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Abstract
Hepatocellular carcinoma (HCC) encompasses a wide array of histopathologic and genetic features that can be broadly
categorized as proliferative or non-proliferative HCC to reflect tumor aggressiveness. However, accurately
characterizing tumor behavior remains challenging due to the biologic heterogeneity of HCC and limited access to
tissue samples. Currently, imaging is used for the diagnosis of HCC using the Liver Imaging Reporting and Data System
(LI-RADS) without histologic confirmation in most cases. Emerging data suggest that imaging can provide clinical
insight beyond diagnosis and predict patient outcomes by identifying key prognostic features, including those not yet
integrated in LI-RADS. Certain CT and MRI features correlate with proliferative and non-proliferative HCC, and may yield
prognostic information. Imaging findings such as tumor size, multifocality, and low apparent diffusion coefficient
(ADC) have also been associated with microvascular invasion—an independent marker of poor prognosis. Growing
data support the role of imaging in predicting treatment responsiveness before therapy initiation, which may
influence the selection of a therapeutic agent. The radiologist can offer key clinical information by understanding and
describing the prognostic and predictive features in HCC imaging.

Critical relevance statement This study provides radiologists with a comprehensive summary of imaging findings
associated with HCC prognosis, treatment responsiveness, and microvascular invasion.

Key Points
● Hepatocellular carcinoma (HCC) is a heterogeneous cancer leading to challenges in diagnosis and management.
● Tumors can exhibit imaging features associated with proliferative or non-proliferative HCC.
● Key imaging features can help predict tumor aggressiveness and treatment responsiveness before the therapy is
applied.

● Further research leveraging molecular data and applying machine learning models can improve our understanding of
HCC prognostication.
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Graphical Abstract

Imaging plays a key role in the diagnosis of 
hepatocellular carcinoma (HCC).

Novel imaging features can provide valuable 
insight into patient prognosis and help predict 
response to specific treatments.
Understanding and describing these key imaging
features can help guide HCC risk stratification,
prognostication, and clinical decision-making.
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HCC in a 57-year-old woman without 
underlying chronic liver disease. a Non-
contrast T1-weighted image shows a
hypointense large heterogeneous 7.5-
cm mass in segment VI. b Arterial phase
image with gadobenate dimeglumine
shows tumoral and peritumoral
hyperenhancement (*). c Portal and d
delayed phase images show washout 
within the lesion. e On hepatobiliary
phase, the lesion demonstrates low
signal. f T2-weighted image shows
marked hyperintensity. g Histologic
diagnosis was a moderately
differentiated trabecular-type HCC. H&E
= hematoxylin and eosin.

Introduction
Liver cancer represents the third most common cause of
cancer-related mortality and is the sixth most frequently
diagnosed cancer worldwide. Globally, over 860,000
incident cases of liver cancer were diagnosed, with over
750,000 deaths annually in 2022 [1]. Hepatocellular car-
cinoma (HCC) is the most common type of primary liver
cancer [2]. Although survival has improved over time, the
prognosis is guarded with HCC-specific mortality
exceeding 50% at 5 years [3]. The pathophysiology of
HCC is multifactorial and involves genetic and micro-
environmental insults to hepatic parenchyma.
Diagnostic criteria for HCC can be met on the basis of

imaging findings using the Liver Imaging Reporting and
Data System (LI-RADS) [4]. LI-RADS offers standardized
algorithms to determine the probability of malignancy
and HCC using features such as tumor size, arterial phase
hyperenhancement, nonperipheral washout, enhancing
capsule, and threshold growth. However, LI-RADS cur-
rently provides limited information on patient outcomes
at the time of diagnosis.
Classifying HCC according to suspected tumor aggres-

siveness can influence treatment selection, surveillance
plans, and patient expectations. Considering the sig-
nificant biologic heterogeneity of HCC and the wide range

of clinical outcomes, accurate stratification of HCC
remains difficult. Histopathologic and molecular features
are highly useful adjuncts in HCC characterization and
are essential for diagnosis when radiological signs are
equivocal. Unfortunately, as the role of biopsy in the
workup of HCC has decreased, so has the availability of
microscopic markers of prognosis. Consequently, there is
a growing need to identify prognostic markers without
resorting to invasive techniques.
Through correlation with histopathologic, molecular,

and imaging features, emerging data suggest that imaging
can provide important information on prognostic and
predictive markers. Prognostic markers predict the nat-
ural evolution of disease. Predictive markers offer insight
into potential responsiveness to treatment, which could
influence therapy selection. The objectives of the current
review are (1) to describe known prognostic and pre-
dictive markers of HCC, (2) to understand the imaging
features associated with HCC prognosis, and (3) to
identify these features on CT and MRI.

Proliferative and non-proliferative classification
Hepatocarcinogenesis is influenced by an amalgam of
genetic pathways that result in differences in tumor
aggressiveness. Genetic alterations activate oncogenic
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signaling pathways and this translates in the expression of
specific markers, providing insights on tumor cell pro-
liferation and differentiation status.
While it is challenging to define neat categories of HCC

given the extensive genomic alterations, classification of
HCC is necessary for risk stratification, prognostication,
and clinical decision-making. To better reflect the beha-
viors of different HCC phenotypes, HCC can be divided
into two broad subgroups: proliferative HCC and non-
proliferative HCC. Each subgroup is characterized by
various molecular, histopathologic, clinical, and serum
findings (Fig. 1) [5].
The proliferative subtype is defined by excessive geno-

mic and epigenetic changes associated with poor prog-
nosis and worse survival outcomes. Classification by Lee
et al in 2004 defined clusters based on cell proliferation
and cell survival, with proliferative HCC aligning with
Cluster A, which exhibits high levels of cell proliferation

[6]. Proliferative HCC can also be characterized by
chromosomal instability or its predominant signaling
pathways. High vascular invasion is a feature of pro-
liferative HCC likely driven by numerous genetic and
epigenetic properties, such as the MYC oncogene acti-
vation, which upregulates vascular invasion-related
mRNA and microRNA [7, 8]. Cellular dedifferentiation
and increased epithelial-mesenchymal transition promote
angiogenesis and vascular invasion via signaling pathways
including transforming growth factor-β (TGF-β) [9]. The
main molecular classes of HCC are summarized in
Table 1.
On the other hand, non-proliferative HCC is a less

aggressive phenotype associated with better outcomes.
Tumor cells are generally more differentiated than pro-
liferative type HCC, and they have a tendency to retain
hepatocyte-like features. Non-proliferative HCC corre-
lates with subtypes defined by low cell proliferation and

Fig. 1 Examples of the molecular, genetic, pathologic, clinical, and serum markers in proliferative and non-proliferative HCC. AFP, alpha-fetoprotein; AKT,
protein kinase B; ALD, alcohol-associated liver disease; AXIN1, axis inhibitor 1; CDH1, cadherin 1; CDKN2A, cyclin-dependent kinase inhibitor 2A; CTNNB1,
catenin beta-1; MASLD, metabolic dysfunction-associated steatotic liver disease; PIK3CA, phosphoinositide-3-kinase-catalytic-alpha; TGF-β, transforming
growth factor-β; TP53, tumor protein p53

Table 1 Main molecular classification systems of HCC

Lee et al [6] Boyault et al [10] Hoshida et al [7]

▪ Classes: Cluster A and B

▪ Classification based on tumor proliferation level and

cell survival.

▪ Cluster A tumors generally demonstrate higher cell

proliferation, and Cluster B tumors demonstrate lower

cell proliferation.

▪ Classes: G1-G6

▪ Classification based on 16 genes and clinical data.

▪ Two large tumor groups are associated with

chromosome instability (G1-G3) or chromosome

stability (G4-G6).

▪ Classes: S1-S3

▪ Proliferative S1 class is characterized

by Wnt/TGF-β activity.

▪ Proliferative S2 class is linked to MYC

activity.

▪ Non-proliferative S3 class is

associated with well-differentiated

tumors.

Deyirmendjian et al. Insights into Imaging          (2025) 16:181 Page 3 of 20



chromosomal stability. They tend to progress less rapidly
through the Wnt-β-catenin signaling pathway activation
and the CTNNB1 mutation, a commonly mutated gene in
HCC associated with a favorable prognosis [6, 10, 11].
Frequently, HCC tumors do not fall neatly into a single
proliferative or non-proliferative category but exhibit a
mixture of features.
Molecular markers have a growing role in the man-

agement of HCC, and recent studies support that
understanding genetic changes may help guide therapy.
For example, Ziv et al analyzed the gene mutation sig-
nature of HCC and non-HCC liver tumors treated with
transarterial embolization [12]. The most predictive genes
were associated with Wnt-β-catenin and hypoxia signal-
ing pathways, such as CTNNB1, a downstream activator
of Wnt-β-catenin signaling. A dependence on glycolysis
upregulation, which has been linked to the involved
pathways, was a proposed mechanism for the increased
susceptibility to ischemia. Understanding the pathophy-
siology and classification of HCC allows radiologists to
better assess and potentially treat HCC.

Pathologic classification
Most HCCs are classified as not otherwise specified
(NOS) conventional type with one of the following prin-
cipal growth patterns: (1) trabecular, (2) pseudoglandular,
(3) solid, and (4) macrotrabecular.

As molecular evidence becomes more widely available,
the 2019 World Health Organization (WHO) has refined
its histologic classification and named eight special HCC
variants, according to their distinct prognoses: macro-
trabecular massive, scirrhous, neutrophil-rich, steatohe-
patitic, clear cell, lymphocyte-rich, fibrolamellar, and
chromophobe (Fig. 2 and Table 2) [13, 14]. Approximately
35% of HCCs meet the criteria for a special histologic
subtype.
Among the different subtypes, some demonstrate fea-

tures and behaviors that reflect proliferative or non-
proliferative HCC. Proliferative HCC has been associated
with macrotrabecular massive, neutrophil-rich, and scir-
rhous HCC, although the prognosis of the latter is still
controversial in the current literature [15]. A macro-
trabecular growth pattern is defined as trabeculae > 10
cells in thickness. Macrotrabecular massive HCC is a
distinct entity characterized by a predominantly macro-
trabecular growth pattern representing more than 50% of
the entire tumor.
Conversely, non-proliferative HCC has been associated

with steatohepatitic, clear cell, and lymphocyte-rich HCC
[15]. Steatohepatitic HCC is the most common special sub-
type with an incidence of 5–20%. It is defined by fat accu-
mulation, ballooning of tumor cells, Mallory-Denk bodies,
pericellular fibrosis, and intratumoral inflammation. OnMRI,
about 80% are associated with intralesional fatty changes [16].

Fig. 2 Examples of the WHO Classification of HCC subtypes. a Macrotrabecular massive HCC is associated with proliferative HCC and generally has a
worse prognosis than (b) not otherwise specified (NOS) conventional HCC, in this case trabecular. c Steatohepatitic, (d) clear cell, and (e) lymphocyte-rich
HCC are associated with non-proliferative HCC and generally have a better prognosis compared to NOS conventional HCC. f Fibrolamellar and
(g) chromophobe HCC are not clearly associated with either class but generally have a similar prognosis to NOS conventional HCC. Other pathologic
subtypes (not shown) include neutrophil-rich and scirrhous HCC, which are typically associated with proliferative HCC. H&E, hematoxylin and eosin; HPS,
hematoxylin phloxine saffron
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Fibrolamellar and chromophobe subtypes are rare
subtypes with unclear prognosis.
In many cases, the pathologic subtype alone does not

provide reliable prognostic information. While the histo-
pathologic diagnosis contributes to our understanding of
tumor behavior, it remains important to consider its
prognostic value in the context of other findings, for
example, tumor size, liver function, and physical status [17].

Clinical and biochemical prognostic features
The major risk factor for HCC is liver cirrhosis. Specific
clinical etiologies, including infectious and metabolic condi-
tions, have been associated with HCC prognosis. Hepatitis B
virus (HBV)-induced HCC is more common in Asian
populations, while hepatitis C virus (HCV) is the leading risk
factor for HCC in the Western population [18]. Due to its
integration into the host DNA, HBV infection causes onco-
genic alterations linked to high proliferative potential,
whereas HCV infection is not associated with a strong
oncogenic effect [18]. Other clinical etiologies associated with
non-proliferative HCC include metabolic dysfunction-
associated steatotic liver disease (MASLD), its more
advanced form, metabolic dysfunction-associated steatohe-
patitis (MASH), and alcohol-related liver disease (ALD) [18].
Serum markers of HCC are being actively studied for their
prognostic value. Alpha-fetoprotein (AFP) and des-γ-carboxy
prothrombin (DCP) are two established serum markers, and
higher levels have been linked to poorer prognosis [19].

Prognostic imaging features
The LI-RADS promotes standardization of HCC imaging,
including technique, diagnostic interpretation, lexicon,

reporting, and management guidance. Certain features
used in the diagnosis of HCC correlate with prognosis, as
many features that increase the probability of HCC also
may indicate a more aggressive cancer with worse out-
comes. Still, there are emerging features that reflect poor
prognosis that are not currently employed by LI-RADS.
Figure 3 summarizes prognostic imaging features, indicat-
ing those that are integrated as major or ancillary imaging
features in LI-RADS version 2018 and those that are
associated with proliferative or non-proliferative HCCs.
The following section will outline each prognostic

imaging feature. Figures 4–6 illustrate each prognostic
feature. Case examples integrating different prognostic
features can be found in Figs. 7–11.

Proliferative features
Large size
Tumor growth is linked to immune modulation, which
produces cytokines and growth factors, such as vascular
endothelial growth factor (VEGF), and concomitantly
suppresses anti-tumor properties of surrounding lympho-
cytes [20]. Chronic inflammation plays a complex role in
tumorigenesis, with both inflammation within fibrotic
parenchyma and tumor-associated inflammation con-
tributing to a microenvironment conducive to tumoral
proliferation. Poor cellular differentiation and elevated AFP
have been associated with large tumor size [21]. Observa-
tion size, measured as the largest outer-to-outer edge
dimension, is among the major features in LI-RADS 2018
diagnostic criteria, with a size of 2 cm or greater increasing
the probability of malignancy [4]. Tumors larger than 5 cm
have been associated with poorly differentiated

Table 2 WHO Classification of pathologic subtypes [14, 16]

WHO subtype Frequency Description

Proliferative HCC

Macrotrabecular massive < 5% ▪ Predominant macrotrabecular growth pattern (> 10 cells in thickness) in > 50% tumor

▪ Vascular invasion is common

Scirrhous 4% ▪ More than 50% of tumor shows dense intratumoral fibrosis

▪ Peripheral tumor cells resembling hepatic stem/progenitor cells

Neutrophil-rich < 1% ▪ Numerous and diffuse neutrophilic tumor infiltration, may have sarcomatoid areas

Non-proliferative HCC

Steatohepatitic 5–20% ▪ Fat accumulation, ballooning of tumor cells, Mallory-Denk bodies, pericellular fibrosis and intratumoral

inflammation

Clear cell 3–7% ▪ Greater than 80% of tumor cells show abundant clear cell cytoplasm from glycogen accumulation

Lymphocyte-rich < 1% ▪ Prominent intratumoral lymphocytic infiltrate (T cells CD8+) that outnumbers tumor cells

Unclear prognosis

Fibrolamellar 1% ▪ Large eosinophilic tumor cells with prominent nucleoli and abundant intratumoral lamellated fibrosis

▪ Arising in non-cirrhotic liver

Chromophobe 3% ▪ Chromophobic cytoplasm characterized by light, almost clear cytoplasm and mainly bland tumor nuclei,

but focal areas of striking nuclear atypia
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HCC, advanced stage, and worse survival outcomes
(Fig. 4a) [22, 23]. Tumor size determines the T stage in the
current TNM staging of HCC according to the American
Joint Committee on Cancer 8th edition [14].

Washout
Tumor washout is defined as a reduction of enhance-
ment from earlier to later phase, resulting in hypoen-
hancement relative to the liver. Washout is assessed on
portal venous phase or delayed phase imaging with
extracellular agents (ECA) or gadobenate dimeglumine,
and on portal venous phase only with gadoxetate dis-
odium (Fig. 4b). While nonperipheral washout con-
stitutes a major LI-RADS imaging feature, it may also
indicate increased tumor aggressiveness. Washout
reflects a combination of concomitant pathological
processes, including reduced portal venous supply and
compensatory increased arterial blood supply within the
tumor, retention of contrast in surrounding fibrotic
parenchyma, and early venous drainage of intratumoral
contrast [24]. Shorter washout times have been asso-
ciated with poorly differentiated HCC [25, 26].

Necrosis in solid mass
Necrosis can be identified by a non-enhancing area within a
solid mass, not attributable to a cystic component, prior
treatment or intralesional hemorrhage (Fig. 4c). It is con-
sidered a nontargetoid LR-M (probably or definitely malig-
nant, not HCC-specific) feature in the LI-RADS v2018.
Tumor necrosis reflects intratumoral hypoxia in the context
of rapid growth of a mass, suggestive of more aggressive
cancer. Necrotic tumor also releases pro-inflammatory
molecules such as interleukin-33 or HMGB1, which may
foster tumor growth [27]. A 2024 meta-analysis of ten stu-
dies showed that necrosis was associated with the macro-
trabecular massive subtype of HCC, which has a tendency
for metastasis and disease recurrence [28].

HBP hypointensity
Hepatobiliary-specific contrast agents have a unique phar-
macodynamic profile involving uptake by hepatocytes using
transporters such as organic anion transporting polypeptide
(OATP) 1B3. Contrast is then excreted into the biliary system
by multidrug resistance-associated protein (MRP) 2, expres-
sed on the canalicular side of hepatocytes [29]. The level of

Fig. 3 Prognostic imaging markers of HCC included as major or ancillary features in LI-RADS 2018 and those not currently included. ADC, apparent
diffusion coefficient; APHE, arterial phase hyperenhancement; HBP, hepatobiliary phase
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expression of transporters and proteins involved in the
pharmacodynamics of hepatobiliary-specific contrast agents
determines the degree of hepatobiliary phase (HBP)
enhancement. HBP hypointensity is defined as signal intensity
lower than the surrounding liver (considered mild if higher
than vessels butmarked if similar to or lower than vessels) and
is a current LI-RADS ancillary feature favoring malignancy in
general (Fig. 4d). Low HBP enhancement has been associated
with a reduced expression of OATP and poorer cellular dif-
ferentiation [30].

Peritumoral AP hyperenhancement
LI-RADS defines peritumoral arterial phase (AP) hyper-
enhancement as a nonmasslike area adjacent to a mass with
hyperenhancement in AP and fade in the post-AP phases.
This feature can be seen in early AP or the late AP/early
portal venous phase (synonymous with corona enhance-
ment) (Fig. 4e). This also represents an ancillary feature
favoring malignancy in general. The pathophysiology of
peritumoral AP hyperenhancement is unclear and likely
multifactorial. One proposed mechanism is arterioportal

Fig. 4 Proliferative prognostic imaging features. a HCC in a 50-year-old woman with autoimmune hepatitis. Axial T2-weighted fat-saturated MR image of
a large 6.3-cm mass found in segment VIII. No histologic diagnosis was available. b HCC in a 75-year-old man with chronic hepatitis B viral infection
without cirrhosis. Axial T1-weighted portal phase MR image of a mass with nonperipheral washout in segment VIII. Histologic diagnosis was a moderately
differentiated HCC without microvascular invasion. c HCC in a 72-year-old male patient with chronic hepatitis B viral infection without cirrhosis. Axial T1-
weighted arterial phase MR image of non-enhancing necrotic components within a large solid mass in segments V, VI, VII, and VIII. Histologic diagnosis
confirmed a moderately differentiated HCC with microvascular invasion. d A 20-year-old woman with metabolic dysfunction-associated steatotic liver
disease. On the T1-weighted hepatobiliary phase, the lesion is mildly hypointense compared to the surrounding liver parenchyma. Histologic diagnosis
was an atypical hepatocellular neoplasm. e HCC in a 62-year-old man with alcohol-associated liver disease. Axial T1-weighted arterial phase MR image of
multicentric hypointense lesions within the right liver with enhancement of the surrounding parenchyma. No histologic diagnosis was available. f HCC in
an 83-year-old man with metabolic alcohol-associated liver disease. Axial portal phase CT image of a large multinodular infiltrative 9.0-cm mass found in
segment IV. Histologic diagnosis was a poorly differentiated hepatocellular carcinoma
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shunting caused by obstruction of venous and portal
venules in surrounding parenchyma due to infiltrating
tumor or thrombi of microvessels (i.e., microvascular
invasion) [5]. Corona enhancement has been linked with
increased recurrence and high-grade HCC [31].

Tumor margin
Proliferation of tumor cells beyond the tumor capsule and
into surrounding parenchyma or into minute vessels may
translate into a nonsmooth tumor margin. Moreover,

nonsmooth margins possibly reflect the inherently more
aggressive and histologically high-grade progenitor phe-
notype of HCC, which is associated with CK19 expres-
sion. Patterns of tumor margins associated with negative
prognostic outcomes include nonsmooth, irregular,
interrupted, presence of nodular projections (focal
extranodular or multinodular), and infiltrative (Fig. 4f).
Nonsmooth tumor margin has been associated with
microvascular invasion (MVI), macrotrabecular massive
histopathologic subtype, and tumor recurrence [32, 33].

Fig. 5 Proliferative prognostic imaging features (continued). a HCC in a 75-year-old woman with metabolic dysfunction-associated steatotic liver disease.
ADC map shows a lesion in segment VIII with low signal intensity compared to the high signal intensity on diffusion-weighted imaging at b= 800 s/mm2

(not imaged). b HCC in a 24-year-old woman with a diffusely steatotic liver without fibrosis. Axial T1-weighted hepatobiliary phase MR image shows a
20-cm multilobular hypointense mass (*) with wedge-shaped mildly hypointense regions surrounding the mass. Histologic diagnosis was a moderately
differentiated HCC of macrotrabecular massive type with fibrolamellar components. c HCC in a 58-year-old man with resolved hepatitis C viral infection
and alcohol-associated liver disease. Axial T2-weighted fat-saturated MR image of a solid hyperintense mass at the common hepatic duct extending into
the intrahepatic bile ducts. Histologic diagnosis was a well-differentiated HCC. d HCC in a 72-year-old man with metabolic and alcohol-related/associated
liver disease. Axial T1-weighted arterial phase MR image of a large infiltrative mass found in segments VI and VII, with a small nodule measuring 1.5 cm
situated close to the primary tumor corresponding to a satellite nodule. No histologic diagnosis was available
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Low ADC
High cellular content of a tumor restricts the diffusion of
water molecules, resulting in a high diffusion-weighted
imaging (DWI) signal and low apparent diffusion coeffi-
cient (ADC) (Fig. 5a). In hepatocarcinogenesis, low ADC is
possibly a result of increased cellular atypia, such as high
mitosis and high nucleus/cytoplasm ratio [34]. Low signal
intensity compared to the surrounding liver on ADC maps
(b= 800 s/mm2) has been reported as an independent
predictive feature for poor cellular differentiation,

microscopic portal vein invasion, and higher disease
recurrence after hepatectomy, although it is not considered
a LI-RADS feature yet [35, 36]. The corollary is also true:
less aggressive HCC has been associated with higher
ADC [24].

Peritumoral HBP hypointensity
Peritumoral HBP hypointensity is defined as nonmasslike
hypointensity of liver adjacent to a mass in HBP (Fig. 5b).
Hepatocyte transporters responsible for hepatobiliary-

Fig. 6 Non-proliferative prognostic imaging features. a HCC in a 73-year-old man with alcohol-associated liver disease. Axial arterial phase CT image of a
small 1.8-cm lesion found in segment VIII. Histologic diagnosis was a well-differentiated HCC. b HCC in a 72-year-old man with alcohol-associated liver
disease. Axial T1-weighted out-of-phase (top panel) and in-phase (bottom panel) MR images of a 1.4-cm nodule demonstrating signal loss in the out-of-
phase image compatible with intralesional fat. Histologic diagnosis was a moderately differentiated steatohepatitic type HCC. c HCC in a 75-year-old man
with alcohol-associated liver disease. Axial non-contrast T1-weighted MR image of an isointense lesion compared to the hepatic parenchyma in segment
VIII. Histologic diagnosis was a well-differentiated HCC. d HCC in a 48-year-old woman with autoimmune cirrhosis. Axial non-contrast T1-weighted MR
image of a hyperintense lesion compared to the hepatic parenchyma. No histologic diagnosis was available. e HCC in a 23-year-old woman without
underlying chronic liver disease. Axial T1-weighted hepatobiliary phase MR image of 5.2-cm lesion in segment II demonstrating isointensity (white arrow)
compared to the surrounding liver (black arrow). Histologic diagnosis is a well-differentiated HCC. f HCC in a 63-year-old man with chronic hepatitis C
viral infection and alcohol-associated liver disease. Axial T1-weighted hepatobiliary phase MR image of a 1.5-cm hyperintense lesion in segment VI.
Histologic diagnosis confirmed a moderately to poorly differentiated HCC
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specific contrast uptake and excretion, may not only be
impaired within the primary tumor (as with HBP
hypointense lesions), but also might be involved in the
surrounding parenchyma via local tumoral invasion
within portal venules [5]. Similar to tumoral HBP
hypointensity, peritumoral HBP hypointensity has been
associated with microvascular invasion [37]. Peritumoral
hypointensity in HBP has also been independently asso-
ciated with early recurrence after different therapies
[38, 39]. Kim et al demonstrated that peritumoral HBP
hypointensity was even linked with greater recurrence
rates after liver transplantation with an adjusted hazard
ratio of 4.24 [40].

Bile duct invasion
Advanced HCC may invade intra- or extrahepatic bile
ducts and induce various complications with a direct
impact on prognosis (Fig. 5c). Bile duct tumor invasion
frequently presents with hyperbilirubinemia, which
increases the risk of post-hepatectomy liver failure, biliary
sepsis and intra-operative bleeding [41]. Moreover, con-
comitant microvascular invasion is commonly found
among patients with bile duct invasion [42]. Some suggest
that the intrinsic infiltrative nature of HCC with bile duct
invasion influences prognosis, although this remains
controversial [42]. There is a paucity of clinical data

available on bile duct-invasive HCC; however, prognosis is
generally considered poor, with high rates of recurrence
after surgery and reduced overall survival [42, 43].

Satellite nodule
Satellite lesions are defined as small tumor nodules
measuring up to 2 cm within close proximity (< 2 cm) of
the main tumor; however, they are not yet part of the LI-
RADS lexicon (Fig. 5d). Satellite nodules represent
metastatic deposits within the surrounding hepatic par-
enchyma secondary to contiguous spread or hematogen-
ous dissemination of tumor cells. Some studies have
shown that satellite nodules possess a particular genetic
profile and often express genes associated with tumor
metastasis, like CHML and IMP3 [44, 45]. A 2020 study
showed that satellite nodules are associated with recur-
rence of LR-5 (definite HCC) observations after liver
resection and may be a useful marker to stratify patients
preoperatively [38].

Non-proliferative features
Small size
Tumors less than 2 cm in size are generally less aggressive
than large tumors (Fig. 6a). Smaller tumor size indicates
less rapid tumoral cell replication, less apoptotic resis-
tance, and more often well-differentiated tumors without

Fig. 7 Case example of proliferative imaging features. HCC in a 57-year-old woman without underlying chronic liver disease. a Non-contrast T1-
weighted image shows a hypointense, large, heterogeneous 7.5-cm mass in segment VI. b Arterial phase image with gadobenate dimeglumine shows
tumoral and peritumoral hyperenhancement (*). c Portal and (d) delayed phase images show washout within the lesion. e On hepatobiliary phase, the
lesion demonstrates low signal. f T2-weighted image shows marked hyperintensity. g Histologic diagnosis was a moderately differentiated trabecular-
type HCC (conventional type). Note the prior left hepatectomy. H&E, hematoxylin and eosin
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microvascular invasion [5, 46]. Small tumor size is the
single most important prognostic factor detectable with
imaging. In a recent study including over 14,000 partici-
pants with HCC, those with tumors less than 2 cm who
underwent surgery or surgery plus chemotherapy had
longer survival than those with larger tumors [47].

Fat in mass
Fat content is associated with early and non-metastatic
HCC or with the steatohepatitic subtype, which generally
has a more favorable prognosis. Fat in mass represents an
ancillary LI-RADS feature that favors HCC. On MRI, fat
in mass is represented by a drop in intensity between in-
and opposed-phase images (Fig. 6b). A large multicenter
study found that a homogeneous pattern of fat in mass
was associated with longer recurrence-free survival and
overall survival after resection [48].

T1 iso- and hyperintensity
Signal intensity on unenhanced T1-weighted images has
been associated with good histologic differentiation grade,
which is possibly attributable to metal accumulation, such
as copper, and occasionally microscopic fat, within the
tumor [49]. Hyperintense lesions in T1 have been asso-
ciated with earlier-stage HCC and well-differentiated
tumor cells [49]. Hyper- and isointense lesions generally
have more favorable histologic differentiation than
hypointense lesions (Fig. 6c, d) [50].

HBP iso- and hyperenhancement
As opposed to HBP hypointensity, HBP iso- and hyper-
intensity are correlated with elevated OATP expression by
tumor cells (Fig. 6e, f). Overexpression of OATP has been
associated with the Wnt-β-catenin signaling pathway,
which is linked with well-differentiated HCC and aligns
with the non-proliferative S3 class [7, 51]. Ueno et al

Fig. 8 Case example of proliferative imaging features. HCC in a 34-year-old woman without underlying chronic liver disease. a Axial non-contrast CT
image of an isodense large mass measuring 11.1 cm involving all segments in the right liver, and (b) a more inferior slice showing an internal
calcification. c Arterial phase image shows hyperenhancement (straight arrow) with non-enhancing necrotic components (curved arrow) and
peritumoral hyperenhancement (*). d Portal phase image shows nonperipheral washout (straight arrow) and right portal vein thrombosis (curved arrow).
e Delayed phase image demonstrates nonperipheral washout. f Histologic examination showed a moderately differentiated HCC of fibrolamellar type.
H&E, hematoxylin and eosin
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found that tumor enhancement in HBP had a sensitivity
of 78.9% and a specificity of 81.7%, for Wnt-β-catenin
activated HCC [52]. Increased MRP3 expression, the
principal export transporter of hepatobiliary-specific
contrast agents, may also play a role in HBP signal, pos-
sibly as a response to increased OATP expression [53].
Importantly, intralesional hyperintensity on HBP has been
associated with decreased disease recurrence after surgery
[53]. Choi et al have reported a longer time to tumor
recurrence after surgery in iso- to hyperintense lesions
compared with hypointense observations on HBP [54].

Microvascular invasion
Microvascular invasion (MVI) is an independent prog-
nostic marker that influences disease-free survival and
overall survival [55]. Early spread of cancer cells into the
bloodstream is a key mechanism for developing disease
recurrence and metastasis. The infiltrative nature within
the surrounding parenchyma and vascular structures has

a direct impact on prognosis. However, confirmation of
microvascular invasion requires histopathological diag-
nosis using resection or biopsy. Numerous imaging fea-
tures have shown promise for detecting MVI
noninvasively. Figure 12 shows different radiological fea-
tures of microvascular invasion and the correlation with
histology.
Several studies show that tumor size greater than 5 cm

is a reliable predictive feature for MVI [56–58]. Multiple
foci of HCC within the liver may be predictive of MVI as
multifocality suggests direct tumoral spread. It may also
reflect tumor propagation via the bloodstream to produce
additional liver implants.
A nonsmooth margin is a strong predictor for MVI.

Tumors with irregular borders and parenchymal infiltra-
tion at imaging are often linked with tumor in the vein
and extrahepatic metastasis [59]. Diffusion-weighted
imaging may be helpful for the evaluation of early MVI,
as the ADC value has been directly correlated with MVI.

Fig. 9 Case example of non-proliferative imaging features. HCC in a 58-year-old man with alcohol-associated liver disease. a Axial non-contrast T1-
weighted MR image shows isointensity compared to the surrounding liver parenchyma. b Arterial phase image shows enhancement with (c) portal
phase washout. d Axial in-phase and (e) out-of-phase images show a drop in intensity in out-of-phase imaging representing fat content. f Histologic
diagnosis was a well-differentiated HCC. Two other fibrotic HCC lesions were identified, demonstrating complete treatment response (bottom left). H&E,
hematoxylin and eosin
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Fig. 10 Case example of non-proliferative imaging features. HCC in a 74-year-old man with metabolic dysfunction-associated steatotic liver disease.
a Non-contrast T1-weighted image shows an isointense 2.2-cm lesion in segment VIII. b Arterial phase image shows irregular tumor margin with
hyperenhancement and c washout on portal phase image. d T2-weighted image shows a similar signal to liver parenchyma. e Diffusion-weighted
imaging and f ADC map show absence of diffusion restriction. g Histologic diagnosis was a steatohepatitic type HCC. H&E, hematoxylin and eosin

Fig. 11 Case example of non-proliferative imaging features. HCC in a 73-year-old man with metabolic dysfunction-associated steatotic liver disease.
a Non-contrast CT image shows a small lesion measuring 2.3 cm between segments VII and VIII with density compatible with macroscopic intralesional
fat. b Arterial phase and (c) portal phase images show a hypodense lesion. d On CT performed 2 years prior, the lesion measured 0.6 cm on the non-
contrast phase, corresponding to threshold growth. e In-phase and (f) out-of-phase MR images show a drop in signal in out-of-phase imaging.
g Histologic examination showed a well-differentiated HCC of steatohepatitic type. H&E, hematoxylin and eosin
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A threshold of 1.11 × 10−3 mm2/s, or lower, was shown in
one study to have a sensitivity of 93.5% and specificity of
72.2% for MVI [60]. One hypothesis is that HCC with
MVI may be more hypercellular than HCC without MVI.
Another explanation may be a decrease in microcapillary
profusion, demonstrated by low ADC.
Peritumoral AP hyperenhancement is a highly specific

finding for MVI, albeit not sensitive. A meta-analysis
found that the specificity of peritumoral AP hyper-
enhancement for MVI was about 90% while the sensitivity
was only 29% [61]. In the same study, peritumoral HBP
hypoenhancement yielded a sensitivity of 72% and a high
specificity of up to 94% for MVI.

Predictors of treatment responsiveness
Novel therapeutic modalities, particularly systemic
therapies, have emerged for HCC in the past decade, with
patient selection algorithms such as the Barcelona Clinic
Liver Cancer (BCLC) staging system. These have helped
improve patient outcomes and increase overall survival
[18]. According to the BCLC algorithm, early-stage HCC
is ideally managed with surgical resection, transplantation
or ablative therapy, while intermediate-stage HCC is
recommended to be treated with transarterial therapy,
such as transarterial chemoembolization (TACE). Sys-
temic therapy is the primary therapeutic modality for
advanced-stage HCC [17]. Besides the advancements in
treatment options, poor survival rates are still docu-
mented for metastatic HCC [62]. Stratifying the pattern of
disease progression early through the identification of
prognostic and predictive features is key to optimizing
treatment selection [17]. Predictive imaging shows pro-
mise for this purpose (Tables 3, 4).
Numerous LI-RADS features were reported to hold

predictive value for patients undergoing therapeutic

interventions. LR-M category HCCs, compared to LR-4 or
LR-5, were observed to have a higher likelihood of early
recurrence following surgical resection and liver trans-
plantation [63, 64]. Rim arterial phase hyperenhancement,
one of the targetoid LR-M features, was also correlated
with advanced-stage HCC recurrence [65]. In a recent
retrospective study, LR-M early-stage HCCs exhibited a
higher growth rate than LR-3, LR-4, and LR-5 HCCs,
supporting the category-specific increased risk of recur-
rence [66]. Some of the ancillary features were also
associated with an increased risk of tumor recurrence in
patients undergoing partial hepatectomy for HCC. The
predictive markers of recurrence consisted of blood pro-
ducts in mass, corona enhancement, and the absence of
fat in mass [31, 38, 67, 68]. A key ancillary feature, HBP
hypointensity, has been investigated as a predictive mar-
ker for different treatment modalities. A meta-analysis of
five studies concluded that pretreatment HBP hypoin-
tense HCC had a higher risk of recurrence following
surgical resection or transplantation [69]. Nonsmooth
tumor margin, multifocality, and satellite nodules were
non-LI-RADS features that were predictors of poor out-
comes following curative therapies [38, 67, 68].
Non-hypervascular hypointense nodules, satellite

nodules, and multifocality were likewise predictive markers
of recurrence after radiofrequency ablation (RFA)
[39, 70, 71]. Hepatobiliary phase peritumoral hypointensity
of nodules and low ADC were additional markers of
recurrence and poorer overall survival for patients who
underwent RFA [39, 72, 73]. The location of HCC was also
relevant for predicting RFA response, with periportal and
subphrenic locations associated with posttreatment
progression [74].
Some studies have evaluated the efficacy of TACE and

its predictive markers of complete response. A lower

Fig. 12 Prognostic imaging markers of microvascular invasion. HCC in a 74-year-old man with chronic hepatitis C viral infection. a Axial arterial phase CT
image showing an ill-defined hyperenhancing lesion at the junction of segment VIII and IV. b Portal phase image shows washout. c On histology, the
lesion was a moderately differentiated HCC of trabecular-solid type (conventional type) with portal vein invasion (bottom left) and lymphatic invasion.
There was no biliary or neural involvement. H&E, hematoxylin and eosin
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complete response to TACE was associated with tumors
located in the 1st and 4th Couinaud’s segments or less
than four centimeters away from the portal vein bifurca-
tion [75, 76]. Tumors with irregular margins, gross vas-
cular invasion, bile duct invasion, and peripheral ragged
enhancement or satellite nodules remained stable or
progressed following TACE more frequently [77]. Nakano
et al demonstrated that large tumor size and contact with
the liver surface of the nodule increased the risk of local
recurrence following drug-eluting bead-TACE [78]. HBP
hypointensity was also a predictive marker associated with
suboptimal outcomes after TACE [79].
Immune checkpoint inhibitors and targeted therapies are

the primary treatment options for patients with advanced-
stage HCC. These treatments are actively expanding, and
the main inhibitors recommended in the guidelines are
programmed cell death protein 1 (PD1) or PD-L1 inhibi-
tors, cytotoxic T-lymphocyte-associated protein 4 (CTLA-
4) inhibitors, VEGF inhibitors, and multi-kinase inhibitors
[80]. Since treatment response largely depends on the
tumor landscape and tumor immune microenvironment
characteristics, imaging markers that can stratify subtypes
of HCC based on these features would be an essential
cornerstone in optimizing patient treatment and max-
imizing prognosis. In a study conducted by Sun et al,
irregular tumor margins and peritumoral low signal
intensity on the HBP phase of MRI were associated with
higher tumor-infiltrating CD8+ cell density and PD-L1
expression [81]. Other markers, such as steatotic HCCs,
were more susceptible to the anti-PD-L1 and anti-VEGF
combination, resulting in longer progression-free survival
[82]. In contrast, heterogeneous signal intensity and HBP
hyperintensity were associated with decreased progression-
free survival in patients who underwent PD-1monotherapy
or a combination of PD-1 inhibitors and VEGF inhibitors in
multiple studies [83–85].
Radiomics refers to the extraction of quantitative data

from digital medical images, including texture, size, shape,
and transformation-based features [86]. When combined
with machine learning, radiomics can permit the identi-
fication of imaging features associated with clinical out-
comes [87]. For instance, Peng et al used pre-TACE CT
imaging of HCC patients and applied radiomics with
machine learning to develop a predictive model for TACE
response. The model had a high predictive accuracy with
an area under the receiver operating characteristic curve
of 91.7% for selecting patients that would benefit from this
treatment modality, and these patients had a longer
progression-free survival and overall survival than the
ones that were not selected by this model and underwent
TACE [88]. Various other models have been studied for
their predictive performance in optimizing patient selec-
tion for the above therapies [89, 90]. While this is aTa

b
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promising field that could improve HCC outcomes, the
inadequate generalizability of the models, the need for
standardized protocols to assure homogeneity between
studies, and the absence of clinical validation are some
challenges that impede its complete integration into
clinical practice.

Cost-effectiveness
There are remaining gaps that will need to be addressed
before imaging-based prognostication and prediction are
implemented clinically. For one, it must be determined
whether imaging-based models have sufficiently high
positive and negative predictive values to guide manage-
ment decisions reliably. Second, the cost-effectiveness of
the models should be compared to alternative approaches
such as tissue sampling with molecular characterization
or liquid biopsy. With regard to imaging, the cost of the
imaging exam itself is a non-issue as the imaging is being
performed routinely for other purposes, such as diagnosis,
staging, monitoring, and/or treatment response. However,
the cost of the prognostic/prediction models remains
unclear. Should commercial models be developed and
approved for clinical use, the financial burden of the
algorithm must be assessed. Will the models be paid for
by the patient, the insurance, the radiology department, or
the health center? Moreover, the overall cost-effectiveness
of integrating such models into standard clinical work-
flows requires careful evaluation.

Limitations
There are limitations to the available literature on prog-
nostic imaging features. First, the expanding role of
imaging has introduced significant selection bias in tissue
samples. The associations between prognostic imaging
features and pathologic findings are made possible by
obtaining tissue samples. As imaging has become
increasingly accurate in HCC diagnosis, fewer patients
undergo tissue sampling, and recent studies on pathology-
proven HCC may disproportionately represent atypical
cases, reducing generalizability.
Second, the specificity of many findings may be limited.

Certain imaging findings correlated with a histologic and
molecular subtype; however, they lacked specificity and
could be found in other situations. For example, fat in mass
was more frequently associated with steatohepatitic HCC,
but it can also be an indicator of early-stage HCC [24].
Moreover, there are major differences in MR imaging

practices across the world. For example, hepatobiliary-
specific contrast agents are regularly utilized in Eastern
populations, while validation of hepatobiliary contrast
agents is needed in Western populations. Many deter-
minants of prognosis remain understudied, such as geo-
graphic, ethnic, and socioeconomic disparities [91].

Differences in etiologies, genetic background, and access to
treatment limit the generalizability of single-center retro-
spective studies.While LI-RADS providesminimum technical
requirements for CT/MRI examinations, the imaging proto-
cols are not standardized across institutions [92]. Hence, dif-
ferences in choice of preferred imaging modality (CEUS, CT,
or MRI), contrast injection protocols, image acquisition
parameters, and reconstruction parameters may affect the
external validity of predictive and prognostic markers in the
literature [93]. A focus on standardizing reporting terms
related to prognosis, as proposed by expert consensus, is
crucial for facilitating further research on these markers and
eventual implementation [94].
Overall, the prognostic and predictive features are not yet

well defined. Most studies have primarily focused on
patients with HBV living in Asian countries and have not
yet been validated in prospective studies. Furthermore, it is
not clear if any prognostic feature has sufficiently accurate
diagnostic performance to direct clinical management.

Future directions
Imaging has a central role in the diagnosis and characteriza-
tion of HCC. By adopting the lexicon of prognostic features in
conjunction with established LI-RADS terms, radiologists can
communicate increasingly accurate information on clinical
outcomes and stratify tumor aggressiveness. As emerging data
support novel imaging markers in HCC assessment and
prognostication, there is growing interest in adopting these
imaging findings into the radiologist’s checklist. Proposed
investigational templates can be found in the Electronic
Supplementary Material, Appendix 1.
Prognostic and predictive features can potentially guide

therapeutic selection by identifying the treatment(s) most
likely to be efficacious. Further research into molecular
data is essential to advancing targeted immunotherapy,
which potentially represents the highest standard of
individualized therapy [11].
Artificial intelligence models and radiomics can offer a

quantitative assessment of prognosis and treatment response.
The potential application of radiomics to this field of pre-
dictive and prognostic markers may enable the creation of
precision-based medicine algorithms, allowing for the opti-
mization of treatment plans and follow-ups with risk strati-
fication. Radiomics-based models that integrate selected
clinical features have demonstrated the ability to predict his-
tologic and genetic characteristics, tumor recurrence, treat-
ment response, and patient survival in HCC [86].With further
radiomics-based models being validated in independent
cohorts, clinical application remains rare if not absent due to
suboptimal generalizability, transparency, and relatively low
levels of evidence. Future prospective studies with large
populations and externally validated models will be required
prior to clinical adoption.
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Conclusion
The role of imaging in the diagnosis and surveillance of
HCC is becoming increasingly important. Several studies
have gone beyond the diagnostic scope and investigated
the prognostic and predictive value of CT and MRI.
Predictive and prognostic features represent non-invasive
tools that aid in evaluating tumor aggressiveness and
personalizing HCC treatment plans. Continued correla-
tion with imaging and genetic data is essential to better
understand the many faces of HCC.

Abbreviations
ADC Apparent diffusion coefficient
AFP Alpha-fetoprotein
ALD Alcohol-related liver disease
AP Arterial phase
BCLC Barcelona Clinic Liver Cancer
CT Computed tomography
HBP Hepatobiliary phase
HBV Hepatitis B virus
HCC Hepatocellular carcinoma
HCV Hepatitis C virus
LI-RADS Liver Imaging Reporting and Data System
MASLD Metabolic dysfunction-associated steatotic liver disease
MRI Magnetic resonance imaging
MRP Multidrug resistance-associated protein
MVI Microvascular invasion
NOS Not otherwise specified
OATP Organic anion transporting polypeptide
RFA Radiofrequency ablation
TACE Transarterial chemoembolization
VEGF Vascular endothelial growth factor
WHO World Health Organization

Supplementary information
The online version contains supplementary material available at https://doi.
org/10.1186/s13244-025-02058-7.

ELECTRONIC SUPPLEMENTARY MATERIAL

Author contributions
A.T. conceptualized, designed, drafted and edited the manuscript. C.D.
provided radiologic images, drafted, and edited the manuscript. B.P. drafted
and edited the manuscript. B.N.N. provided histopathologic images and edited
the manuscript. H.J., K.N.V., J.R.D., and J.M.L. provided images of radiologic
features and edited the manuscript. V.C., C.B.S., and J.S.B. reviewed and edited
the manuscript. All authors have reviewed the manuscript.

Funding
This educational work was supported by Fonds de recherche du Québec en
Santé Senior Salary Award (FRQS #298509) to An Tang.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The following authors are members of the Liver Imaging Reporting and Data
System (LI-RADS) Steering Committee: Kathryn J. Fowler, Victoria Chernyak,
Claude B. Sirlin, and An Tang.

Author details
1Department of Radiology, Radiation Oncology, and Nuclear Medicine,
Université de Montréal, Montréal, Québec, Canada. 2Liver Imaging Group,
Department of Radiology, University of California San Diego, San Diego, CA,
USA. 3Department of Radiology, Columbia University Irving Medical Center,
New York, NY, USA. 4Department of Radiology, West China Hospital, Chengdu,
China. 5Centre de recherche du Centre hospitalier de l’Université de Montréal
(CRCHUM), Montréal, Québec, Canada. 6Department of Radiology, Centre
hospitalier de l’Université de Montréal (CHUM), Montréal, Québec, Canada.
7Service of Pathology, Centre hospitalier de l’Université de Montréal (CHUM),
Montréal, Québec, Canada.

Received: 15 February 2025 Accepted: 20 July 2025

References
1. Bray F, Laversanne M, Sung H et al (2024) Global cancer statistics 2022:

GLOBOCAN estimates of incidence and mortality worldwide for 36 can-
cers in 185 countries. CA Cancer J Clin 74:229–263

2. European Association for the Study of the Liver (2025) EASL clinical
practice guidelines on the management of hepatocellular carcinoma. J
Hepatol 82:315–374

3. Yilma M, Xu RH, Saxena V et al (2024) Survival outcomes among patients
with hepatocellular carcinoma in a large integrated US health system.
JAMA Network Open 7:e2435066

4. Chernyak V, Fowler KJ, Kamaya A et al (2018) Liver Imaging Reporting and
Data System (LI-RADS) version 2018: imaging of hepatocellular carcinoma
in at-risk patients. Radiology 289:816–830

5. Fowler KJ, Burgoyne A, Fraum TJ et al (2021) Pathologic, molecular, and
prognostic radiologic features of hepatocellular carcinoma. Radiographics
41:1611–1631

6. Lee J-S, Chu I-S, Heo J et al (2004) Classification and prediction of survival in
hepatocellular carcinoma by gene expression profiling. Hepatology 40:667–676

7. Hoshida Y, Nijman SMB, Kobayashi M et al (2009) Integrative tran-
scriptome analysis reveals common molecular subclasses of human
hepatocellular carcinoma. Cancer Res 69:7385–7392

8. Krishnan MS, Rajan KD, Park J et al (2021) Genomic analysis of vascular
invasion in hepatocellular carcinoma (HCC) reveals molecular drivers and
predictive biomarkers. Hepatology 73:2342–2360

9. Giannelli G, Koudelkova P, Dituri F, Mikulits W (2016) Role of epithelial to
mesenchymal transition in hepatocellular carcinoma. J Hepatol
65:798–808

10. Boyault S, Rickman DS, De Reyniès A et al (2007) Transcriptome classifi-
cation of HCC is related to gene alterations and to new therapeutic
targets. Hepatology 45:42–52

11. Krinsky G, Shanbhogue K (2021) Proliferative versus nonproliferative
hepatocellular carcinoma: clinical and imaging implications. Radiology
300:583–585

12. Ziv E, Yarmohammadi H, Boas FE et al (2017) A gene signature associated
with upregulation of the Wnt/B-catenin signaling pathway predicts tumor
response to trans-arterial embolization. J Vasc interv Radiol 28:349–355

13. Torbenson MS (2021) Hepatocellular carcinoma: making sense of mor-
phological heterogeneity, growth patterns, and subtypes. Hum Pathol
112:86–101

14. Nagtegaal ID, Odze RD, Klimstra D et al (2020) The 2019 WHO classifi-
cation of tumours of the digestive system. Histopathology 76:182–188

15. Li H-M, Huang W, Hu C, Zhang Z-S, Xiao Y-D, Wang T-C (2023) Prognostic
factors for patients with proliferative hepatocellular carcinoma after liver
resection. J Hepatocell Carcinoma 10:2059–2071

16. Loy LM, Low HM, Choi J-Y et al (2022) Variant hepatocellular carcinoma
subtypes according to the 2019 WHO classification: an imaging-focused
review. AJR Am J Roentgenol 219:212–223

Deyirmendjian et al. Insights into Imaging          (2025) 16:181 Page 18 of 20

https://doi.org/10.1186/s13244-025-02058-7
https://doi.org/10.1186/s13244-025-02058-7


17. Reig M, Forner A, Rimola J et al (2022) BCLC strategy for prognosis
prediction and treatment recommendation: the 2022 update. J Hepatol
76:681–693

18. Llovet JM, Kelley RK, Villanueva A et al (2021) Hepatocellular carcinoma.
Nat Rev Dis Prim 7:6

19. Feng H, Li B, Li Z, Wei Q, Ren L (2021) PIVKA-II serves as a potential
biomarker that complements AFP for the diagnosis of hepatocellular
carcinoma. BMC Cancer 21:401

20. Nishida N (2021) Role of oncogenic pathways on the cancer immuno-
suppressive microenvironment and its clinical implications in hepato-
cellular carcinoma. Cancers (Basel) 13:3666

21. Siregar GA, Buulolo BA, Siregar GA, Buulolo BA (2018) Factors associated
with tumor size of hepatocellular carcinoma. IOP Conf Ser Earth Environ
Sci 125:012137

22. Wu G, Wu J, Wang B, Zhu X, Shi X, Ding Y (2018) Importance of tumor size
at diagnosis as a prognostic factor for hepatocellular carcinoma survival: a
population-based study. Cancer Manag Res 10:4401–4410

23. Mazzaferro V, Regalia E, Doci R et al (1996) Liver transplantation for the
treatment of small hepatocellular carcinomas in patients with cirrhosis. N
Engl J Med 334:693–700

24. Choi J-Y, Lee J-M, Sirlin CB (2014) CT and MR imaging diagnosis and
staging of hepatocellular carcinoma: Part I. Development, growth, and
spread: key pathologic and imaging aspects. Radiology 272:635–654

25. Witjes CDM, Willemssen FEJA, Verheij J et al (2012) Histological differ-
entiation grade and microvascular invasion of hepatocellular carcinoma
predicted by dynamic contrast‐enhanced MRI. J Magn Reson Imaging
36:641–647

26. Yang D, Li R, Zhang X-H et al (2018) Perfusion characteristics of hepa-
tocellular carcinoma at contrast-enhanced ultrasound: influence of the
cellular differentiation, the tumor size and the underlying hepatic con-
dition. Sci Rep 8:4713

27. García-Pras E, Fernández-Iglesias A, Gracia-Sancho J et al (2021) Cell death
in hepatocellular carcinoma: pathogenesis and therapeutic opportunities.
Cancers (Basel) 14:48

28. Kim TH, Woo S, Lee DH, Do RK, Chernyak V (2024) MRI imaging features
for predicting macrotrabecular-massive subtype hepatocellular carci-
noma: a systematic review and meta-analysis. Eur Radiol 34:6896–6907

29. Baleato-González S, Vilanova JC, Luna A et al (2023) Current and
advanced applications of gadoxetic acid–enhanced MRI in hepatobiliary
disorders. Radiographics 43:e220087

30. Kitao A, Matsui O, Yoneda N et al (2011) The uptake transporter OATP8
expression decreases during multistep hepatocarcinogenesis: correlation
with gadoxetic acid enhanced MR imaging. Eur Radiol 21:2056–2066

31. Wei H, Jiang H, Liu X et al (2020) Can LI-RADS imaging features at
gadoxetic acid-enhanced MRI predict aggressive features on pathology
of single hepatocellular carcinoma? Eur J Radiol 132:109312

32. Lee S, Kim SH, Lee JE, Sinn DH, Park CK (2017) Preoperative gadoxetic
acid–enhanced MRI for predicting microvascular invasion in patients with
single hepatocellular carcinoma. J Hepatol 67:526–534

33. Rhee H, Cho E-S, Nahm JH et al (2021) Gadoxetic acid-enhanced MRI of
macrotrabecular-massive hepatocellular carcinoma and its prognostic
implications. J Hepatol 74:109–121

34. Yamada S, Morine Y, Ikemoto T et al (2023) Impact of apparent diffusion
coefficient on prognosis of early hepatocellular carcinoma: a case control
study. BMC Surg 23:6

35. Mori Y, Tamai H, Shingaki N et al (2016) Hypointense hepatocellular carci-
nomas on apparent diffusion coefficient mapping: pathological features
and metastatic recurrence after hepatectomy. Hepatol Res 46:634–641

36. Lee S, Kim SH, Hwang JA, Lee JE, Ha SY (2019) Pre-operative ADC predicts
early recurrence of HCC after curative resection. Eur Radiol 29:1003–1012

37. Nishie A, Asayama Y, Ishigami K et al (2014) Clinicopathological sig-
nificance of the peritumoral decreased uptake area of gadolinium
ethoxybenzyl diethylenetriamine pentaacetic acid in hepatocellular car-
cinoma. J Gastroenterol Hepatol 29:561–567

38. Wei H, Jiang H, Zheng T et al (2020) LI-RADS category 5 hepatocellular
carcinoma: preoperative gadoxetic acid–enhanced MRI for early recur-
rence risk stratification after curative resection. Eur Radiol 31:2289–2302

39. Bae JS, Kim JH, Lee DH, Kim JH, Han JK (2021) Hepatobiliary phase of
gadoxetic acid–enhanced MRI in patients with HCC: prognostic features
before resection, ablation, or TACE. Eur Radiol 31:3627–3637

40. Kim AY, Sinn DH, Jeong WK et al (2018) Hepatobiliary MRI as novel
selection criteria in liver transplantation for hepatocellular carcinoma. J
Hepatol 68:1144–1152

41. Suh Y-G, Kim DY, Han K-H, Seong J (2014) Effective biliary drainage and
proper treatment improve outcomes of hepatocellular carcinoma with
obstructive jaundice. Gut Liver 8:526–535

42. Jang Y-R, Lee K-W, Kim H, Lee J-M, Yi N-J, Suh K-S (2015) Bile duct invasion
can be an independent prognostic factor in early stage hepatocellular
carcinoma. Korean J Hepatobiliary Pancreat Surg 19:167–172

43. Huang L-M, Zeng Z-X, Wu J-Y et al (2023) Surgical outcomes of hepa-
tocellular carcinoma with extrahepatic bile duct tumor thrombus: a
multicenter study. Front Oncol 13:1291479

44. Chen T-W, Yin F-F, Yuan Y-M et al (2019) CHML promotes liver cancer
metastasis by facilitating Rab14 recycle. Nat Commun 10:2510

45. Jeng YM, Chang CC, Hu FC et al (2008) RNA‐binding protein insulin‐like
growth factor II mRNA‐binding protein 3 expression promotes tumor
invasion and predicts early recurrence and poor prognosis in hepato-
cellular carcinoma. Hepatology 48:1118–1127

46. Cho E-S, Choi J-Y (2015) MRI features of hepatocellular carcinoma related
to biologic behavior. Korean J Radiol 16:449–464

47. Chen Z, Zheng H, Zeng W, Liu M, Chen Y (2023) Prognostic analysis on
different tumor sizes for 14634 hepatocellular carcinoma patients. Eur J
Cancer Care 2023:1–13

48. Jiang H, Cannella R, Wu Z et al (2024) Prognostic implications of MRI-
assessed intratumoral fat in hepatocellular carcinoma: an Asian and
European cohort study. Radiology 313:e233471

49. Ebara M, Fukuda H, Kojima Y et al (1999) Small hepatocellular carcinoma:
relationship of signal intensity to histopathologic findings and metal content
of the tumor and surrounding hepatic parenchyma. Radiology 210:81–88

50. Ronot M, Chernyak V, Burgoyne A et al (2023) Imaging to predict prog-
nosis in hepatocellular carcinoma: current and future perspectives.
Radiology 307:e221429

51. Kitao A, Matsui O, Yoneda N et al (2015) Hepatocellular carcinomawith β-catenin
mutation: imaging and pathologic characteristics. Radiology 275:708–717

52. Ueno A, Masugi Y, Yamazaki K et al (2014) OATP1B3 expression is strongly
associated with Wnt/β-catenin signalling and represents the transporter
of gadoxetic acid in hepatocellular carcinoma. J Hepatol 61:1080–1087

53. Kitao A, Matsui O, Yoneda N et al (2012) Hypervascular hepatocellular
carcinoma: correlation between biologic features and signal intensity on
gadoxetic acid–enhanced MR images. Radiology 265:780–789

54. Choi JW, Lee JM, Kim SJ et al (2013) Hepatocellular carcinoma: imaging
patterns on gadoxetic acid–enhanced MR images and their value as an
imaging biomarker. Radiology 267:776–786

55. An C, Kim MJ (2019) Imaging features related with prognosis of hepa-
tocellular carcinoma. Abdom Radiol (NY) 44:509–516

56. Eguchi S, Takatsuki M, Hidaka M et al (2010) Predictor for histological
microvascular invasion of hepatocellular carcinoma: a lesson from 229
consecutive cases of curative liver resection. World J Surg 34:1034–1038

57. Kaibori M, Ishizaki M, Matsui K, Kwon A (2010) Predictors of microvascular
invasion before hepatectomy for hepatocellular carcinoma. J Surg Oncol
102:462–468

58. Ahn SY, Lee JM, Joo I et al (2014) Prediction of microvascular invasion of
hepatocellular carcinoma using gadoxetic acid-enhanced MR and 18F-
FDG PET/CT. Abdom Imaging 40:843–851

59. Kadi D, Yamamoto MF, Lerner EC, Jiang H, Fowler KJ, Bashir MR (2023)
Imaging prognostication and tumor biology in hepatocellular carcinoma.
J Liver Cancer 23:284–299

60. Suh YJ, Kim M-J, Choi J-Y, Park M-S, Kim KW (2012) Preoperative predic-
tion of the microvascular invasion of hepatocellular carcinoma with dif-
fusion‐weighted imaging. Liver Transplant 18:1171–1178

61. Hu H-T, Shen S-L, Wang Z et al (2018) Peritumoral tissue on pre-
operative imaging reveals microvascular invasion in hepatocellular
carcinoma: a systematic review and meta-analysis. Abdom Radiol (NY)
43:3324–3330

62. Pellat A, Barat M, Coriat R, Soyer P, Dohan A (2023) Artificial intelligence: a
review of current applications in hepatocellular carcinoma imaging.
Diagn Interv Imaging 104:24–36

63. Shin J, Lee S, Kim SS et al (2021) Characteristics and early recurrence of
hepatocellular carcinomas categorized as LR-M: comparison with those
categorized as LR-4 or 5. J Magn Reson Imaging 54:1446–1454

Deyirmendjian et al. Insights into Imaging          (2025) 16:181 Page 19 of 20



64. Lee S, Kim KW, Jeong WK et al (2021) Liver Imaging Reporting and Data
System category on magnetic resonance imaging predicts recurrence of
hepatocellular carcinoma after liver transplantation within the Milan cri-
teria: a multicenter study. Ann Surg Oncol 28:6782–6789

65. Jiang H, Yang C, Chen Y et al (2023) Development of a model including
MRI features for predicting advanced-stage recurrence of hepatocellular
carcinoma after liver resection. Radiology 309:e230527

66. Jang HJ, Choi SH, Wee S et al (2024) CT- and MRI-based factors associated
with rapid growth in early-stage hepatocellular carcinoma. Radiology
313:e240961

67. Zhang L, Kuang S, Chen J et al (2019) The role of preoperative dynamic
contrast-enhanced 3.0-T MR imaging in predicting early recurrence in
patients with early-stage hepatocellular carcinomas after curative resec-
tion. Front Oncol 9:1336

68. Chen J, Zhou J, Kuang S et al (2019) Liver Imaging Reporting and Data
System category 5: MRI predictors of microvascular invasion and recur-
rence after hepatectomy for hepatocellular carcinoma. AJR Am J Roent-
genol 213:821–830

69. Braga FA, Torres US, Iared W, D Ippolito G (2023) Does hypointense HCC
in the hepatobiliary phase at gadoxetate-enhanced MRI predict recur-
rence after surgery? A systematic review and meta-analysis. Acad Radiol
30:1298–1305

70. Petukhova-Greenstein A, Zeevi T, Yang J et al (2022) MR imaging bio-
markers for the prediction of outcome after radiofrequency ablation of
hepatocellular carcinoma: qualitative and quantitative assessments of the
Liver Imaging Reporting and Data System and radiomic features. J Vasc
Interv Radiol 33:814–824.e813

71. Iwamoto T, Imai Y, Igura T et al (2017) Non-hypervascular hypointense
hepatic nodules during the hepatobiliary phase of gadolinium-
ethoxybenzyl-diethylenetriamine pentaacetic acid-enhanced MRI as a
risk factor of intrahepatic distant recurrence after radiofrequency ablation
of hepatocellular carcinoma. Dig Dis 35:574–582

72. Mori Y, Tamai H, Shingaki N et al (2015) Signal intensity of small hepa-
tocellular carcinoma on apparent diffusion coefficient mapping and
outcome after radiofrequency ablation. Hepatol Res 45:75–87

73. Wang F, Numata K, Nihonmatsu H et al (2020) Intraprocedurally EOB-MRI/
US fusion imaging focusing on hepatobiliary phase findings can help to
reduce the recurrence of hepatocellular carcinoma after radiofrequency
ablation. Int J Hyperth 37:1149–1158

74. Lee MW, Kang D, Lim HK et al (2020) Updated 10-year outcomes of
percutaneous radiofrequency ablation as first-line therapy for single
hepatocellular carcinoma < 3 cm: emphasis on association of local tumor
progression and overall survival. Eur Radiol 30:2391–2400

75. Vesselle G, Quirier-Leleu C, Velasco S et al (2016) Predictive factors for
complete response of chemoembolization with drug-eluting beads (DEB-
TACE) for hepatocellular carcinoma. Eur Radiol 26:1640–1648

76. Bryant MK, Dorn DP, Zarzour J et al (2014) Computed tomography pre-
dictors of hepatocellular carcinoma tumour necrosis after chemoembo-
lization. HPB (Oxford) 16:327–335

77. Kim BK, Kim KA, An C et al (2015) Prognostic role of magnetic resonance
imaging vs. computed tomography for hepatocellular carcinoma
undergoing chemoembolization. Liver Int 35:1722–1730

78. Nakano MM, Yamamoto A, Nishida N et al (2019) Risk factors for local
recurrence of hepatocellular carcinoma after transcatheter arterial che-
moembolization with drug-eluting beads (DEB-TACE). Jpn J Radiol
37:543–548

79. Ishimaru H, Nakashima K, Sakugawa T et al (2014) Local recurrence after
chemoembolization of hepatocellular carcinoma: uptake of gadoxetic
acid as a new prognostic factor. AJR Am J Roentgenol 202:744–751

80. Singal AG, Llovet JM, Yarchoan M et al (2023) AASLD practice guidance
on prevention, diagnosis, and treatment of hepatocellular carcinoma.
Hepatology 78:1922–1965

81. Sun L, Mu L, Zhou J et al (2021) Imaging features of gadoxetic acid-
enhanced MR imaging for evaluation of tumor-infiltrating CD8 cells and
PD-L1 expression in hepatocellular carcinoma. Cancer Immunol
Immunother 71:25–38

82. Murai H, Kodama T, Maesaka K et al (2023) Multiomics identifies the link
between intratumor steatosis and the exhausted tumor immune micro-
environment in hepatocellular carcinoma. Hepatology 77:77–91

83. Sasaki R, Nagata K, Fukushima M et al (2022) Evaluating the role of
hepatobiliary phase of gadoxetic acid-enhanced magnetic resonance
imaging in predicting treatment impact of lenvatinib and atezolizumab
plus bevacizumab on unresectable hepatocellular carcinoma. Cancers
(Basel) 14:827

84. Aoki T, Nishida N, Ueshima K et al (2021) Higher enhancement intrahe-
patic nodules on the hepatobiliary phase of Gd-EOB-DTPA-enhanced MRI
as a poor responsive marker of anti-PD-1/PD-L1 monotherapy for unre-
sectable hepatocellular carcinoma. Liver Cancer 10:615–628

85. Kwon H, Kang E, Kim S, Baeck Y, Bark I, Cho J (2024) Predicting prognosis
prior to the combination of atezolizumab and bevacizumab on unre-
sectable HCC: analysis and comparison of tumor heterogeneity at CT and
Gd-EOB-DTPA hepatobiliary MR imaging. Medicine (Baltimore)
103:e40769

86. Miranda J, Horvat N, Fonseca GM et al (2023) Current status and future
perspectives of radiomics in hepatocellular carcinoma. World J Gastro-
enterol 29:43–60

87. Hsieh C, Laguna A, Ikeda I et al (2023) Using machine learning to predict
response to image-guided therapies for hepatocellular carcinoma. Radi-
ology 309:e222891

88. Peng J, Lu F, Huang J et al (2022) Development and validation of a
pyradiomics signature to predict initial treatment response and prognosis
during transarterial chemoembolization in hepatocellular carcinoma.
Front Oncol 12:853254

89. Guo D, Gu D, Wang H et al (2019) Radiomics analysis enables recurrence
prediction for hepatocellular carcinoma after liver transplantation. Eur J
Radiol 117:33–40

90. Shan QY, Hu HT, Feng ST et al (2019) CT-based peritumoral radiomics
signatures to predict early recurrence in hepatocellular carcinoma after
curative tumor resection or ablation. Cancer Imaging 19:11

91. Chernyak V (2024) Current status of the Liver Imaging Reporting and Data
System in hepatocellular carcinoma. Gastroenterol Hepatol 20:172–175

92. American College of Radiology (2018) Liver Imaging Reporting and Data
System (LI-RADS) version 2018. Available via https://www.acr.org/Clinical-
Resources/Reporting-and-Data-Systems/LI-RADS. Accessed June 22, 2025

93. Horvat N, Miranda J, El Homsi M et al (2021) A primer on texture analysis
in abdominal radiology. Abdom Radiol (NY) 47:2972–2985

94. Fowler KJ, Chernyak V, Ronot M et al (2023) Hepatocellular carcinoma: it is
time to focus on prognosis. Radiology 307:e220884

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Deyirmendjian et al. Insights into Imaging          (2025) 16:181 Page 20 of 20

https://www.acr.org/Clinical-Resources/Reporting-and-Data-Systems/LI-RADS
https://www.acr.org/Clinical-Resources/Reporting-and-Data-Systems/LI-RADS

	Prognostic and predictive imaging markers of hepatocellular carcinoma: a pictorial essay
	Introduction
	Proliferative and non-proliferative classification
	Pathologic classification
	Clinical and biochemical prognostic features
	Prognostic imaging features
	Proliferative features
	Large size
	Washout
	Necrosis in solid mass
	HBP hypointensity
	Peritumoral AP hyperenhancement
	Tumor margin
	Low ADC
	Peritumoral HBP hypointensity
	Bile duct invasion
	Satellite nodule

	Non-proliferative features
	Small size
	Fat in mass
	T1 iso- and hyperintensity
	HBP iso- and hyperenhancement

	Microvascular invasion
	Predictors of treatment responsiveness
	Cost-effectiveness
	Limitations

	Future directions
	Conclusion
	Supplementary information
	Acknowledgements




