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Abstract

Liver cancer is the second leading cause of cancer deaths in men worldwide, and the 6th and 7th cause of cancer
deaths in men and women in developed countries. 70%-90% of primary liver cancer is hepatocellular carcinoma.
Hepatitis B or C viruses and chronic inflammation due to alcohol intake are the main risk factors for hepatocellular
carcinoma. One of the key approaches for the early detection of hepatocellular carcinoma is to understand the
specific imaging findings of liver nodules in the multi-step hepatocrcinogenesis process. In this article, we review
the imaging findings of multistep hepatocarcinogenesis, with a focus on the early detection of malignant, cirrhotic
nodules with CT and MRI.

Keywords: Hepatocellular carcinoma, multistep hepatocarcinogenesis, early hepatocellular carcinoma, dysplastic
nodule, CT, MRI

INTRODUCTION

Liver cancer is the second and 6th leading cause of cancer deaths in men and women worldwide, and the 6th
and 7th cause of cancer deaths in men and women in developed countries. In 2012, the annual incidence and
mortality rates were approximately 780,000 and 750,000 respectivelym.
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70%-90% of primary liver cancer is hepatocellular carcinoma (HCC). Hepatitis B or C virus infections and
chronic inflammation due to alcohol intake are the main risk factors of HCC. In Japan, such high-risk
patients have been identified and early detection and treatment systems have been established.

One of the key approaches for the early detection of HCC is to understand its characteristic imaging findings
of nodules undergoing the multi-step hepatocrcinogenesis process. In other words, picking up early HCC
within various types of pre-malignant nodules in cirrhotic livers is essential for the early detection of
clinically significant HCC.

For such early detection, contrast enhanced CT, MRI and contrast enhanced ultrasound (CE-US) might be
used as imaging modalities. In particular, recent advancements in ultrasonographic contrast agents have
enabled monitoring of detailed haemodynamics and Kupfter cell function of liver nodules. Compared to CT
and MRI, CE-US is a powerful tool for the analysis of multistep hepatocarcinigenesis because it enables real
time monitoring of the dynamics of the contrast agent within the liver. However, we do not have enough
experience to discuss the advantages of CE-US in multi-step hepatocarcinogenesis. Therefore, in this article,
we will review the imaging findings of multi-step hepatocarcinogenesis on CT and MRI instead, and to focus
on the early detection of malignant cirrhotic nodules.

MULTI-STEP HEPATOCARCINOGENESIS

Hepatocarcinogenesis exhibits a multi-step process. It starts from a regenerative nodule in cirrhosis or as a
dysplastic nodule (DN), which is a precancerous condition, and progresses to advanced HCC [Figurel][z]. A
considerable proportion of HCC arise through multi-step hepatocarcinogenesis while other HCCs develop

de-novo™

Therefore, in high-risk patients, it is important to monitor the process of malignant transformation from
precancerous nodules to overt malignant nodule in HCC. Treatment of malignant nodules in early stages
might thus be expected to lead to an improved prognosis for HCC patients if detected early.

PATHOLOGICAL DIFFERENTIATION OF MALIGNANT FROM BENIGN NODULES

Histopathologically, the multi-step hepatocarcinogenesis process is observed when moderately or poorly
differentiated HCC (advanced HCC) develops in the nodule of well differentiated HCC [Figure 1][4]. This
nodule-in-nodule appearance differs however, when considering definitions in pathology (malignant focus
in premalignant nodule) and imaging (hypervascular focus in nonhypervascular nodule). Similar nodule-in-
nodule structures are also observed in diagnostic imaging although the detection rate is not high in routine
CT and MRI. However, when the characteristics of the inner nodule are different from the surrounding
nodule, such as a hypervascular foci within a hypovascular nodule (as discussed later), or the absence of a
superparamagnetic iron oxide (SPIO) uptake foci within the SPIO-uptake nodule, these different findings
within the same nodule would represent imaging findings of multi-step hepatocellular carcinogenesis
[Figure 2].

Pathologically, DNs are classified into low grade DN (LGDN), which is close to normal, and high grade DN
(HGDN), which is close to malignancy. The nodule that is histologically more malignant than HGDN is
called early HCC. The clinical and pathological characteristics of the nodules which develop in multi-step
hepatocarcinogenesis in cirrhosis are shown in Figure 3.

To differentiate HGDN from early HCC histologically, the findings of tumor cell invasion in the remaining
portal tract (stromal invasion) is an important hallmark of early HCC™”.
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Figure 1. Schematic diagram of multistep hepatocarcinogenesis. Two types of human hepatocarcinogenesis are currently considered, one
is multistep- and the other is de novo-hepatocarcinogenesis. In multistep hepatocarcinogenesis, the nodular grade of malignancy changes
from dysplastic nodule to advanced HCC stepwisely, and nodular vascularity also gradually change from hypovascular to hypervascular.
HCC: hepatocellular carcinoma

Figure 2. Example of nodule in nodule appearance lesion in alcoholic cirrhosis. A: CT during hepatic arteriography image of nodule in
nodule lesion. Some hypervascular foci (arrow) are observed within hypovascular nodule (*); B: SPIO enhanced T2-MR image of nodule
in nodule lesion. Small hyperintense spots, which do not uptake SPIO (arrow), ate observed within the nodule which show hypointensity
because of uptake of SPIO (*). These findings represent the visualization of multistep hepatocarcinogenesis within the nodule. SPIO:
superparamagnetic iron oxide

Macroscopically, HGDN and early HCC both show ill-defined nodules and are difficult to differentiate.
Histologically, both show increased cell density but are scarce in structural atypia or cellular atypia. Therefore,
stromal invasion of atypical cells is important for differentiating HGDN and early HCC on histopathology'"’

When a histological study is performed in the portal tract of a completely excised nodule, differentiation of
HGDN or early HCC is possible [Figure 4]. In a biopsy specimen however, misdiagnosis of the early HCC
nodule as HGDN can happen because the specimen is small and does not contain sufficient portal tracts
[Figure 4]. In diagnosis based on imaging, findings reflect the total image of the nodule and the presence of
stromal invasion of atypical cells might not be shown.

For these reasons, it is inevitable that borderline cases on histology between HCC and DN is different from
that seen on imaging.
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Figure 3. Clinical and pathological characteristics of small nodular lesions during multistep hepatocarcinogenesis step in cirrhotic liver.
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Figure 4. Problem in histological diagnosis of early HCC with needle biopsy specimen. Histopathologically, the presence of the stromal
invasion of tumor cell to the portal tract is the most reliable marker for the diagnosis of early HCC. In whole tumor excision specimen,
and needle biopsy 1 specimen, pathologist can find out the stromal invasion within the specimen and diagnose the nodule as early HCC.
However, in needle biopsy 2, the stromal invasion finding is not contained within the specimen and pathologist diagnose the nodule as
high-grade dysplastic nodule, not early HCC. This kind of sampling error issue is possible in histopathological diagnosis of the nodule
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It is impossible however, to excise all nodules in liver cirrhosis to identify HGDN or early HCC. In addition,
biopsies could be misdiagnosed due to sampling error. Therefore, it is reasonable to attempt differentiation
between benign and malignant nodules through imaging with CT and MRI, which are relatively minimally

invasive compared to histopathology.

k<4




Kobayashi et al. Hepatoma Res 2020;6:36 | http://dx.doi.org/10.20517/2394-5079.2020.24 Page 5 of 14

Figure 5. Example of high grade dysplastic nodule in cirrhotic liver. A: on CT during arterial portography, there are isodense nodule
compared to background liver (arrows), which represent nodular portal flow is preserved; B: on CT during hepatic arteriography, these
nodules show hypodensity compared to the background liver (arrows), which indicate the nodular arterial supply is decreased. This
hypovascular pattern represents relatively benign nature nodules under multistep hepatocarcinogenesis

The different imaging modalities however, reflect different pathophysiological features between precancerous
conditions (benign) and cancerous nodules (malignant), so the same nodule may be assessed differently
through different modalities. Therefore, sound judgment is necessary based on the findings of multiple
modalities when there is discrepancy.

VISUALIZATION OF MULTI-STEP HEPATOCARCINOGENESIS ON IMAGING AND
DIFFERENTIATION OF BENIGN AND MALIGNANT NODULES

Approach by haemodynamic imaging

Histological studies have found that during multi-step hepatocarcinogenesis, the number of portal tracts in
nodules gradually decreases as the nodular grade of malignancy changes from DN to hypervascular, classical
HCC, and the number of arteries which do not run with portal veins (unpaired artery) increases [Figure 3][8].

Angiography-assisted CT, which selectively infuses a contrast agent into the hepatic artery or portal vein
during CT scan of the liver, can evaluate the degree of arterial and portal blood supply to the nodule.
Angiography-assisted CT consists of the following two methods: one is CT during hepatic arteriography
(CTHA), which evaluates hepatic arterial blood supply, and the other is CT during arterial portography
(CTAP), which evaluates portal venous blood supply. We can evaluate the degree of hepatic arterial flow
and portal venous flow of the nodules undergoing multi-step hepatocarcinogenesis on CTHA and CTAP.
With angiography-assisted CT, we have found that LGDN, HGDN, and early HCC, which are all relatively
benign nodules, were hypovascular in nature with low arterial and preserved portal blood flow [Figure 5].
In contrast, more malignant nodules, such as well differentiated HCC and moderately differentiated HCC,
showed a hypervascular nature with low portal blood flow and high arterial blood flow [Figure 6]".

These imaging findings reflect the histological changes of the nodules during multistep hepatocarcinogenesis:
the number of portal tracts, which contain hepatic arteries and portal veins, decreases as the nodular grade
of malignancy increases, and at some point, unpaired arteries starts to develop within the nodule. Figure 7
shows the relationship between the nodular grade of malignancy and the degree of hepatic arterial and portal
blood supply of nodules.

Recently, Kitao et al."” showed that drainage vessels of the nodules during multistep hepatocarcinogenesis
process transform as the nodular grade of malignancy changes [Figure 8]. They compared angiography-
asisted CT findings with histological findings of the nodules during multistep hepatocarcinogenesis and
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Figure 6. Example of advanced (moderately differentiated) hepatocellular carcinoma in cirrhotic liver. A: on CT during arterial
portography, there are hypodense nodule compared to background liver, which represent loss of nodular portal flow; B: on CT during
hepatic arteriography, the lesion shows marked hyperdensity compared to the background liver, which indicate increased nodular arterial
flow. This hypervascular pattern indicates definite malignant nodule such as moderately differentiated hepatocellular carcinoma
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Figure 7. Relationship between the nodular grade of malignancy and the degree of intranodular blood supply of the nodule. HCC:
hepatocellular carcinoma

found that in hypovascular nodules, such as DN and early HCC in which portal blood flow is maintained
and the increase in arterial blood supply not seen yet, blood that drains from the tumor flows from tumor
sinusoids into intranodular hepatic venules and then into extranodular hepatic veins. In contrast, in
hypervascular nodules, especially in HCC without capsules, blood flows from within tumor sinusoids into
the surrounding hepatic sinusoids; and in hypervascular HCC with capsules, blood flows from within tumor
sinusoids into intracapsule portal venules, and then into surrounding hepatic sinusoids.

These findings show that during hepatocarcinogenesis, the hepatic vein is initially occluded by increased
intratumoral pressure caused by increase in cell density, and direct connections between tumor sinusoids
and surrounding hepatic sinusoids work as the tumor drainage route because of occlusion of the hepatic
vein. Then, as the nodular grade of malignancy progresses, the tumor becomes encapsulated and the direct
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Figure 8. Multistep changes of drainage vessels and peritumoral enhancement during hepatocarcinogenesis. HCC: hepatocellular
carcinoma

Figure 9. Example of corona enhancement caused by drainage flow from hypervascular HCC. A: on early phase image of CT during
hepatic arteriography, HCC shows marked enhancement because of hypervascularity (*); B: on late phase image of CT during hepatic
arteriography, since the intraarterial contrast injection is stopped, the enhancement of HCC decreases (*) and peritumoral mormal liver
parenchyma is enhanced by drainage of contrast material from HCC (arrow). HCC: hepatocellular carcinoma

connection between tumor sinusoids and surrounding hepatic sinusoids is lost, such that drainage flow is
retrograde through the intracapsular portal venules. On CTHA, this retrograde flow of contrast medium stains

surrounding hepatic parenchyma around the tumor and is identified as corona enhancement [Figure 9] i,

On angiography-assisted CT, LGDN, early HCC, and part of well-differentiated HCC are all observed
as hypovascular nodules. In contrast, the presence of a nodule-in-nodule appearance, which has a
partly hypervascular foci within a hypovascular nodule, is a definite hallmark to discriminate between
hypovascular, relatively benign nodules and more malignant nodules since the latter display hypervascularity
[Figure 10]. In hypovascular nodules, most show iso-density on CTAP and hypo-density on CTHA since
nodular portal blood flow is preserved and increase in hepatic arterial flow has not started, which represents
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Figure 10. Hypovascular nodule with hypervascular foci (nodule in nodule appearance lesion). A: on CT during hepatic arteriography,
hypervascular foci (arrow) is observed within hypovascular nodule (*); B: on CT during arterial portography, only hypervascular portion
on CT during hepatic arteriography (arrow) shows hypointensity and other portion of the nodule show isointensity to the background liver
(™). In this nodule hypovascular portion of the nodule (*) are relatively benign nature and hypervascular foci represents dedifferentiated
more malignant nature

Figure 11. Development of hepatocellular carcinoma from hypovascular nodule with hypervascular foci. A, B: on CT during hepatic
arteriography (A) and arterial phase of dynamic CT (B), small hypervascular foci (arrow) is observed within hypovascular nodule (*);
C: eleven months after, on arterial phase of dynamic CT, the hepovascular nodule with hypervascular foci transformed to hypervascular
hepatocellular carcinoma (arrow)

the relatively benign nature of most of the nodule. However, if nodules contain foci that show low density
on CTAP but a high density on CTHA, this would represent hypervascularity and likely malignant nature of
the affected portion. This type of nodule is considered visualization of the multi-step hepatocarcinogenesis
process within the tumor, namely a more hypervascular and thus malignant foci develops within a
hypovascular and relatively benign nodule. To find out this kind of dedifferentiated hypervascular foci within
hypovascular nodule might be easy and reliable method to pick up high-risk precancerous nodule among
hypovascular cirrhotic nodules.

Nodules with relatively benign features including preserved portal blood flow on CTAP and hypovascularity
on CTHA vary from LGDN to early HCC that are relatively benign. In contrast, nodules that lack portal
blood flow on CTAP and have an area of high density on CTHA are moderately differentiated and
hypervascular HCC, which are definitely malignant nodules. The hypovascular nodule with a hypervascular
foci is considered the transitional stage nodule between more benign and definitely malignant nodules
[Figure 11].

Nodules with such hypervascular focis within hypovascular nodules, which is the visualization of multi-step
hepatocarcinogenesis, are relatively easy to pick up on dynamic contrast enhanced CT/MR imaging [Figure 12],
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Figure 12. Visualization of hypervascular foci on dynamic contrast enhanced CT and MRI. A: on CT during hepatic arteriography,
hypervascular foci (arrow) is observed within hypovascular nodule (*); B: on arterial phase of dynamic CT, small early enhancement
(arrow) is observed within hypovascular nodule; C: on arterial phase of dynamic MRI with Gd-EOB-DTPA, mall early enhancement (arrow)
is observed within hypovascular nodule

and can be used as a kind of potential biomarker to differentiate between benign and malignant nodules on
imaging.

Until now, we have mainly reviewed the imaging findings of angiography-assisted CT. To acquire
angiography-assisted CT images however, angiography, which is relatively invasive and an unusual
procedure in daily clinical practice, is necessary. By comparison, intravenous contrast enhanced dynamic
CT or dynamic MRI, which is usually performed in clinical practice, can also detect hypervascular foci in
hypovascular nodules.

Shinmura et al."” reported in 2008 that when the size of the hypervascular foci was 5 mm or more, dynamic
CT and dynamic could detect 83% and 64% of hypervascular foci in hypovascular nodules respectively.
Detection rates have improved on the latest CT and MR equipment but further examination is needed to
clarify this issue.

Approach from MRI signal intensity

On correlation studies of MRI signal intensities with histopathological findings, DN and early HCC have
iso- to high-intensity on T1-weighted images and a iso- to low-intensity on T2-weighted images[13]. while
moderately differentiated HCC has low-, iso-, and high-intensity on T1-weighted images and a high-intensity
on T2-weighted images [Figure 13]". One of the reasons for various signal intensities on T1-weighted
images in HCC is a higher protein content due to an increase in cell density and/or N-C ratio.

In terms of the relationship between nodular arterial and portal blood supply and MR signal intensity,
nodules with normal portal blood flow but low hepatic arterial flow (estimated to be DN to early HCC) had
63% high-intensity on T1-weighted images and 72% low-intensity on T2-weighted images; nodules which
had mildly decreased portal blood flow and still low hepatic arterial flow (estimated to be early HCC to well
differentiated HCC) had 39% iso-intensity on T1-weighted images and 52% iso-intensity on T2-weighted
images; and nodules which lacked portal blood flow and had markedly high hepatic arterial flow (estimated
to be moderately differentiated HCC) had 48% low-intensity on T1-weighted images and 85% high-intensity

on T2-weighted images[ls].

These studies show that for estimation of the grade of malignancy in hepatocellular nodules on MRI signal
intensity, T2-weighted images are useful, and the low- to iso-intensity of the nodules suggest relatively
benign pathology such as RN, DN to early HCC, and high-intensity would suggest moderately differentiated
HCC.
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Figure 13. MR signal intensity change during multistep hepatocarcinogenesis. HCC: hepatocellular carcinoma
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Approach from functional evaluation of Kupffer cells

Sinusoids are where blood flows through the liver cords. It consists of sinusoidal endothelial cells, Kupffer
cells, stellate cells, and pit cells", Kupffer cells are intravascular resident macrophages in liver sinusoids.
They are capable of phagocytosis and eliminate foreign bodies, bacteria, and broken hepatocytes.

When SPIO is administered intravenously in the normal liver, Kupffer cells in sinusoids take it up. SPIO
shortens the transverse relaxation time of protons of tissues, which results in low signal intensities on T2-
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weighted MR images. In cases where the normal structure of sinusoids is lost (metastatic liver cancer efc.),
signal intensity changes do not occur because there are no Kupffer cells. Similarly, the function of Kupffer
cells are decreased despite their presence due to irradiation efc., the degree of SPIO uptake is lowered, and
such areas show relatively high signal intensities on T2-weighted images compared to the surrounding

17]

normal liver where normal Kupfter cells are present and take up sP10".

On histopathological analysis, Imai et al." found that in multi-step hepatocarcinogenesis, as the nodular
degree of differentiation is lowered, the number of Kupffer cells within the nodule is decreased, and there
was a significant difference between the number of Kupffer cells in DN, well differentiated HCC, moderately
differentiated HCC, and poorly differentiated HCC. In most DN and 46% of well differentiated HCC, the
number of Kupffer cells was increased compared with the surrounding liver; the number of Kupfter cells
decreased to 30% compared with the surrounding liver in moderately differentiated HCC; and the number of
Kupfter cells decreased to 13% on average in poorly differentiated HCC [Figure 14].

On SPIO-enhanced MRI, DN and well-differentiated HCC present with iso- to slightly low-intensity on
T2 weighted MR images compared to the surrounding liver. In well-differentiated HCC especially, 46%
of the nodules presented with a low-intensity compared to the surrounding liver. Moderately and poorly
differentiated HCC though presented with a high-intensity compared with the surrounding liver. There was
a significant difference in signal intensity between DN with well-differentiated HCC, and moderately and
poorly differentiated HCC [Figure 14]". These results show that SPIO-enhanced MRI is a good tool to
estimate the degree of differentiation in HCC, but it has a limit in differentiating DN from well-differentiated
HCC.

Approach from the function of hepatocyte membrane transporter

Approximately 50% of Gd-EOB-DTPA (EOB), as well as other extracellular contrast agents, is excreted from
the kidneys and the remaining 50% is taken up by hepatocytes and then excreted into the biliary tract, hence,
it is called hepatocyte-specific contrast agent. The advantage of this MRI contrast agent is it can evaluate both
blood flow information and hepatocyte function simultaneously. However, in EOB-enhanced MRI, there
are some drawbacks of low accumulation in hepatocytes depending on liver function and the low degree of
arterial enhancement, and there are also limitations in viewing true washout or enhancement of capsules,
which are major features characterizing overt HCC.

After rapid intravenous injection of EOB, blood flow evaluation by dynamic study is performed similarly
to other extracellular contrast agents. In the hepatobiliary phase after 15-20 min of injection, the liver
parenchyma presents high signal intensity on T1-weighted images because of EOB uptake by normal
hepatocytes. Areas that do not have normal hepatocytes (metastatic liver cancer efc.) or areas where
hepatocytes have poor EOB uptake ability (irradiated area etc.) present with low intensities compared to the
surrounding normal liver.

EOB is taken up into the intracellular space of hepatocytes by organic anion transporting polypeptide
(OATP) 1B3, which is expressed on the sinusoidal side of hepatocyte membranes and excreted in the biliary
tract through multidrug resistance associated protein 2 (MRP2), which is expressed on the bile canalicular
side of hepatocyte membrane"”. Under the conditions of bile duct obstruction, MRP3, which is expressed
on the sinusoidal side of hepatocyte membranes, increase and EOB is excreted into the sinusoids'”.
Kitao et al.** compared the degree of OATP1B3 expression in hepatocellular nodules undergoing multi-
step hepatocarcinogenesis with the surrounding normal liver, and found that it was preserved in LGDN but
decreased in approximately 30% of HGDN and approximately 70% of early HCC [Figure 15].

In most moderately differentiated HCC, there was decreased expression of OATP1B3. As well, in the
hepatobiliary phase of EOB-enhanced MRI, the signal enhancement ratio was significantly lowered in well to
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Figure 15. Relationship between OATP1B3 expression, EOB uptake and multistep hepatocarcinogenesis. HCC: hepatocellular carcinoma;
EOB: Gd-EOB-DTPA

moderately differentiated HCC compared to the surrounding liver. As the grade of malignancy increases from
well-differentiated to moderately- and poorly-differentiated HCC, the signal enhancement ratio decreases.
However, in 10%-15% of moderately differentiated HCC, there was increased expression of OATP1B3 and
these HCC present a high signal in the hepatobiliary phase of EOB-enhanced MRI [Figure 15].

Sano et al.”" compared the ability of various imaging modalities, including dynamic CT, angiography-
assisted CT, and EOB-enhanced MRI, in differentiating between histologically confirmed DN and early
HCC. They showed that in the hepatobiliary phase of EOB-enhanced MRI, there were no DN nodules which
presented with low-intensity whereas 97% of early HCC presented with low-intensity, and concluded this
was best suited for the differential diagnosis of DN and early HCC. We surmise then that before starting
histopathological and/or morphological malignant transformation observed as microscopic stromal invasion,
functional alterations of cellular components such as membranous transporter functional states, which is
regulated by genome level alterations, are already advanced within the nodule and can be detected by EOB.
Further study is needed though to clarify this issue.

We also studied the relationship between the signal intensity of nodules during the hepatobiliary phase
of EOB-enhanced MRI with the prognosis of these nodules that were smaller than 20 mm (average size
and SD; 11.0 = 2.8 mm), both in hypovascular ones (relatively more benign nature nodule) in multi-step
hepatocarcinogenesis and in hypovascular ones with hypervascular foci (hypervascular foci-containing
nodules) that are more representative of malignancy. Hypovascular nodules with a low-intensity in the
hepatobiliary phase of EOB-enhanced MRIprogressed to hypervascular HCC in 17%, 28% and 41% after 1,
2 and 3 years respectively, while those with iso-intensity only progressed to hypervascular HCC in 7% after 1
year and those with high-intensity did not progress at all™,

On the other hand, in hypervascular foci-containing nodules, whether the signal intensity was low or iso
during the hepatobiliary phase of EOB-enhanced MRI, 50% progressed to hypervascular HCC after 1 year[”].
This suggests that hypervascular foci in nodules can exacerbate multi-step hepatocarcinogenesis regardless of

the decrease in EOB uptake.
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CONCLUSION

In this article, we have reviewed how malignant nodules can be differentiated from benign ones in multi-
step hepatocarcinogenesis using various imaging techniques. It is difficult to draw a clear line between
them however, because different imaging modalities reflect different pathophysiology and biopsies could
have sampling errors. However, this review would have helped in understanding of the current status in
diagnosing hepatocellular nodules, whether benign or malignant, in various imaging modalities.
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