogeneities in the magnetic field leading to T2 and T2* shortening which is reflected
on MRI as hypointense signal. Tissues containing these particles also demonstrate mildly
decreased T1 signal. SPIO particles are helpful in the imaging of HCC because while
background liver parenchyma contains Kupffer cells and is able to take up these particles,
most HCC tumors are deficient in Kupffer cells. HCC tumors, therefore, appear hyperin-
tense relative to the surrounding hypointense liver parenchyma. The degree to which SPIO
particles are used is variable. In terms of accuracy, it was reported in one series that gado-
linium was better than SPIO particles for the detection of small HCC tumors [18]. SPIO
particles are also more expensive and take a longer time to image than gadolinium.
However, in patients with significant cirrhosis and alteration in liver perfusion, gadolinium
enhancement of HCC may be poor. SPIO particles therefore can be used as an adjunct in
such situations to help in the detection of HCC. It has been proposed that SPIO particles
are most useful when administered along with gadolinium to increase contrast between
HCC and background liver parenchyma and thereby improve the detection of HCC [18].

In addition to the three-phase enhancement pattern that characterizes HCC on
CT, MRI offers additional tools to aid in the diagnosis of HCC. T2-weighted imag-
ing sequences are an important part of HCC diagnosis on MRI. These are fluid
sensitive sequences. So, lesions with high intracellular or extracellular water con-
tent demonstrate increased signal, while lesions with low water content appear
hypointense. Although many liver lesions can demonstrate increased signal on
T2-weighted images, mild-to-moderate T2 hyperintensity is typical of HCC [14].
Most HCCs that demonstrate these findings are of advanced grade. It has been
shown that 77% of HCC lesions greater than 3 cm demonstrate this characteristic
signal intensity [14].
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A specific combination of imaging sequences known as T1 gradient echo in-phase
and out-of-phase imaging is a useful adjunct for the diagnosis of HCC on MRI. These
sequences are based on the premise that HCC tumors, especially during early develop-
ment, often contain intralesional fat (Fig. 7.4). Since intralesional fat is a more charac-
teristic of early HCC than progressed HCC, if detected, it can serve as a good prognostic
feature. The imaging sequences are based on the principle that in the presence of intra-
lesional fat, lipid and water protons occupy the same voxel. Lipid and water protons,
however, inherently precess at different frequencies. In-phase imaging is obtained
when lipid and water protons are precessing at a similar frequency. At this time, which
occurs approximately every 4.2 ms on a 1.5 T magnet, their signal is additive. When
lipid and water proton signals are out of phase with each other, there is cancellation of
signal resulting in signal loss. Therefore, loss of intralesional signal on out-of-phase
images compared to in-phase images is helpful for diagnosis of intralesional fat when
there is a lesion suspicious for HCC, especially during the early stage [19].

Diffusion-weighted imaging (DWI) is another tool that is being increasingly
used in liver imaging to diagnose HCC (Fig. 7.5). It is based on the phenomenon of

Fig. 7.4 In-phase (left) and out-of-phase (right) imaging. A lesion appears more hypointense on
out-of-phase imaging compared to the in-phase imaging. This is suggestive of intralesional fat,
which demonstrates signal dropout, another characteristic that can be seen with HCC tumors

Fig. 7.5 Diffusion-
weighted image of a HCC
lesion shows mild
hyperintensity in the region
of the tumor suggestive of
diffusion restriction
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random movement of water molecules driven by their internal thermal energy, a
concept known as Brownian motion. DWI is governed by inherent tissue properties,
which can allow relatively free movement of water in certain areas and impede dif-
fusion of water molecules in other areas. DWI is a T2-based imaging sequence.
Tissues with high cellularity restrict the motion of water molecules within them,
while tissues with lower cellularity cause less impedance to the movement of water
molecules. Imaging is obtained using two strong gradients, one of which dephases
the protons and the other rephases the protons. In tissues with restricted motion,
water protons experience both the dephasing and rephasing gradients, thereby pro-
ducing a hyperintense T2 signal. If there is movement of water molecules between
the dephasing and rephasing gradients, there is a reduction in overall T2 signal
intensity on imaging. Apparent diffusion coefficient (ADC) is a quantitative expres-
sion of diffusion, which is automatically calculated by the software. Low ADC val-
ues represent diffusion restriction, whereas high ADC values reflect relatively free
diffusion of water molecules [20].

HCC can have a variable appearance on diffusion-weighted imaging depending
on histologic makeup. Moderate to poorly differentiated HCC tumors are often
hyperintense on DWI, whereas well-differentiated tumors often appear isointense
on diffusion-weighted imaging [21]. Diffusion-weighted imaging has been shown
to be especially helpful in HCCs measuring less than 2 cm. In a study by Zech et al.,
conventional MRI demonstrated a sensitivity of 67.6% and a positive predictive
value of 59%, while diffusion-weighted imaging had a sensitivity of 91.2% and a
positive predictive value of 81.6% in HCC tumors less than 2 cm. In HCC lesions
greater than 2 cm, DWI did not appear to be significantly better than conventional
MRI [20]. A limitation of DWI is that in cirrhotic livers, the value of ADC might be
limited as both cirrhotic liver and HCCs can have low ADC values.

7.8 Emerging Imaging Techniques
7.8.1 Elastography

MR elastography is becoming increasingly utilized for the assessment of liver fibro-
sis. The concept involves applying a stress to tissue and measuring the resultant
response. The first step is causing tissue vibration, which is most commonly done
using an audio source located outside the scanner room. These tissue vibrations pro-
duce low-frequency shear waves. Typically, a frequency of 60 Hz is used. A motion-
sensitive dynamic MRI sequence is then used to image the liver. Spatial information
is reflected in quantitative shear stiffness maps using an inversion algorithm.
Mechanical shear waves travel more slowly in softer tissues and have a shorter wave-
length. Conversely, in stiffer tissues, shear waves travel faster and have a longer
wavelength. Since the measured stiffness depends on frequency, the imaging can be
done on a 1.5 or 3 T magnet strength given that the frequency is similar [22].

Tissue stiffness in vivo depends on tissue components, structural organization,
and blood perfusion. Pathology in the liver therefore alters tissue structure causing
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the abnormal tissue to respond differently under stress than normal tissue. At 60 Hz,
normal liver tissue has a mean stiffness of 1.54-2.87 kPa [22]. In chronic liver dis-
ease, collagen is deposited in the extracellular matrix causing liver fibrosis. Given
that liver fibrosis demonstrates a linear increase in liver stiffness, MR elastography
is a great tool for staging liver fibrosis. It has been shown to have a high accuracy in
differentiating liver fibrosis from normal liver and/or liver with inflammation but no
fibrosis. Preliminary studies have also shown that malignant liver tumors such as
HCC have a higher liver stiffness compared to benign tumors and normal liver [23].
Using a cutoff value of 5 kPa, one study demonstrated a 100% accuracy of MR
elastography in differentiating malignant tumors from benign tumors [22].

Ultrasound elastography is another method used to evaluate liver fibrosis. It can
be performed using different techniques such as transient elastography (TE), real-
time/static elastography (RTE), acoustic radiation force impulse (ARFI), or real-
time shear wave elastography (SWE). TE is performed by using a mechanical
actuator to cause skin vibrations which induces low-frequency mechanical waves to
propagate through the liver. The velocity of these waves is measured with ultra-
sound and used to calculate liver stiffness, which is expressed in kilopascals (kPa).
ARFI and SWE are shear wave techniques that use acoustic radiation force to cause
microscopic tissue movements and thereby produce shear waves. The waves are
studied to estimate tissue stiffness and shear wave velocity.

Both TE and SWE appear promising for the diagnosis of cirrhosis. In a large
multicenter study, ARFI-based SWE showed a sensitivity of 69.1% and a specificity
of 79.8% to diagnose fibrosis greater than METAVIR F2 stage (defined as moderate
liver damage) [24]. TE was also shown to be better than ARFI for predicting the
presence of cirrhosis and fibrosis at the F1 stage or greater. Another study demon-
strated TE as an ideal method to diagnose cirrhosis in patients with hepatitis C virus
as it could potentially decrease the number of liver biopsies [25]. In patients with
hepatitis B virus, ARFI and TE had similar diagnostic accuracies of diagnosing
stage two fibrosis or greater, with areas under the curve of 0.75 and 0.83, respec-
tively [25]. Several studies have been performed to evaluate the ability of ultrasound
elastography to differentiate between benign and malignant lesions. A meta-analysis
of RTE and ARFI in 2013 showed a sensitivity of 85% and specificity of 84% of
these modalities to distinguish benign from malignant lesions [25]. Other studies,
however, have shown no statistically significant difference in differentiating benign
and malignant liver lesions using ultrasound elastography [25].

7.8.2 Dual-Energy CT

Dual-energy CT (DECT) is an emerging technique that can be used to characterize
liver lesions. While conventional CT uses a single polychromatic x-ray beam rang-
ing from 70 to 140 kVp (standard of 120 kVp), dual-energy CT uses two energy
levels, typically 80 and 140 kVp [26]. Dual-energy CT allows for improved conspi-
cuity/enhancement of iodine in parenchymal tissue. Given its high atomic number
of 53, iodine attenuates differently when exposed to a lower-energy beam compared
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to normal soft tissues such as the liver, which are made up of substances with low
atomic numbers [27]. The low-energy acquisition from the 80 kVp energy datasets
is noted to be more sensitive in detection of hypervascular liver lesions such as HCC
due to improved contrast-to-noise ratio [28].

7.9 Imaging Implications on Patient Care Including
Transplant Eligibility

In order to have a systematic way of reporting imaging findings on CT and MRI in
patients at risk for HCC, the Liver Imaging Reporting and Data System (LI-RADS)
was formulated in 2011. It was developed by a committee of international experts in
medicine, surgery, and radiology with the ultimate goal of providing an estimated
probability of a liver nodule representing a HCC. In patients at high risk for devel-
oping HCC, it categorizes liver lesions noted on CT or MRI into LI-RADS category
1-5. These categories represent benign, probably benign, intermediate probability
of being HCC, probably HCC, and definitively HCC respectively. The four major
imaging features used to assign a LI-RADS category include arterial phase hyper-
enhancement, washout appearance following hyperenhancement, capsule enhance-
ment, and threshold growth compared to previous imaging [29]. A category of
LR-M is reserved for a mass thought to be a malignancy other than HCC. LR-5V is
reserved for tumor in a vein.

The highlights of the LI-RADS classification system as outlined by the ACR are
discussed below [29, 30]. A LI-RADS 1 is assigned to a lesion that either has diag-
nostic benign imaging features or resolves without treatment. LI-RADS 1 is benign
and LI-RADS 5 has a 100% certainty of a lesion being HCC. A LI-RADS 2 is
assigned to a lesion that has imaging features suggestive of a benign entity; the
imaging features remain stable for >2 years or if the lesion likely disappeared with-
out treatment. LI-RADS 3, LI-RADS 4, and LI-RADS 5 are further subdivided
based on size and presence of additional major features which include hypoen-
hancement during portal venous or delayed phase or increase in diameter of at least
1 cm in 1 year. In a mass-like lesion less than 2 cm, mass-like configuration, and
arterial iyperenhancement, a LI-RADS 3 is assigned if there are no additional major
features, a LI-RADS 4 is assigned if there is one additional major feature, and
LI-RADS 5 if there are two additional major features. In a mass-like lesion less than
2 cm, mass-like configuration, and arterial hypoenhancement, a LI-RADS 3 is
assigned if there are zero or one additional major features and a LI-RADS 4 is
assigned if there are two additional major features. A LI-RADS 5 does not include
arterially iso- or hypoenhancing lesions. In a mass-like lesion >2 cm, a LI-RADS 3
is assigned if it is hypoenhancing and a LI-RADS 4 if it is arterially enhancing with
no additional major features or if it is arterially hypo- or isoenhancing with one or
two major features. In such a lesion, a LI-RADS 5 is assigned if it demonstrates
arterial hyperenhancement with one or two major features. If there is probable
tumor within a vein, the lesion is assigned a LI-RADS 4, and if there is definite
tumor within a vein, the lesion is assigned a LI-RADS 5 [29]. The LI-RADS
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categories 2, 3, and 4 are not definitely benign and not definitely HCC, and further
evaluation may be needed to characterize these lesions [30].

In 2011, the United Network for Organ Sharing and Organ Procurement and
Transplant Network (UNOS-OPTN) established imaging criteria to diagnose HCC
using dynamic CT and MRI. These criteria were used to determine liver transplanta-
tion eligibility of patients with HCC who did not have extrahepatic spread and/or
macrovascular involvement of tumor on imaging. The UNOS-OPTN classification
system is as follows: 5A, 5A-g, 5B, 5X, and 5T. A 5A lesion measures 10-20 mm,
demonstrates hypervascularity during the late arterial phase, and demonstrates both
portal venous or delayed washout and capsule formation. A 5A-g lesion measures
10-20 mm, demonstrates hypervascularity during the late arterial phase, and has
>50% diameter growth on serial MRI or CT <6 months apart. A 5B lesion measures
20-50 mm, is hypervascular during the late arterial phase, and has one of the fol-
lowing: portal venous or delayed washout, late capsule or pseudocapsule enhance-
ment, >50% diameter growth on serial MRI or CT <6 months apart, or biopsy-proven
HCC. A 5T lesion includes a biopsy-proven HCC, a class 5 lesion treated with
locoregional therapy, or persistent/recurrent HCC at a prior treatment site. A class
5X lesion is one that meets radiologic criteria for HCC but is outside stage T2,
including a lesion greater than 5 cm in diameter or more than two lesions, each of
which are greater than 3 cm in diameter [31]. The UNOS-OPTN criteria do not
include lesions less than 1 cm and those that do not demonstrate arterial hyperen-
hancement. The UNOS-OPTN criteria also defer to the LI-RADS for categorizing
nodules that are not included within its imaging criteria for HCC [31].

Conclusion

In summary, various imaging techniques are currently being utilized for the non-
invasive diagnosis of HCC including ultrasound, CT, and MRI. Many novel
variations of these modalities are emerging for potential of increased utility in
the future, including contrast-enhanced ultrasound, ultrasound elastography,
dual-energy CT, and MRI elastography, which has already shown promising
results. These imaging modalities, along with imaging criteria developed by
expert panels using a multidisciplinary approach, share the ultimate goal of iden-
tifying patients with HCC at an earlier stage and thereby allowing for early
intervention.
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