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Computed tomography (CT) and magnetic resonance (MR) 
imaging play critical roles in the diagnosis and staging of 
hepatocellular carcinoma (HCC). The first article of this 
two-part review discusses key concepts of HCC develop-
ment, growth, and spread, emphasizing those features 
with imaging correlates and hence most relevant to radi-
ologists; state-of-the-art CT and MR imaging technique 
with extracellular and hepatobiliary contrast agents; and 
the imaging appearance of precursor nodules that eventu-
ally may transform into overt HCC.
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Hepatocellular carcinoma (HCC) is 
an epithelial tumor originating in 
the liver and composed of cells 

with characteristics similar to those of 
normal hepatocytes (1). It is the fifth 
most common tumor in the world, and 
its incidence is increasing, especially in 
Western nations (2). Cirrhosis is the 
most important clinical risk factor for 
HCC, with approximately 80% of cases 
of HCC developing in patients with a 
cirrhotic liver (3). In such patients, the 

annual incidence of HCC ranges from 
2% to 8% (4,5). The exact incidence 
depends on the cause of cirrhosis (highest 
incidence in those infected with hepati-
tis C virus or hepatitis B virus), severity 
of cirrhosis (highest incidence in those 
with decompensated cirrhosis), geo-
graphic region (higher in Japan than in 
Europe or United States), and sex (higher 
in men than women). The risk is greater 
in individuals with multiple risk factors 
as well as in those coinfected with hu-
man immunodeficiency virus (6). Patients 
without cirrhosis also may develop HCC, 
especially those with long-standing 
chronic liver inflammation due to hepati-
tis B virus or hepatitis C virus infection 
(7) or nonalcoholic steatohepatitis (8), 
but at a much lower rate than those with 
cirrhosis. Other risk factors for HCC in-
clude heavy alcohol consumption, to-
bacco smoking (9), obesity, diabetes, 
hereditary hemochromatosis, high die-
tary consumption of aflatoxins, and 
family history of HCC (6). Importantly, 
cirrhosis and chronic hepatitis now are 
recognized as risk factors for intrahe-
patic cholangiocarcinoma (ICC) as well 
as HCC (10); thus, many patients at 
risk for HCC may develop ICC instead.

The prognosis of HCC depends 
largely on the stage at which the tumor 
is detected. Patients who present with 
symptoms generally have a dismal prog-
nosis, as HCC usually does not produce 
symptoms beyond those of the underly-
ing liver disease until it has become in-
curable; in such patients, median sur-
vival is less than 1 year and the 5-year 
survival is less than 10% (11). By com-
parison, patients in whom HCC is de-
tected at an early stage may benefit 
from life-prolonging, potentially cura-
tive treatments.

The detection of HCC early in its de-
velopment, therefore, is critical to im-
prove the survival of affected patients. 
To this end, scientific societies have re-
leased clinical management guidelines 
that advocate surveillance of patients at 
risk due to cirrhosis or chronic viral 
hepatitis (4,12–14). While the surveil-
lance strategies incorporated by the var-
ious guidelines differ, all current guide-
lines recommend ultrasonography (US) 
as the primary imaging test for surveil-

lance, and two guidelines advocate the 
ancillary use of serum biomarkers 
(4,14). In general, neither computed to-
mography (CT) nor magnetic resonance 
(MR) imaging are advocated for surveil-
lance, although three guidelines permit 
these modalities for surveillance of pa-
tients in whom US is limited by obesity 
or other factors (4,13,14) and for those 
at very high risk for HCC development 
(4). Once a surveillance test is positive 
(ie, an abnormality is detected that may 
represent HCC), a more definitive imag-
ing examination is recommended for 
noninvasive diagnosis and staging of 
HCC. Currently, all guidelines endorse 
multiphasic CT and MR imaging with ex-
tracellular agents as first-line modalities 
for this purpose (4,12–14), although 
guidelines in Japan also advocate MR 
imaging with gadoxetate disodium (a 
hepatobiliary agent) as a second-line 
modality (4).

In this review, we discuss the current 
state of the art for the imaging-based di-
agnosis and staging of HCC, focusing on 
CT and MR imaging, as these are the 
most commonly used modalities for 
these purposes. The review is divided 
into two articles. This first article dis-
cusses key concepts of HCC develop-
ment, growth, and spread, emphasizing 
those features with imaging correlates 
and hence most relevant to radiologists; 
CT and MR imaging technique; and the 
imaging appearance of precursor nod-
ules that eventually may transform into 
overt HCC. The second article, to be pre-
sented in an upcoming issue, will build on 
these concepts and review in detail the 
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Essentials

nn Hepatocarcinogenesis, the gradual 
transformation of nonmalignant 
liver cells into hepatocellular car-
cinoma (HCC), is a complex, mul-
tistep process characterized at the 
molecular and cellular level by the 
progressive accumulation of epige-
netic and genetic alterations and 
at the histologic level by the emer-
gence and progression of succes-
sively more advanced precan-
cerous, early cancerous, and 
overtly malignantly lesions.

nn Early HCC is an incipient stage of 
HCC development, analogous to 
“carcinoma in situ” or “microin-
vasive carcinoma” of other 
organs, whereas progressed HCC 
is an overtly malignant neoplasm 
with ability to invade vessels and 
metastasize.

nn Key alterations during hepatocar-
cinogenesis include elevation of 
arterial flow, reduction in portal 
venous flow, and reduction in 
OATP expression.

nn The ability to use CT and MR 
imaging with extracellular agents 
to identify and differentiate cir-
rhotic nodules, low-grade dys-
plastic nodules, high-grade dys-
plastic nodules, and early HCCs 
is limited.

nn Hepatobiliary phase MR imaging 
shows promise for characteriza-
tion of precursor lesions and for 
identifying high-grade dysplastic 
nodules and early HCCs prior to 
neoarterialization and progres-
sion to overt HCC.
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diagnosis and staging of HCC with CT 
and MR imaging. Other modalities (eg, 
US, contrast-enhanced US, CT hepatic 
angiography, and CT during arterial por-
tography) and other roles of imaging 
(eg, screening and surveillance of at 
risk-patients, guiding biopsy and local 
therapy, treatment and surgical planning, 
and assessing therapeutic response) are 
beyond the scope of this review and are 
discussed elsewhere (15,16).

HCC Development, Growth, and Spread

Hepatocarcinogenesis, the gradual 
transformation of nonmalignant liver 
cells into HCC, is a complex, multistep 
process characterized at the molecular 
and cellular level by the progressive 
accumulation of epigenetic and ge-
netic alterations (17) and at the histo-
logic level by the emergence and pro-
gression of successively more advanced 
precancerous, early cancerous, and 
overtly malignantly lesions (18,19).

Hepatocarcinogenesis: Molecular and 
Cellular Mechanisms
The molecular and cellular mechanisms 
underlying the transformation of initially 
nonmalignant cells into HCC in chronic 
liver disease are not yet fully elucidated 
(20). Growing evidence suggests that 
chronic inflammation plays a pivotal role 
by causing repeated cycles of cell injury, 
death, and regeneration–an environment 
that promotes aberrant cell signaling, 
epigenetic changes, mutational events, 
and accumulation of genetic damage 
(11,20–22). These molecular alterations 
begin during a prolonged preneoplastic 
phase, years or decades before cirrhosis 
is established, and progress in parallel 
with the evolution of fibrosis and cirrho-
sis (23,24). During this phase, the alter-
ations are mainly due to epigenetic 
mechanisms (eg, changes in gene ex-
pression) with few or no structural 
changes in the genes or chromosomes 
(11). The earliest molecular changes of 
hepatocarcinogenesis are morphologi-
cally silent (24–26). Thus, the chroni-
cally diseased liver may contain scattered 
clonal populations of molecularly aber-
rant but phenotypically normal cells (24) 
that ultimately may progress to HCC. 

Subsequently, a neoplastic phase ensues 
in which structural alterations (eg, point 
mutations, allelic deletions, chromo-
somal gains and transpositions) in these 
aberrant cells escalate (11). During this 
phase, affected cells acquire progres-
sively atypical phenotypic features and 
evolve through cellular intermediates to 
frank malignancy (22). The genomic 
changes underlying hepatocarcinogene-
sis are heterogeneous, and diverse com-
binations of aberrant genes and regula-
tory pathways may be involved 
(1,8,11,21,27). Several molecular vari-
ants of HCC may be produced–poten-
tially with different growth properties 
and clinical course–between patients, 
between different tumors in the same 
liver, and within different regions in the 
same tumor (22,27). Although most 
HCCs develop in cirrhotic livers, cirrho-
sis is probably not a premalignant condi-
tion per se but rather a parallel process 
that develops over time in response to 
the same insults that promote hepato-
carcinogenesis (6,24). The development 
of HCC usually is slower than that of cir-
rhosis; hence, most HCCs emerge after 
cirrhosis has been established.

The cell of origin of HCC is contro-
versial. Historically, it was assumed 
that most HCCs arose from dedifferen-
tiation of mature hepatocytes. Emerg-
ing data suggest that HCCs also may 
develop from intrahepatic stem cells 
(1,11). These stem cells reside in nich-
es within the canals of Hering and, ac-
cording to new models of liver carcino-
genesis, can be activated to differentiate 
into hepatocytes or cholangiocytes 
while undergoing oncogenic stimulation 
in the context of chronic liver injury 
(28). The resulting tumors usually have 
predominantly hepatocellular (ie, HCC) 
or cholangiocellular (ie, ICC) phenotypic 
features, respectively, although some tu-
mors may arise with combined or mixed 
features. If correct, these new models 
help to explain why patients with cirrho-
sis are at risk for developing ICCs and 
combined tumors in addition to HCCs.

Hepatocarcinogenesis: Pathologic 
Changes
Pathologically, multistep hepatocarcino-
genesis is characterized by progressive 

dedifferentiation of phenotypically ab-
normal nodular lesions (18,19) (Fig 1). 
The evolution is driven by the repeated 
development and expansion of succes-
sively less differentiated clonal popula-
tions, often manifesting as subnodules 
within parent nodules (29). Over time, 
the less differentiated populations grow 
and completely replace the more differ-
entiated surrounding tissues. Repeated 
cycles of clonal development and expan-
sion eventually produce lesions with 
malignant phenotype. The process rep-
resents a biologic continuum but is ar-
bitrarily divided into discrete steps for 
simplicity, clinical utility, and investiga-
tion (30). Importantly, the process may 
occur simultaneously at different rates 
in different parts of the liver (multicen-
tric hepatocarcinogenesis). It should be 
emphasized that although most HCCs 
probably evolve from histologically ab-
normal precursor lesions, it is possible 
that many HCCs, especially those aris-
ing in noncirrhotic livers, may develop 
from transformed malignant cells with-
out transitioning through histologically 
definable intermediate steps. The de-
velopment of HCC without identifiable 
histologic precursors is termed “de 
novo hepatocarcinogenesis” (31).

Cirrhotic nodules.—Cirrhotic nod-
ules, also known as cirrhosis-associated 
regenerative nodules, are innumerable 
well-defined rounded regions of the cir-
rhotic parenchyma surrounded by scar 
tissue and typically measuring 1–15 
mm in diameter (30). Cirrhotic nodules 
larger than 1 cm are called “large cir-
rhotic nodules” or “large regenerative 
nodules.” Grossly and microscopically, 
cirrhotic nodules are indistinguishable 
from other cirrhotic nodules–in other 
words, all cirrhotic nodules in a given 
liver resemble each other and no cir-
rhotic nodule stands out as being dis-
tinctive from the others. Cirrhotic 
nodules lack clonal features histologi-
cally, and the cells are phenotypically 
normal (32). For these reasons, cir-
rhotic nodules usually are considered 
“benign.” The “benignity” of cirrhotic 
nodules is not unqualified, however. 
Based on molecular analyses, many cir-
rhotic nodules are clonal expansions of 
genomically aberrant cells (26), and he-



STATE OF THE ART: CT and MR Diagnosis and Staging of HCC	 Choi et al

638	 radiology.rsna.org  n  Radiology: Volume 272: Number 3—September 2014

patocytes within cirrhotic nodules may 
develop dysplastic features and thus 
give rise to dysplastic foci and nodules. 
As discussed below, most cirrhotic nod-
ules are not discernible as individual 
lesions at in vivo imaging.

Dysplastic foci.—Dysplastic foci are 
microscopic lesions, arbitrarily less than 
1 mm in diameter, composed of hepato-
cytes with precancerous features such as 
small cell change (6) arising within cir-
rhotic nodules or, if the liver is noncir-

rhotic, within single lobules (27). These 
lesions are identified incidentally at histo-
logic evaluation and not detectable by 
means of in vivo imaging. As it is not pos-
sible to detect or follow them in vivo, 
their natural history is poorly under-

Figure 1:  Hemodynamic and OATP expression changes during multistep hepatocarcinogenesis. Schematic drawing illustrates typical 
changes in intranodular hemodynamics and OATP expression during multistep hepatocarcinogenesis. As shown, multistep hepatocar-
cinogenesis is characterized by successive selection and expansion of less-differentiated subnodules within more well differentiated 
parent nodules. The subnodules grow and eventually replace (blue arrows) the parent nodules. Progressed HCCs show expansile growth 
(red arrows) and characteristically are encapsulated with fibrous septa. Earlier nodules lack these structures and show replacing growth. 
During hepatocarcinogenesis, the density of portal triads diminishes while the density of unpaired arteries increases. The net effect is 
that intranodular arterial supply diminishes initially and then increases (bottom graph); progressed HCCs typically show arterial hyper-
vascularity compared with background liver, while earlier nodules typically do not. OATP expression usually diminishes progressively (top 
graph); progressed HCCs, early HCCs, many high-grade dysplastic nodules, and some low-grade dysplastic nodules show OATP under-
expression compared with background liver. The shaded area in each graph represents the window of opportunity to detect nodules at 
different stages of tumor development based on net arterial flow or OATP expression; window of opportunity is larger and begins at 
earlier stages for OATP expression. Note that illustrations and graphs reflect typical changes in hemodynamics and OATP expression. 
Not all nodules exhibit the illustrated characteristics. Also note that during tumor development some stages may be skipped and not all 
HCCs arise from histologically definable precursor lesions. (Illustration by Matt Skalski, MD; copyright 2014, RSNA.)

Figure 1 
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stood. It is presumed that dysplastic 
foci may expand to become dysplastic 
nodules.

Dysplastic nodules.—Dysplastic nod-
ules are nodular lesions, usually 1–1.5 
cm in diameter, that differ in both mac-
roscopic (size, color, or consistency) 
and microscopic appearance from 
background parenchyma (19). They are 
observed in up to 25% of cirrhotic 
livers but occasionally are detected in 
noncirrhotic livers and often are mul-
tiple (23). Dysplastic nodules are classi-
fied as low grade or high grade, 
depending on the presence of cytologic 
and architectural atypia (33).

Histologically, low-grade dysplastic 
nodules resemble cirrhotic nodules. 
The hepatocytes show no cytologic 
atypia (33), and neither expansile sub-
nodules nor architectural alterations 
beyond those of cirrhotic nodules are 
observed (33,34). Findings that if pre-
sent distinguish low-grade dysplastic 
nodules from cirrhotic nodules include 
unpaired arteries and clonelike popula-
tions (aggregates of cells with greater 
copper, iron, or fat accumulation than 
background liver) (6,19,33). High-
grade dysplastic nodules resemble well-
differentiated HCCs. The cells show 
cellular atypia, although the atypia is 
insufficient to establish a diagnosis of 
HCC, and may exhibit clonelike fea-
tures. Architectural alterations, includ-
ing arrangement of hepatocytes in thin 
trabeculae and pseudoglands, may be 
present (33,34). Expansile subnodules 
with varying degrees of atypia may be 
observed (6). Clinically, low-grade dys-
plastic nodules are considered preneo-
plastic lesions with slightly elevated risk 
of malignant transformation, while 
high-grade dysplastic nodules are con-
sidered advanced precursors of HCC 
with high risk of transformation 
(19,35). Some high-grade dysplastic 
nodules contain one or more subnod-
ules of well-differentiated or moderately 
differentiated HCC (“nodule-in-nodule” 
configuration) (36); these are appropri-
ately categorized as “HCC arising in 
high-grade dysplastic nodule” (6). As 
discussed below, CT and MR imaging 
have limited ability to identify and char-
acterize dysplastic nodules.

Early HCCs
Early HCCs are an incipient stage of 
HCC development, analogous to “carci-
noma in situ” or “microinvasive carci-
noma” of other organs (37). Unlike overt 
progressed HCC, which displaces or de-
stroys the liver parenchyma (see below), 
early HCCs grow by gradually replacing 
the parenchyma; as the cells spread, 
they surround neighboring portal tracts 
and central veins but do not displace or 
completely destroy these structures. 
Early HCCs typically measure 1–1.5 cm 
in diameter and rarely exceed 2 cm. 
Macroscopically, most early HCCs are 
vaguely nodular with indistinct margins 
and without a tumor capsule. Due to 
their small size and macroscopic appear-
ance, these lesions frequently are 
termed “vaguely nodular small HCCs” or 
“small HCCs with indistinct margins.” 
(32). The lesions are indistinguishable 
from high-grade dysplastic nodule at 
gross pathologic examination (36). His-
tologically, early HCCs consist of small, 
well-differentiated neoplastic cells (36) 
arranged in irregular but thin trabeculae 
or pseudoglands (19). Thus the micro-
scopic appearance closely resembles 
that of high-grade dysplastic nodules. 
The key distinguishing feature, present 
in early HCCs but not in high-grade dys-
plastic nodule, is stromal invasion, de-
fined as infiltration of tumor cells into 
the fibrous tissue surrounding portal 
tracts retained within the nodule or into 
the stromal fibrous tissue surrounding 
the nodule (33). While stromal invasion 
is characteristic, vascular invasion is not 
observed (38), and intrahepatic metas-
tasis is exceedingly rare. Early HCCs are 
considered precursors of progressed 
HCCs (19), although the rate at which 
they transform to progressed HCC has 
not been defined (39). Moreover, some 
progressed HCCs probably do not de-
velop from early HCCs but rather arise 
as expansile subnodules within high-
grade dysplastic nodules without transi-
tioning through a vaguely nodular mor-
phology. As will be discussed further in 
part 2 of this review, conventional CT 
and MR imaging have limited sensitivity 
for the detection of early HCCs, but hep-
atobiliary phase MR imaging shows 
promise for this purpose.

Progressed HCCs
Progressed HCCs are overtly malignant 
lesions with the ability to invade vessels 
and metastasize. Macroscopic and his-
tologic features are variable, depending 
in part on lesion size.

Progressed HCCs smaller than 2 cm 
are distinctly nodular with well-defined 
margins; synonymous terms include 
“small and progressed HCCs” and 
“small distinctly nodular HCCs.” Unlike 
early HCCs, small and progressed 
HCCs grow by expanding into and com-
pressing the adjacent parenchyma. 
Characteristically, they are surrounded 
by a tumor capsule and contain internal 
fibrous septa. Histologically, about 80% 
of small and progressed HCCs are mod-
erately differentiated; the remaining 
20% consist of both well-differentiated 
and moderately differentiated compo-
nents (36). Architectural abnormalities 
include thickened plates more than 
three cells wide (30) and arrangement 
of hepatocytes in trabecular/platelike, 
pseudoglandular/acinar, or solid/com-
pact patterns. A significant proportion 
of small and progressed HCCs are asso-
ciated with vascular invasion and intra-
hepatic metastasis (19).

HCCs exceeding 2 cm in diameter 
are known as “large HCCs.” Compared 
with small and progressed HCCs, large 
HCCs tend to have higher histologic 
grade, more aggressive biologic behavior, 
and higher frequency of vascular inva-
sion and metastasis. For these reasons, 
it is clinically important to develop im-
aging techniques that can be used to 
accurately diagnose small HCCs prior 
to their growth beyond 2 cm. Macroscop-
ically, most large HCCs are expansile 
tumors with nodular morphology and 
surrounded by tumor capsules. Mosaic 
architecture is characteristic, defined by 
the presence of multiple internal tumor 
nodules separated by fibrous septations 
and areas of hemorrhage, necrosis, and 
occasionally fatty metamorphosis (40). 
Histologically, the internal tumor nod-
ules may differ in grade, microscopic 
architectural pattern, and cytologic 
type (6). Molecularly, they may differ in 
epigenetic and genetic abnormalities 
(41). At least some of these nodules ap-
pear to arise through clonal divergence 
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from common precursor clonal popula-
tions (42,43). About 5% of large HCCs 
have an infiltrative rather than an expans-
ile growth pattern (11); these cancers 
usually are composed of poorly differ-
entiated or undifferentiated cancer 
cells that spread into the surrounding 
sinusoids and cell plates, causing the 
tumor boundary to be ill defined (4,11).

Multifocal HCC
In more than one-third of patients, 
HCC is multifocal (44), defined by the 
presence of tumor nodules unmistak-
ably separated by intervening nonneo-
plastic parenchyma (6). Multifocality 
may be due to synchronous develop-
ment of multiple, independent liver tu-
mors (multicentric hepatocarcinogene-
sis) or intrahepatic metastases from a 
primary tumor (11). In the former case, 
the tumors may vary in histologic grade 
and other features; in the latter case, 
all the tumors are progressed lesions 
with advanced tumor grade. The prog-
nosis of patients with multifocal HCC 
due to intrahepatic metastasis tends to 
be worse than in those with multicen-
tric development of independent tu-
mors (45). Patients with HCC also are 
at high risk for future development of 
new tumors. Due to the high frequency 
with which multiple tumors may de-
velop, patients with HCC sometimes 
cannot be cured by means of surgical 
resection or ablation; as long as the 
cancer has not spread outside the liver, 
hepatic transplantation may provide 
more prolonged survival.

Key Alterations during 
Hepatocarcinogenesis

Numerous pathophysiologic alterations 
accompany hepatocarcinogenesis, as sum
marized in Table 1 and discussed below.

Angiogenesis
Angiogenesis, the formation and devel-
opment of blood vessels, progresses 
during hepatocarcinogenesis. Histologi-
cally, angiogenesis is characterized by 
the presence of unpaired (or nontri-
adal) arteries and sinusoidal capillariza-
tion (28,29). Unpaired arteries are iso-
lated arteries unaccompanied by bile 

ducts or portal veins. These abnormal 
arteries are absent in cirrhotic nodules, 
are sometimes present in small numbers 
in low-grade dysplastic nodules, and are 
present with increasing size and 
number in high-grade dysplastic nod-
ules, early HCCs, and progressed HCCs 
(67) (Fig 1). Sinusoidal capillarization 
refers to alterations in the sinusoidal 
endothelium, including loss of fenestrae 
and deposition of a basement mem-
brane, that make the sinusoids resem-
ble systemic capillaries (46). Sinusoidal 
capillarization is minimal in cirrhotic 
nodules and low-grade dysplastic nod-
ules and is successively more prominent 
in high-grade dysplastic nodules, early 
HCCs, and progressed HCCs. In paral-
lel with these changes, the portal tracts 
(which contain portal veins and nontu-
moral hepatic arteries) progressively 
diminish: Portal tracts are normal in 
number in cirrhotic nodules and low-
grade dysplastic nodules, reduced in 
number in high-grade dysplastic nod-
ules and early HCCs, and virtually ab-
sent in progressed HCCs (47).

Physiologically, the diminution in 
portal tracts causes a gradual reduction 
in arterial and portal venous flow to the 
nodule, while the formation of unpaired 
neo-arteries increases arterial flow 
(28,29). The balance is such that in the 
early phases of hepatocarcinogenesis, 
there is a net decrease in intranodular 
arterial flow and preservation of portal 
venous flow, while in the later phases, 
portal blood flow declines and eventu-
ally becomes absent while net arterial 
flow increases (Fig 1). Thus, low-grade 
dysplastic nodules usually have a pre-
served vascular profile similar to that of 
background cirrhotic nodules; high-
grade dysplastic nodules and early 
HCCs tend to have diminished arterial 
and portal venous flow; and moderately 
differentiated, progressed HCCs usually 
have elevated arterial flow with reduced 
or absent portal venous flow. With tu-
mor growth beyond 5 cm or with fur-
ther dedifferentiation and progression 
to poorly differentiated HCC, however, 
arterial flow may diminish (48). One 
explanation is that in very advanced 
HCCs, rapid cell proliferation in the tu-
mor center elevates interstitial pres-

sure, causing compression closure of 
tumor capillaries, and regression of 
neo-arteries (49).

Venous Drainage
Venous drainage evolves during hepa-
tocarcinogenesis from hepatic veins 
(cirrhotic nodules, dysplastic nodules, 
early HCCs) to sinusoids (progressed 
HCCs without fibrous capsules) to por-
tal veins (progressed HCCs with fi-
brous capsules) (50,51). The transition 
to portal venous drainage may explain 
in part the predilection of HCC to in-
vade into and disseminate via portal 
compared with hepatic veins (50); as 
discussed further below, the metasta-
ses resulting from vascular invasion 
often manifest as satellite nodules 
within the venous drainage area of the 
primary tumor. The evolution in ve-
nous drainage also may explain the 
phenomenon of corona enhancement. 
As discussed in part II, corona en-
hancement is an imaging feature of hy-
pervascular, progressed HCC. It refers 
to enhancement of the peritumoral pa-
renchyma that begins a few seconds 
after enhancement of the tumor itself. 
It is attributed to passage of contrast 
material from the tumor through the 
draining sinusoids and portal venules 
into the surrounding parenchymal si-
nusoids, with which the drainage ves-
sels communicate. Early HCCs drain 
via hepatic veins, not sinusoids or por-
tal venules, and hence do not manifest 
corona enhancement (52).

Tumor Capsule and Fibrous Septa
Tumor capsules and fibrous septa are 
other features that develop during he-
patocarcinogenesis. These structures 
are not observed in cirrhotic nodules, 
dysplastic nodules, or early HCCs but 
are characteristic of nodular progressed 
HCC, being observed in about 70% of 
these lesions (42). The capsule sur-
rounds the tumor and consists of two 
layers. The inner layer is composed of 
tight, relatively pure fibrous tissue con-
taining thin, slit-like vascular channels. 
The outer layer is composed of looser 
fibrovascular tissue containing portal 
venules, newly formed bile ducts, and 
prominent sinusoids (53,54). Blood 
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Table 1

Key Alterations during Hepatocarcinogenesis and Their Imaging Implications

Alteration Description CT and MR Imaging Implications

Angiogenesis Unpaired (nontriadal) arteries progressively increase  
  during hepatocarcinogenesis

Low-grade dysplastic nodules usually have similar arterial and portal venous flow  
 � as cirrhotic nodules. Hence, these nodules usually show isoenhancement relative 

to background liver in the vascular imaging phases. High-grade dysplastic nodules 
and early HCCs usually have diminished arterial and portal venous flow. Hence 
these nodules are usually hypoenhanced relative to background liver in the arterial 
and portal venous phases Moderately differentiated, progressed HCCs usually 
have elevated arterial flow with reduced or absent portal venous flow. Hence 
these nodules are typically hyperenhanced in the arterial phase and, although the 
mechanisms are not fully understood, appear to washout in portal venous and 
delayed phases

Reduction in portal  
 � tracts

Portal tracts (which contain portal veins and nontumoral 
hepatic arteries) progressively diminish during 
hepatocarcinogenesis

Same as for angiogenesis above

Venous drainage Venous drainage evolves from hepatic veins (cirrhotic  
 � nodules, dysplastic nodules, early HCCs) to sinusoids 

(progressed HCCs without fibrous capsules) to portal  
veins (progressed HCCs with fibrous capsules)

Hypervascular progressed HCCs may be associated with perinodular corona  
 � enhancement in late hepatic arterial or early portal venous phase; this is attributed 

to passage of contrast material from tumor through draining sinusoids and portal 
venules into surrounding sinusoids. Early HCCs, being drained by hepatic veins, 
are not associated with corona enhancement. Progressed HCCs tend to invade 
draining sinusoids and portal venules, leading to intrahepatic metastases. These 
metastases often manifest as perilesional satellite nodules in the parenchyma 
receiving venous drainage from the primary tumor.

Tumor capsule and  
 � fibrous septa 

formation

Progressed HCCs frequently have tumor capsules and  
 � fibrous septa. These structures are not observed in 

cirrhotic nodules, dysplastic nodules, or early HCCs.

The imaging detection of a tumor capsule is strongly suggestive of progressed HCC.

Fat content Fat may accumulate within hepatocytes during the early  
 � phases of hepatocarcinogenesis (dysplasia and early 

HCC). With progression to overt HCC, fat usually 
regresses.

In a patient with cirrhosis or other risk factors for HCC, a fatty nodule is likely to be a  
 � dysplastic nodule or an early HCC. Caveat: some progressed HCCs also may be 

fatty.

Iron content Iron may accumulate within hepatocytes during the  
 � dysplastic phases of hepatocarcinogenesis. With 

progression to HCC, iron usually regresses.

In a patient with cirrhosis or other risk factors for HCC, a siderotic nodule is likely  
 � to be a dysplastic nodule and unlikely to be HCC. The development of an iron-free 

subnodule within a siderotic nodule, however, suggests incident HCC.
OATP transporters OATP expression declines during hepatocarcinogenesis:  

 � expression levels are high in cirrhotic nodules and low-
grade dysplastic nodules and lower in many high-grade 
dysplastic nodules, early HCCs, and progressed HCCs

In a patient with cirrhosis or other risk factors for HCC, a solid nodule that is  
 � hypointense on hepatobiliary phase T1-weighted MR images after administration 

of a hepatobiliary agent is likely to be a high-grade dysplastic nodule or HCC. The 
differential diagnosis includes iron-rich low-grade dysplastic nodule and small 
intrahepatic cholangiocarcinoma. Pitfalls: hemangiomas and nodular or confluent 
areas of fibrosis typically appear hypointense in the hepatobiliary phase and may 
be mistaken for HCC.

drains from the tumor to the adjacent 
parenchyma through the capsule via 
complex communications between tu-
mor sinusoids, intracapsular vessels 
and vascular channels, and perinodular 
portal venules and sinusoids. Fibrous 
septa are intratumoral fibrous bands at 
the interface between HCC subnodules 
or between areas of necrosis and HCC 
tissue (55). The mechanism of tumor 
capsule and fibrous septa formation is 
not fully understood. Studies suggest 
that host mesenchymal cells, not HCC 

cells, elaborate the extracellular matrix 
components of these structures (55), 
possibly in response to compression of 
liver parenchyma by expansile tumor 
(11,56) as well as host-tumor interac-
tions (63).

Clinical investigations have shown 
that, after adjusting for tumor size and 
grade, HCCs with intact tumor 
capsules are associated with lower re-
currence rates after resection or abla-
tive therapy than HCCs without intact 
capsules (57), suggesting that the tu-

mor capsule impedes HCC dissemina-
tion. The tight inner layer is thought to 
acts as a physical barrier that confines 
cells within the tumor margin, while 
the narrow transcapsular vascular 
channels may block tumor cells that 
have accessed the vascular lumen from 
embolizing downstream (58). It should 
be emphasized, however, that capsule 
formation is a feature of advanced 
HCC; thus while HCCs with intact 
capsules have a more favorable prog-
nosis than HCCs of similar size and 
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grade without capsules or with dis-
rupted capsules, they have a worse 
prognosis than early HCCs, which are 
unencapsulated (59).

Fat Content
During the early phases of hepatocar-
cinogenesis, hepatocytes may accumu-
late fat, and low-grade dysplastic nod-
ules, high-grade dysplastic nodules, and 
early HCCs may become more steatotic 
(60)—either focally within clonal-like 
subnodules or diffusely (19)—than 
background liver. The frequency of dif-
fuse intranodular steatosis increases 
from low-grade dysplastic nodule to 
high-grade dysplastic nodule and then 
to early HCC, with 40% of early HCCs 
being diffusely steatotic (61). The 
frequency of diffuse steatosis peaks in 
early HCCs about 1.5 cm in diameter 
(61) and declines with increasing tumor 
size and grade (47,61). Thus, diffuse 
fatty change is uncommon in HCCs 
larger than 3 cm and in progressed 
HCCs (33,61); it usually is not observed 
in poorly differentiated HCC.

The mechanism underlying fat accu-
mulation in early hepatocarcinogenesis 
is not fully understood. The prevailing 
hypothesis is that during the transition 
phase from portal to arterial supply, 
there is a period in which the develop-
ment of unpaired arteries is not yet suf-
ficient to compensate for the reduced 
portal venous and nontumoral arterial 
flow (61). The resulting ischemic/hypoxic 
environment is thought to induce hepa-
tocellular fat accumulation. With tumor 
progression, unpaired arteries become 
more fully developed, the ischemic/hyp-
oxic conditions resolve, and the steato-
sis regresses (42).

Recently, a steatohepatitic variant 
of HCC has been described. This vari-
ant has histologic features resembling 
those of steatohepatitis in nonneoplas-
tic liver (eg, steatosis, inflammatory in-
filtrates, hepatocellular ballooning, Mal-
lory-Denk bodies, and pericellular 
fibrosis) and appears to occur most 
commonly in patients with underlying 
steatohepatitis (62). In one study, all 16 
steatohepatic HCCs showed moderate 
to severe steatosis, and 14 of 16 (87%) 
were poorly differentiated (62). Thus 

unlike conventional HCCs, in which ste-
atosis regresses with tumor progres-
sion, steatosis may be a prominent fea-
ture in steatohepatitic HCC with 
advanced tumor grade.

Iron Content
In cirrhotic livers without diffuse iron 
deposition, iron may accumulate pref-
erentially in low-grade dysplastic nod-
ules and some high-grade dysplastic 
nodules (33). These iron-rich nodules 
commonly are described as “siderotic 
nodules.” The iron accumulation by 
these nodules is thought to reflect 
clonal expansion of hepatocytes with 
iron avidity (63). With further dediffer-
entiation, hepatocytes become “resis-
tant” to iron accumulation, and most 
high-grade dysplastic nodules, early 
HCCs, and progressed HCCs are iron 
free, including high-grade dysplastic 
foci and subnodules of HCC developing 
within otherwise siderotic precursor 
nodules (64). This iron resistance has 
been attributed to greater iron utiliza-
tion by neoplastic cells (65) or to higher 
cellular proliferation with consequent 
dilution of iron within progeny cells. 
Iron resistance also is observed in dys-
plastic foci, dysplastic nodules, and 
HCCs in livers with diffuse hepatic iron 
overload due to any cause (23). Thus in 
diffusely iron-overloaded livers, a solid 
nodule free of iron is likely to be dys-
plastic or malignant.

OATP Transporters
Organic anionic transporting polypep-
tides (OATP) are a family of proteins ex-
pressed in hepatocytes along the basolat-
eral (sinusoidal) membrane and involved 
in transport of bile salts (66). One of 
these transporters, OATP 8 (also known 
as OATP1B1/3) (67), is thought to be re-
sponsible for uptake by human liver cells 
of two gadolinium-based contrast agents, 
gadoxetate disodium and gadobenate 
dimeglumine. Emerging evidence sug-
gests that the expression of these trans-
porters diminishes during  
hepatocarcinogenesis: Expression levels 
are high in cirrhotic nodules and low-
grade dysplastic nodules and lower in 
many high-grade dysplastic nodules, early 
HCCs, and progressed HCCs (67). Im-

portantly, this suggests that OATP8 ex-
pression level decreases during hepato-
carcinogenesis prior to reduction in 
portal venous flow (68) and prior to com-
plete neo-arterialization and to elevation 
of arterial flow (67) (Fig 1), with impor-
tant implications for imaging-based de-
tection of HCC using hepatobiliary agents 
as discussed later. Moreover, the degree 
of OATP8 expression correlates inversely 
with HCC tumor grade, such that expres-
sion levels tend to be lower in higher 
grade than in lower grade HCCs (67,69). 
The reduction in OATP8 expression dur-
ing hepatocarcinogenesis may in part be 
attributable to expression of hepatocytes 
nuclear factor 3b, a liver-enriched tran-
scription factor that is overexpressed in 
70% of HCCs and that represses the 
transcription of OATP8 (100). Addition-
ally, the OATP8 expression level in HCCs 
has been shown to inversely correlate 
with the presence of biliary phenotypic 
markers such biliary-type keratin 7 (K7) 
and keratin 19 (K19) (70); HCCs with 
these markers may be more aggressive 
and have worse prognosis (71). Paradox-
ically, about 5%–12% of moderately dif-
ferentiated HCCs and rarely some well-
differentiated HCCs overexpress OATP8; 
it has been speculated that the overex-
pression of OATP8 in these tumors may 
reflect a different cell of origin or may be 
due to genomic alterations during hepa-
tocarcinogenesis (67).

MRP Transporters
Multidrug resistance–associated 
proteins (MRPs) are a family of trans-
porters expressed in hepatocytes under 
physiologic conditions that play impor-
tant roles in bile formation and excre-
tion of toxic substances. The presence 
of cirrhosis upregulates the expression 
of these transporters to facilitate the 
elimination of various exogenous sub-
stances (72). Gadoxetate disodium and 
gadobenate dimeglumine are excreted 
by hepatocytes into the bile by these 
transporters, predominantly by MRP2 
(73), and excreted back into the sinu-
soids, predominantly by MRP3 (73). 
Changes in expression levels of excre-
tion transporters during hepatocarcino-
genesis have not yet been systematically 
studied (67).
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Spread of HCC

Intrahepatic Metastasis
Although progressed HCCs may spread 
contiguously into the surrounding liver 
by expansile or infiltrative growth, the 
most important mechanism of spread is 
intrahepatic metastasis. These metasta-
ses develop in progressed HCC (but 
rarely if ever in early HCC) when malig-
nant cells enter portal venules draining 
the primary tumor and spread into the 
surrounding parenchyma. (As mentioned 
earlier, the venous drainage evolves dur
ing hepatocarcinogenesis from hepatic 
venules to portal venules; the portal ve-
nules are thought to be the conduits by 
which progressed HCC metastasizes). 
The resulting metastases usually mani-
fest as small “satellites” within the venous 
drainage area around the primary tu-
mor (74). Intrahepatic metastases also 
may form outside the drainage area, 
including in other segments or in the 
contralateral lobe. Some of these re-
mote intrahepatic metastases may arise 
from tumor cells that entered the 
systemic circulation and then returned 
to the liver (75). Rarely, widespread in-
trahepatic metastases cause the liver to 
be diffusely studded with minute, uni-
formly sized, poorly differentiated tu-
mor nodules that at gross pathologic 
examination may mimic the appearance 
of cirrhotic nodules (“diffuse” or “cir-
rhotomimetic” HCC) (6,76). Despite 
the tendency of HCCs to invade vessels 
and metastasize within the liver, extra-
hepatic metastases (lungs, lymph 
nodes, bones, adrenal glands) (6) are 
late manifestations (11).

Vascular Invasion
Vascular invasion, the entrance of tumor 
cells into the lumen of vessels, is a char-
acteristic feature of progressed HCC 
(77). Such invasion distinguishes HCC 
from secondary liver cancers, which 
rarely invade intrahepatic vessels (76). 
Portal veins are invaded more commonly 
than hepatic veins; hepatic arteries are 
not invaded (77). Vascular invasion is 
classified as microvascular (visible only 
at microscopy) or macroscopic (visible 
at gross pathologic examination) (78). 
Both types of vascular invasion portent a 

poor prognosis, as they provide the 
route by which HCC cells access the cir-
culation to metastasize through the liver 
or systemically. Thus, HCCs with vascu-
lar invasion frequently are multifocal and 
have higher recurrence rates after resec-
tion, ablation, and transplantation (79,80). 
Factors associated with vascular invasion 
include large tumor size and advanced 
histologic grade (74). The risk of recur-
rence is particularly high for patients 
with macrovascular invasion; for this 
reason, macrovascular invasion is re-
garded as a contraindication for surgical 
resection or liver transplantation (81).

Biliary Invasion
Bile duct invasion is uncommon clinically 
but reported in 5%–10% of autopsy 
series (6,42,82). Most cases are associ-
ated with infiltrative HCCs or HCCs with 
macrovascular invasion (42).

Tumor Capsule Invasion
HCC cells that elaborate metallopro-
teinases may infiltrate into and through 
the tumor capsule into the surrounding 
parenchyma (83). Such infiltration in-
creases the risk of vascular invasion 
and intrahepatic metastasis, and so is 
associated with poorer prognosis 
(58,59,83,84).

CT and MR Imaging Technique

CT and MR Imaging with Extracellular 
Contrast Agents
As discussed further in part II, extracel-
lular contrast agents permit diagnosis 
of HCC based mainly on the physiologic 
changes in intranodular blood flow that 
accompany hepatocarcinogenesis. To 
comprehensively evaluate these chang-
es, multiphasic examinations are per-
formed with acquisition of images be-
fore (precontrast) and dynamically 
after contrast agent administration 
(Figs 2, 3). For MR imaging, three-di-
mensional T1-weighted sequences 
usually are utilized for dynamic imag-
ing. Typically, contrast agents are ad-
ministered at rates of 4–6 mL/sec for CT 
(85) and 2 mL/sec for MR imaging (86) 
followed by saline infusion to clear re-
sidual contrast material from the intra-

venous tubing and injected vein. The 
contrast agent dose is usually based on 
body weight. For CT, 1.5–2 mL per ki-
logram of body weight (assuming a 
concentration of 350 mg iodine per 
milliliter) usually is appropriate to 
achieve a total iodine dose of 525 mg 
iodine per kilogram or more. For MR 
imaging, the dose varies from 0.025 to 
0.1 mmol gadolinium per kilogram, de-
pending on the agent and other factors, 
as discussed later.

Three enhanced phases typically are 
acquired: late hepatic arterial, portal ve-
nous, and delayed phase. The late he-
patic arterial phase is characterized by 
full enhancement of the hepatic artery 
and its branches as well as enhancement 
of the portal vein; the hepatic veins are 
not yet enhanced by antegrade flow 
(87). This phase coincides with peak ar-
terial perfusion and enhancement of 
liver tumors, and it is critical for detec-
tion and characterization of hypervascu-
lar HCC (88) (Figs 2, 3). The early he-
patic arterial phase, in which the hepatic 
artery is enhanced but the portal vein is 
not, is less effective, as tumor hypervas-
cularity may be subtle or missed alto-
gether (89). Most centers therefore 
omit the early hepatic arterial phase. 
Contrast agent bolus tracking or use of a 
test bolus is recommended for late he-
patic arterial timing (90), since fixed de-
lay is not reliable for this purpose. An-
other approach for achieving optimal 
timing is to obtain multiple high-tempo-
ral-resolution arterial-phase acquisi-
tions, thereby ensuring that at least 
some images are captured during peak 
arterial perfusion and enhancement of 
the tumor (91). The portal venous phase 
coincides with peak parenchymal en-
hancement, is characterized by enhance-
ment of hepatic veins as well as portal 
veins, and is acquired at around 60–80 
seconds after the start of contrast agent 
injection (Figs 2, 3). The delayed phase 
is acquired at 3–5 minutes (92) (Figs 2, 
3). As discussed further in part II, these 
latter phases are critical for characteriz-
ing key imaging features of HCC such as 
washout appearance and capsule ap-
pearance (93) (Figs 2, 3), and they help 
to differentiate small HCCs from small 
ICCs, which typically show prolonged 
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Figure 2:  Images in a 51-year-old man with HCC and hepatitis B–related cirrhosis: multiphasic CT technique. (a) There is no discernible lesion on precontrast CT 
image. (b) Late hepatic arterial phase image shows heterogeneously hyperenhancing mass with mosaic architecture in segment VIII. Notice enhancement of hepatic 
artery and portal vein branches in late hepatic arterial phase. Hepatic veins are not enhanced. (c, d) Relative to liver, mass de-enhances on (c) portal venous and  
(d) 3-minute delayed phase images to become isoattenuating with background parenchyma. Mass has capsule appearance in venous phases, shown to best advan-
tage in delayed phase. Notice that hepatic veins are enhanced in portal venous and delayed phases. (e) Gross pathology photograph of resected specimen confirms 
progressed, encapsulated HCC with expansile growth pattern. Histologic examination showed moderately differentiated tumor (Edmondson grade II). As illustrated in 
this case, delayed phase may show capsule appearance more clearly than portal venous phase.

Figure 2 

central enhancement (94). For the above 
purposes, the delayed phase may be su-
perior to the portal venous phase (95) 
(Fig 2). The portal venous and delayed 
phases also may be useful for measuring 
nodule diameter, depicting hypovascular 
nodules including early HCCs (96), and 
identifying vascular thrombosis. To re-
duce radiation dose, some centers skip 
the delayed phase at CT, but this prac-
tice is difficult to recommend because 
important diagnostic information may 
be lost. The precontrast image serves as 
a baseline to gauge subsequent enhance-
ment. For observations that are hyperin-
tense on precontrast MR images, sub-

traction images (postcontrast minus 
precontrast) may be helpful for detec-
tion of enhancement and evaluation of 
its degree (87). In theory, precontrast 
CT also might be helpful in patients with 
iron-rich nodules to detect hyperattenu-
ation before contrast agent administra-
tion, thus avoiding misinterpretation of 
arterial-phase hyperenhancement, but 
there is little published evidence to our 
knowledge to support this benefit. Thus, 
except in patients previously treated 
with locoregional embolic or ablative 
therapies, precontrast CT adds little di-
agnostic value (93,97) and, to reduce 
radiation dose, usually may be omitted 

from routine multiphasic examinations 
without loss of significant diagnostic in-
formation. In the future, dual-energy CT 
may be of value by permitting the gener-
ation of virtual unenhanced images and/
or iodine maps that depict the iodine 
concentration distribution in tumor and 
background liver.

In addition to the vascular phases, 
MR imaging examinations usually include 
T1-weighted in-phase and opposed-phase 
gradient-echo, T2-weighted fast-spin-
echo or single-shot fast-spin-echo, and 
diffusion-weighted sequences. These 
sequences help to assess ancillary imag-
ing features of HCC, as discussed in 
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part II. For diffusion-weighted imaging, 
two or more b values typically are ac-
quired, at least one of which is in the low 
(0–50 sec/mm2) and one in the interme-
diate to high (400–800 sec/mm2) range. 
T2-weighted and diffusion-weighted im-
ages can be acquired before or after 
contrast agent administration.

MR Imaging with Hepatobiliary Agents
A discussed further in part II, hepatobi-
liary agents permit diagnosis of HCC 
based not only on vascularity but also on 

Figure 3:  Images in 64-year-old man with HCC and hepatitis B–related cirrhosis: multiphasic MR tech-
nique with extracellular contrast agent. (a–d) Gadolinium-enhanced T1-weighted three-dimensional (3D) 
gradient-echo (GRE) images (repetition time msec/echo time msec, 6.3/1.9; flip angle, 15°) show large 
hypointense mass on (a) precontrast image with (b) hyperenhancement in late hepatic arterial phase.  
Notice enhancement of portal vein branches but not of hepatic vein branches in late hepatic arterial phase. 
(c) Portal venous and (d) 3-minute delayed phase images show persistent enhancement of tumor relative to 
liver. Persistent enhancement is atypical of large progressed HCCs, which characteristically appear to wash-
out on venous phase images. Notice capsule appearance (arrow) on delayed phase image. Capsule appear-
ance is seen to better advantage on delayed compared with portal venous phase image and permits 
confident diagnosis of HCC despite lack of washout appearance.

Figure 3 

hepatocellular function. Currently avail-
able hepatobiliary contrast agents in-
clude gadoxetate disodium and gado-
benate dimeglumine, both of which are 
gadolinium-based agents. The approved 
dose of gadobenate dimeglumine is 0.1 
mmol/kg, the same as for pure extracel-
lular agents, and it is usually injected at 
2 mL/sec (98). Some investigators use 
half dose (0.05 mmol/kg) in patients 
with renal impairment (99). The ap-
proved dose of gadoxetate disodium is 
0.025 mmol/kg, a quarter that of extra-

cellular agents, which usually corre-
sponds to a volume of 5–10 mL, depend-
ing on patient weight (100). Some 
investigators use a higher-than-approved 
dose (up to 0.05 mmol/kg) to improve 
the quality of the vascular phases (101). 
On intravenous administration, these 
agents rapidly distribute in the vascular-
interstitial compartment, enhance the 
extracellular space, and permit acquisi-
tion of dynamic images that allow for 
HCC diagnosis based on perfusion char-
acteristics as discussed further in part II 
(102). After distribution in the extracel-
lular space, these agents enter hepato-
cytes via OATP8 receptors, which recog-
nize the agents’ ethoxybenzyl (gadoxetate 
disodium) (103) and benzyloxymethyl 
(gadobenate dimeglumine) (104) groups. 
The agents subsequently are excreted 
into the biliary canaliculi by MRP2 as 
well as back into the sinusoidal space by 
MRP3 (67). These transporter mole-
cules are expressed only in “functioning” 
hepatocytes, including hepatic paren-
chyma and, as discussed later, some 
cirrhosis-associated hepatocellular nod-
ules. They are not expressed in cells of 
nonhepatocyte origin such as vascular 
endothelium, cholangiocytes, fibrous tis-
sue, or liver metastases from extrahe-
patic origins (105). Selective uptake of 
these agents by functioning hepatocytes 
and subsequent excretion into the bili-
ary system permits acquisition of hepa-
tobiliary phase T1-weighted images, typ-
ically at 1–3 hours for gadobenate 
dimeglumine (104) and at about 20 mi-
nutes for gadoxetate disodium (100). On 
such images, the hepatic parenchyma is 
strongly enhanced due to OATP-mediat-
ed intrahepatocellular uptake, the large 
bile ducts are enhanced due to biliary 
excretion, and blood vessels are hypoen-
hanced due to clearance of contrast ma-
terial from the blood pool (Fig 4).

Key differences between the two 
agents are that gadoxetate disodium has 
greater hepatocellular uptake and biliary 
excretion (50% versus 5%) (106) than 
gadobenate dimeglumine as well as higher 
plasma relaxivity (r1 5 6.9/6.2 at 1.5 
T/3 T versus 6.3/5.5 l/mmol/sec) (107). 
Consequently, hepatobiliary phase pa-
renchymal enhancement peaks earlier 
and more strongly after injection of ga-
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doxetate disodium, despite its smaller 
dose, than after injection of gadobenate 
dimeglumine (108). Due to the relatively 
long delay required for hepatobiliary 
phase imaging with gadobenate dimeglu-
mine, many centers acquire hepatobili-
ary phase images using this agent only 
in select cases.

Although vascular-phase images ac-
quired with gadobenate dimeglumine 
are qualitatively similar in appearance 
to those acquired with extracellular 
agents, images acquired with gadox-
etate disodium differ. Due to the low 
volume of the injected dose, gadoxetate 
disodium provides a narrow imaging 
window for late hepatic arterial phase 
acquisition (109), which may compli-
cate optimal timing. Additionally, rapid 
changes in arterial signal intensity dur-
ing central k-space acquisition may in-

troduce truncation artifacts (110). To 
compensate for these problems, many 
investigators administer the agent at 1 
rather than mL/sec (111) and/or dilute 
the contrast material with saline to 
achieve a standard injection volume of 
10 mL (86). These steps prolong the 
imaging window for the late hepatic ar-
terial phase and may reduce truncation 
artifacts (112). Some patients also have 
transient breath-holding difficulty after 
gadoxetate disodium injection, predis-
posing to arterial-phase respiratory 
motion artifacts (113). A potential so-
lution is to perform multiple acquisi-
tions during the arterial phase with 
high temporal resolution; this not only 
helps achieve proper timing of the arte-
rial phase as discussed earlier but–es-
pecially if a view-sharing technique is 
not used–also may help ensure that at 

least one arterial acquisition is free of 
motion artifact. The portal venous 
phase usually is acquired at about 60 
seconds and is similar qualitatively to 
that acquired with extracellular agents 
(114). Unlike other agents, however, 
gadoxetate disodium does not provide 
a conventional delayed phase because 
hepatocellular uptake of the agent be-
gins during its first pass through the 
hepatic sinusoids (115). Thus by the 
end of the portal venous phase, consid-
erable hepatocellular uptake has oc-
curred, and from about 2–5 minutes 
after injection, both the intracellular 
and extracellular pools of gadoxetate 
disodium contribute substantially to 
parenchymal enhancement (100,115). 
This phase, in which both the intracel-
lular and extracellular pools are con-
tributory, is sometimes termed the late 

Figure 4 

Figure 4:  Images in 42-year-old man with HCC 
and hepatitis B–related cirrhosis: multiphasic MR 
technique with gadoxetate disodium. (a, b) Gadox-
etate disodium–enhanced T1-weighted 3D GRE 
images (2.5/0.9; flip angle, 11°) show large hy-
pointense mass on (a) precontrast image with  
(b) hyperenhancement in late hepatic arterial 
phase. (c) Portal venous and (d) transitional phase 
images show apparent washout of contrast mate-
rial from tumor. (e) Mass is hypointense relative to 
strongly enhanced liver parenchyma on hepatobi-
liary phase image obtained at 20 minutes after 
injection. Surgical specimen confirmed progressed 
HCC with perilesional satellite metastases. Metas-
tases were visible on other MR sections (not 
shown). Histologically, tumor was poorly differ-
entiated (Edmondson grade III).
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dynamic phase (115) or, since it repre-
sents a transition from extracellular-
dominant to intracellular-dominant en-
hancement, the transitional phase 
(116) (Fig 4).

CT and MR Imaging-based 
Characterization of Precursor Nodules

Table 2 summarizes the CT and MR im-
aging appearance of precursor nodules 
(cirrhotic nodules, low-grade dysplastic 
nodules, and high-grade dysplastic nod-
ules), early HCCs, and progressed HCCs. 
Precursor nodules are discussed in 
depth below. Early and progressed 
HCC are discussed briefly here and in 
greater depth in the second article of 
this two-part review.

Cirrhotic Nodules
Although cirrhotic nodules are innumer-
able in cirrhosis, most cirrhotic nodules 
are imperceptible or only barely percep-
tible at CT and MR imaging. Relative to 
background parenchyma, these nodules 
usually are isoattenuating at unenhanced 
CT and isointense on unenhanced T1-, 
T2-, and diffusion-weighted MR imaging 
(117,118). Occasionally they may be hy-
perintense on T1-weighted in-phase im-
ages, without signal loss on out-of-phase 
images, and hypointense on T2-weighted 
images, similar to dysplastic nodules 
(119) (Fig 5). The exact cause for the T1 
hyperintensity in cirrhotic nodules is un-
known (119). Histologically, cirrhotic 
nodules do not contain paramagnetic 
materials such as copper or iron in 
amounts disproportionately greater than 
that of background liver (33,120), so it 
is difficult to attribute this imaging fea-
ture to the presence of such materials. 
Similarly, the cause of T2 hypointensity 
has not been delineated. If fibrosis is 
particularly prominent, cirrhotic nod-
ules may be visible on unenhanced im-
ages as rounded lesions surrounded by 
cirrhotic scars, which owing to their 
high water content may be hypoattenu-
ating at CT, hypointense at T1-weighted 
MR imaging, and hyperintense at T2-
weighted MR imaging (121).

After extracellular contrast agent in-
jection, most cirrhotic nodules enhance 
to the same degree as the adjacent liver 
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Figure 5:  MR Images in 39-year-old man with liver cirrhosis and multiple cirrhotic nodules, some of which resemble dysplastic nodules at imaging. (a) Transverse 
T1-weighted 3D GRE in-phase image (6.6/4.4; flip angle, 12°) and (b) opposed-phase image (6.6/2.1; flip angle, 12°) show multiple iso- or hyperintense nodules in 
both lobes of liver. (c) Nodules are iso- or hypointense on fat-suppressed T2-weighted fast spin-echo image (3500/101). Some of the T1-hyperintense/T2-hypoin-
tense nodules are distinctive compared with background liver at MR imaging, suggesting the possibility of dysplastic nodules, but no dysplastic nodules were identi-
fied in the pathologic specimen (not shown). This case illustrates the difficulty in differentiating cirrhotic nodules and dysplastic nodules at imaging.

Figure 5 

or show slightly less enhancement, in 
which case they may be visible in the 
portal or delayed phases at CT or MR 
imaging as mildly hypoenhanced nodules 
relative to enhancing fibrosis (122). Cir-
rhotic nodules that are hyperenhanced 
in the arterial phase have been report-
ed, although the mechanism is unclear 
because cirrhotic nodules do not show 
histologic evidence of neo-arterialization 
(123). Since OATP expression is pre-
served, cirrhotic nodules typically have 
similar signal intensity to surrounding 
liver parenchyma in the hepatobiliary 
phase after hepatobiliary contrast agent 
administration (124) or they may appear 
subtly hyperintense relative to cirrhotic 
scars, which do not contain hepatocytes 
and hence do not uptake the agents. 
Some cirrhotic nodules may be mark-
edly more hyperintense in the hepatobi-
liary phase than background nodules, 
presumably because they have sufficient 
hepatocellular function to take up the 
agent but not to excrete it (125).

In summary, while most cirrhotic 
nodules are imperceptible or only barely 
perceptible at CT and MR imaging, some 
cirrhotic nodules may differ in appear-
ance from background nodules due to 
unusual imaging features such T1 hyper-
intensity, T2 hypointensity, mild portal 
venous or delayed phase hypoenhance-
ment, or hepatobiliary phase hyperinten-
sity. Such cirrhotic nodules cannot be 

distinguished from low- or high-grade 
dysplastic nodules at imaging.

Dysplastic Nodules
Most dysplastic nodules are isoattenu-
ating or hypoattenuating in the arterial, 
portal, and delayed phases at CT (126). 
Large dysplastic nodules may appear 
hyperattenuating relative to liver at un-
enhanced CT and become isoattenuating 
after contrast material administration 
(127).

Dysplastic nodules characteristically 
are hyperintense on T1-weighted im-
ages and isointense or hypointense on 
T2-weighted images (122,128) (Fig 6). 
As with cirrhotic nodules, the cause of 
these signal intensity characteristics is 
not well understood. Histologically, dys-
plastic nodules may contain more cop-
per and/or iron than background liver, 
and the presence of such paramagnetic 
materials may contribute to T1 hyperin-
tensity depending on the concentration 
of the materials and the image weight-
ing (119,129).

Some dysplastic nodules may con-
tain intracellular iron in high concentra-
tions. Such iron-rich or siderotic nod-
ules appear slightly hyperattenuating at 
unenhanced CT and, due to the T2- and 
T2*-shortening effects of iron, appear 
moderately to markedly hypointense on 
T2-weighted and T2*-weighted MR im-
ages; the hypointensity is more pro-

nounced on gradient-echo than on fast-
spin-echo images, and on images with 
longer echo times (117,122,130). These 
nodules usually appear hypointense on 
T1-weighted images but, depending on 
the image weighting and the iron concen-
tration, may appear slightly hyperin-
tense (63). Some dysplastic nodules, 
especially high-grade dysplastic nod-
ules, may contain intracellular fat in 
higher concentration than background 
liver (42). Such dysplastic nodules ap-
pear hyperintense on T1-weighted in-
phase images and show signal loss on 
out-of-phase images (131) (Fig 7). In-
tralesional steatosis is more frequent in 
early HCC than in dysplastic nodules 
and also may occur in progressed 
HCCs, however, so the detection of in-
tracellular lipid is not diagnostic of dys-
plastic nodule (132).

Differentiation of low-grade dysplas-
tic nodules, high-grade dysplastic nod-
ules, early HCC, and small progressed 
HCCs may be impossible at unenhanced 
MR imaging, as all four nodule types 
may be isointense or hyperintense on 
T1-weighted images, may be isointense 
or hypointense on T2-weighted images, 
and contain intralesional fat (32,133) 
(Figs 5–7). Some imaging features may 
help in the differential diagnosis, how-
ever. Dysplastic nodules almost never 
are hyperintense on T2-weighted images 
(32,133) or show restricted diffusion 
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Figure 6:  MR Images in 55-year-old man with low-
grade dysplastic nodule and hepatitis B–related cirrhosis. 
A 1-cm nodule (arrow) near the hepatic capsule in seg-
ment V is minimally hyperintense relative to adjacent 
parenchyma on T1-weighted (a) in-phase image 
(7.8/5.2) and (b) opposed-phase image (7.8/2.3).  
(c) Nodule (arrow) is hypointense on T2-weighted fast-
recovery fast spin-echo image (3500/101) and (d) isoin-
tense (arrow) on precontrast T1-weighted 3D GRE 
(4.5/2.2; 12° flip angle) image. (e) At gross pathologic 
examination, nodule (arrow) differs in size and color from 
background nodules, the gross pathologic definition of a 
dysplastic nodule. Histologically, cellular atypia was ab-
sent, and a diagnosis of low-grade dysplastic nodule was 
made.

(134). Thus, in the differential diagnosis 
of dysplastic nodule and HCC, the pres-
ence of mild-moderate T2 hyperintensity 
or restricted diffusion strongly favors the 
diagnosis of HCC. These signal intensity 
characteristics can also be observed in 
ICCs, however, so they do not clinch the 
diagnosis of HCC. Exceptionally, both 
cirrhotic nodules and dysplastic nodules 
may infarct due to ischemic necrosis, 
usually after episodes of hypotension 
with hepatic hypoperfusion, and appear 
hyperintense on T2-weighted images 
(135); at MR imaging, such nodules may 
be difficult to differentiate from hypovas-
cular HCC. On the other hand, the de-
tection of diffuse iron deposition within 
a nodule, as indicated by marked hypoin-
tensity on T2-weighted and T2*-weight-
ed MR images, favors a nonmalignant 
etiology (low-grade dysplastic nodule or 
high-grade dysplastic nodule) over HCC, 
because malignant hepatocytes typically 

are iron resistant (136). Rarely, HCC 
may develop within an iron-rich nodule, 
however, and the emergence within an 
iron-rich nodule of an iron-poor (nonsid-
erotic) subnodule (ie, nodule-in-nodule 
architecture) raises concern for an inci-
dent HCC.

Low-grade dysplastic nodules and 
most high-grade dysplastic nodules 
have relatively preserved arterial blood 
supply and so usually are isoattenuating 
or isointense to liver in the late hepatic 
arterial phase at CT or MR imaging 
(137). Some high-grade dysplastic nod-
ules have elevated arterial supply due to 
neo-arterialization and enhance more 
than liver in the late hepatic arterial 
phase, potentially being mistaken for hy-
pervascular, progressed HCC (138). 
Analysis of portal venous and delayed 
phase images is helpful for interpreting 
arterial-phase hyperenhanced nodules. 
As discussed further in part II, hyper-

vascular high-grade dysplastic nodules 
rarely show washout or capsule appear-
ance in the portal venous or delayed 
phases, while these features are char-
acteristic of progressed HCC (139). 
Thus, the combination of arterial phase 
hyperenhancement and either washout 
or capsule appearance is considered di-
agnostic of HCC.

Cirrhosis-associated nodules with-
out arterial-phase hyperenhancement 
include cirrhotic nodules, low-grade 
dysplastic nodules, high-grade dys-
plastic nodules, and early HCCs. CT 
and MR imaging with extracellular 
agents are unreliable in the differenti-
ation of such nodules, as each nodule 
type may show isoenhancement or hy-
poenhancement in all postcontrast 
phases (140). Hepatobiliary contrast 
agents show promise for differentiat-
ing early HCCs and premalignant nod-
ules (high-grade dysplastic nodules) 
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from lower-risk nodules (low-grade 
dysplastic nodules and cirrhotic nod-
ules). Since OATP expression declines 
during hepatocarcinogenesis, hepato-
biliary phase hypointensity is a strong 
predictor of premalignancy or malig-
nancy, and its presence favors high-
grade dysplastic nodule or early HCC 
over low-grade dysplastic nodule or 
cirrhotic nodule (141) (Fig 7). A po-
tential pitfall is that iron-rich low-
grade dysplastic nodules may appear 
hypointense in the hepatobiliary 
phase due to the T2* shortening ef-
fects of iron. Thus, in nodules with 
imaging evidence of iron accumula-
tion, hepatobiliary phase hypointensi-
ty is nonspecific.

Figure 7:  MR images in a 58-year-old man with fat-containing high-grade dysplastic nodule and hepatitis 
B–related cirrhosis. (a, b) Axial dual-echo GRE images show a nodule in segment VII of liver. Nodule loses 
signal intensity on (b) out-of-phase (7.8/2.3) image compared with (a) in-phase (7.8/5.1) image, indicating 
intralesional fat. (c) Nodule is isointense on T2-weighted fast-recovery fast spin-echo (3500/101) image.  
(d) Nodule is hypointense on hepatobiliary phase image, which favors a diagnosis of high-grade dysplastic 
nodule or early HCC over low-grade dysplastic nodule or cirrhotic nodule. Notice nodule-in-nodule architec-
ture on hepatobiliary phase image, which raises concern for an incipient HCC subnodule developing within a 
parent dysplastic nodule. Percutaneous needle biopsy with histologic analysis was consistent with high-
grade dysplastic nodule with fatty change. Sampling errors may occur with biopsy, and it is possible that an 
HCC subnodule was missed.

Figure 7 

Conclusion

HCC is an increasingly common cause 
of cancer death in Western nations. 
Hepatocarcinogenesis is driven by the 
progressive accumulation of epigenetic 
and genetic alterations potentially in-
volving many different genes and regu-
latory pathways. The process evolves 
over years or decades in parallel with 
the progression of fibrosis in the con-
text of chronic liver disease. Most 
HCCs emerge after cirrhosis has been 
established. Growing evidence sug-
gests that many HCCs arise from he-
patic stem cells, which in part may ex-
plain the predisposition of patients 
with cirrhosis and chronic hepatitis to 

develop tumors spanning a spectrum 
of hepatocellular and cholangiocellular 
differentiation phenotypes. Histologi-
cally, hepatocarcinogenesis is charac-
terized by the repeated emergence and 
expansion of successively less differen-
tiated precursor nodules. Key alter-
ations during hepatocarcinogenesis in-
clude elevation of arterial flow, 
reduction in portal venous flow, and 
reduction in OATP expression. Chang-
es in fat and iron content also may oc-
cur. Multiphasic CT and MR imaging 
with extracellular agents permit diag-
nosis of HCC based mainly on assess-
ment of vascularity. Critical contrast-
enhanced phases include the late 
arterial, portal venous, and delayed 
phases. MR imaging with the hepatobi-
liary agents, gadobenate dimeglumine 
and gadoxetate disodium, provides in-
formation on hepatocellular function 
in addition to vascularity; the delay re-
quired for the hepatobiliary phase de-
pends on the agent. Due to its rapid 
uptake by hepatocytes, gadoxetate di-
sodium does not provide a conven-
tional delayed phase but instead pro-
vides a transitional phase in which the 
intracellular and extracellular pools 
both contribute to parenchymal en-
hancement. The ability to use CT and 
MR imaging with extracellular agents 
to identify and differentiate cirrhotic 
nodules, low-grade dysplastic nodules, 
high-grade dysplastic nodules, and 
early HCCs is limited; hepatobiliary 
phase MR imaging shows promise for 
characterization of precursor lesions 
and for identifying high-grade dysplas-
tic nodules and early HCCs prior to 
neo-arterialization and progression to 
overt HCC.
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