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Abstract

Primary liver cancer is the fourth most common malignancy worldwide, with
hepatocellular carcinoma (HCC) comprising up to 90% of cases. Imaging is a staple for
surveillance and diagnostic criteria for HCC in current guidelines. Because early
diagnosis can impact treatment approaches, utilizing new imaging methods and
protocols to aid in differentiation and tumor grading provides a unique opportunity to
drastically impact patient prognosis. Within this review manuscript, we provide an
overview of imaging modalities used to screen and evaluate HCC. We also briefly
discuss emerging uses of new imaging techniques that offer the potential for improving

current paradigms for HCC characterization, management, and treatment monitoring.
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Core Tip: Successful tumor assessment can be a critical component to patient
management and prognosis. The expansion of imaging techniques beyond conventional
modalities (e.g. ultrasound, CT, MRI) provides an opportunity to improve the
identification of small or well-differentiated hepatocellular carcinoma tumors, along

with the capability to monitor treatment responses to surgery or locoregional therapy.

INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common liver malignancy,
accounting for 90% of liver tumors, and a leading cause of mortality worldwide [121.
Global risk factors for HCC include cirrhosis, existing in up to 90% of new cases %, or
patients with long-standing liver infections such as viral hepatitis B and C 4. East Asia

and sub-Saharan Africa account for greater than 80% of cases, and incidence within the




United States continues to rise [*4L Unfortunately, many patients are diagnosed in the
advanced stages of the disease, which emphasizes the importance of early detection a

surveillance Pl. Surveillance and early tumor detection using ultrasonography is
recommended by the American Association for the study of Liver Diseases (AASLD) for
high-risk populations driven by ultrasound-guided imaging. Unlike other
malignancies, HCC expresses distinctive characteristics that can be diagnosed based on
imaging features alone, without the need for confirmation from tissue sampling [¢l. In
this review, we provide a summary of diagnostic criteria and imaging modalities used
to detect and stage HCC, as well as emerging methods to further assist in the

surveillance and characterization of the disease.

SURVEILLANCE AND SCREENING

Conventional Ultrasound

Tumor burden can significantly impact management, where patients with small,
localized tumors can receive curative methods such as liver transplantation, resection,
or locoregional therapies. On the other hand, treatment options are limited in patients
with HCC displaying more aggressive features (e.g., extrahepatic metastases, multifocal
tumors, and vascular invasion). As a result, early detection may offer a significant
benefit in select patients. Patient populations recommended for HCC surveillance
differs between AASLD 7], ée European Association for the Study of the Liver (EASL)
I8l and the Asian Pacific Association for the Study of the Liver (APASL) ], but largely
consist of adults with cirrhosis or patients with Hepatitis B [1°L Across surveillance
recommendations, biannual abdominal ultrasonography (Figure 1) is the standard
modality for HCC detection with major advantages including accessibility, cost-
effectiveness, and safety [0,

Surveillance programs typically consist of ultrasound examination performed at
either 6- or 12-month intervals. Across all stages of HCC, ultrasound detection carries
84% sensitivity. A number of investigations have found a mortality and cost-benefit of

biannual ultrasonography for imaging surveillance of HCC [10-12]. For example, a




study in HBV-infected patients in China found a 37% reduction in mortality in those
receiving biannual ultrasonography examinations compared to the control group [121.
Suboptimal visualization poses a major limitation for ultrasound screening. Poor
visualization and sonographic sensitivity to HCC lesions can be caused by a number of
different extrinsic factors such as morbid obesity, patient inability to suspend
respiration, obscured portions of the liver by bowel gas or rib shadowing, and intrinsic
factors such as hepatic steatosis or fibrosis causing parenchymal heterogenicity [131. A
recent investigation reported approximately 20% of scans were inadequate to exclude
liver lesions [14]. Detecting smaller nodules (< 2 cm) appears to be a major limitation of
ultrasound, with studies reporting detection rates as low as ~28% [15. In response, the
American College of Radiology (ACR) screening guidelines have rﬁommended the use
of systematic documentation and scoring for visualization (A: no or minimal
limitations, B: moderate limitations, C: Severe limitations). The use of tumor
biomarkers, such as alpha-fetoprotein (AFP), in concert with ultrasound examination
appears to have an additive effect on detection rate [16l. For example, a recent meta-
analysis of prospective studies found the sensitivity for ultrasound alone to detect any
stage of HCC was 78% compared to 97% when adding AFP ['7l. Interestingly, the
synergistic impact of combining ultrasound with AFP also exists for detection of earlier,
smaller nodules (45% vs 63% sensitivity, respectively) ['7] which is particularly salient
given the limitations of ultrasound and earlier stages of HCC. This is not without
controversy, however. The 2018 AASLD guidelines do not designate any preferences
between adjunctive use of AFP while the 2017 APASL guidelines recommend the
combination of ultrasound and AFP [ In contrast, the 2018 EASL guidelines
discourage the use of ultrasound with AFP for 6-month HCC surveillance, citing
concerns of false-positives in the setting of active liver inflammation with infection [18.19],

While the objective of this review is to elucidate the latest advancements in
technological imaging for the screening and diagnosis of HCC, it is important to note
the efficacy of detection can be limited due to multifactorial screening challenges. In

fact, less than 1 in 5 patients with cirrhosis receive surveillance screening for HCC.[2]




Previous reviews have extensively examined the numerous challenges encountered
during the screening process, including the inability to properly stratify high-risk
patients, the presence of socio-economic and logistical impediments to accessing
healthcare, as well as training and detection limitations using conventional imaging
techniques, as previously discussed. One of the most common attributable factors to
surveillance underuse includes lack of surveillance orders or unrecognized cirrhosis. 5!
Therefore, strategies to improve education and integrating primary care providers in
surveillance efforts can have a drastic and meaningful effect on rates of patients
undergoing HCC screening.[2l The implementation of patient-centered outreach
programs such as reminder protocols or embedding best-practice advisories within the
electronic health record may be solutions to improve barriers of patients undergoing
surveillance. [>2!IThe decision to select which patients to screen also been discussed and
studies have developed scoring systems across different risk factors (e.g. hepatitis or
cirrhosis) to refine and improve risk stratification have been proposed.[2l Other
methods have also focused on improving surveillance outcomes and detection rates,
such as utilizing serological biomarkers (e.g. AFP) either as a single screening modality
or in concert with imaging to improve sensitivity, at the potential cost of increased rates
of false positivity. The use of biomarkers may also be especially helpful for smaller

HCCs, not easily visible with ultrasound.[?!

HCC DIAGNOSTIC MODALITIES

LI-RADS Diagnostic reporting System

Established by the ACR, standardized methods for imaging interpretation and
reporting are defined using the Liver Imaging Reporting and Data Systems (LI-RADS).
The application of the LI-RADS diagnostic algorithm was initially developed for
CT/MRL LI-RADS is subdivided into 8 categories and ranges in gr(ﬁter probability of
malignancy from LR-1 to LR-5 with additional categories including LR-M (probably or
definitely malignant but not HCC specific), LR-TIV (definite tumor in vein), and LR-NC

(cannot be categorized) 224, Observation of lesions categorized in LR-5 is designated as




almost certainly HCC, with a systematic review of 454 studies reporting 94% of LR-5
Lesions confirmed to be HCC and 97% malignant!?sl. The Organ Procurement and
Transplantation Network (OPTN) is another diagnostic criterion established by
National Organ Transplant Act, with subcategories ranging from class 0-5. Specificities
are similar between LI-RADSv2018 LR-5 and OPTN class 5 [2¢l. However, inter-reader
agreement and sensitivity of LI-RADS (sensitivity: 63.9%) is higher than that of OPTN
(sensitivity: 53.6%) [2¢l,

Cross-Sectional Imaging: Multiphase CT and MRI

Standard recommendations for HCC diagnosis include multiphase CT or MRI
which are beneficial modalities for highlighting unique features of HCC (Figure 2 and
3). Physiological differences in blood perfusion between hepatocarcinogenic lesions and
non-neoplastic tissue display distinguishing differences in imaging characteristics using
multiphasic contrast examinations [7l. Phases consist of late hepatic arterial (20-40 s),
portal venous (60-90 s), and delayed (3-5 minutes). Late arterial phase is useful for
detecting hypervascular lesions with HCC lesions characteristically enhancing relative
to surrounding liver parenchyma. Arterial lesion enhancement can be appreciated
within lesions as small as 1 cm. Within the portal venous and delayed phases, washout
or hypointensity is commonly observed for HCC lesions [#l. During the delayed or
equilibrium phase, other characteristics of HCC such as capsule features (e.g. lesion
washout with pseudocapsule enhancement) and mosaic architecture can be visualized
128, The introduction of gadolinium-based contrast agents (Gadobenate dimeglumine
and gadoxetate acid) may aid LI-RADS categorization. These agents are taken up by
hepatocytes of normal liver parenchyma and there is little uptake in non-functioning or
dysfunctional hepatocytes, such as the case for HCC. Gadolinium-based agents function
similarly to extracellular agents, but can aid in the diagnosis of lesions with atypical
features (e.g. without washout, arterial hyperenhancement) or distinguish HCC from

pseudolesions [2%30]. For example, these agents permit an additional post-contrast




hepatobiliary phase, which will display a majority of HCC lesions (90-95%) as
hypointense relative to surrounding hyperintense liver parenchyma (29311,

MRI is recommended for staging of HCC disease given that some reports have
estimated CT to underestimate 52% of cases [12l. MRI also has superior diagnostic
efficiency to CT in the detection of small (< 3cm) lesions 132l However, CT is more
readily available than MRI, and limitations to using MRI including greater costs and
technical complexity make CT a complementary diagnostic alternative [334 A report
showed that the combined use of CT/MRI provides better diagnostic accuracy in
characterizing liver lesions using LI-RADS (91.29%) than MRI (85.37%) or CT (67.6%)
alone, but combined protocols should be limited to difficult or uncertain cases in order
to warrant use 134,

Contrast-Enhanced Ultrasound

In recent years, there has been an emerging use of contrast-enhanced ultrasound
(CEUS) for the evaluation of focal liver lesions (Figure 4). CEUS combines the benefit of
accessible, non-invasive assessment without ionizing radiation as well as improvements
in temporal resolution. Given some of the limitations in ultrasound sensitivity, CEUS
may offer a useful solution. CEUS utilizes highly echogenic microbubble contrast agents
(such as SonoVue®, Definity®) which are rapidly injected via the antecubital vein.
These agents circulate freely among capillary beds, and the use of dynamic phases of
contrast enhancement (e.g. arterial [start 10-20s], portal [start 30-45s], late [start >120s]
phases) can help differentiate liver lesionsl®l.

The reporting system was initially developed for CT and MRI; however, in 2016,
CEUS-LIRADS was released to improve standardization in reporting and interpretation
specific to CEUS for nodule evaluation I**l. CEUS LI-RADS consists of 8 categories and

ges in greater levels of severity from LR-1 to LR-5, with additional categories such as
LR-M (probably or definitely malignant but not HCC specific), LR-TIV (definite tumor
in vein), and LR-NC (cannot be categorized) 5. Diagnostic features of CEUS LI-RADS
are based on arterial phase hyperenhancement and washout, or reductions in

enhancement relative to the liver %], Features specific to HCC include arterial phase




hypervascularity and late or low washout B%37l. HCC displays earlier levels of
enhancement compared to native liver tissue, and detection rates are greater for larger
lesions (2-3cm) compared to smaller ones (< 1em) 38, Within nodules ~2cm or greater,
detection rates for ultrasound approach that of CT or MRI. For example, Gaiani et al
reported a detection rate of 91-97.3% for evaluating hypervascularity in 103 cirrhotic
nodules >2cm using CEUS P9l Limitations of CEUS are like that of conventional
ultrasound. Disadvantages of CEUS include user-dependent accuracy, the requirement
for multiple contrast injections to survey or investigate separate liver lesions, and

restricted ability to distinguish HCC from cholangiocarcinoma and stage disease [36:401,

EMERGING ADVANCED IMAGING PROTOCOLS
CT and MR perfusion

The acquisition of sequential imaging combined with IV contrast administration
by multidetector can permit the assessment of tissue perfusion. The distribution of
contrast media between the intravascular and interstitial compartments depends on the
extent of blood flow and capillary permeability. Using kinetic modules, perfusion
parameters across liver tissue can be calculated (blood flow, volume, permeability,
hepatic arterial perfusion, portal venous perfusion, perfusion index, slope of
increase /decrease). Quantitative color-graded perfusion maps can be used to localize
lesions with abnormal tissue perfusion with a high degree of spatial resolution [41-44].
Tumor angiogenesis mediates differences in blood supply between normal liver
parenchyma and HCC 41, Quantitative parameters from CT perfusion, such as hepatic
perfusion index, carries high sensitivity and specificity (299%) for HCC detection in
patients with cirrhosis 45, Early HCC lesions or hepatocellular nodules will
demonstrate increased arterial supply as hepatocarcinogenesis progresses, reflected in
increased hepatic arterial perfusion and perfusion indices 2. Other common focal liver
lesions can exhibit unique CT perfusion behavior and therefore be used to identify HCC
from hemangiomas, liver metastases, and arterioportal shunts [4l. Bae et al reported

histopathological features such as microvascular density, a poor prognostic factor for




HCC, is correlated with multiple perfusion parameters [¥7]. A major prognostic factor for
HCC, microvascular density has been shown to be correlated with multiple CT
perfusion parameters.

Similar to CT perfusion, dynamic contrast-enhanced MRI (DCE-MRI) permits the
quantification of perfusion characteristics of liver lesions [8l. This approach is
accomplished using gadolinium IV contrast administration followed by image
acquisition with high temporal resolution and kinetic modules to quantify contrast
distribution perfusion to reflect focal perfusion differences [#l. DCE-MRI perfusion
parameters have highlighted unique physiological characteristics in HCC lesions,
including increased arterial hepatic blood flow, arterial fraction, and lower portal
hepatic blood flow, compared to normal liver parenchyma [*8, Pahwa et al reported,
arterial fraction and distribution volume are high in HCC and metastatic lesions
compared to normal liver parenchyma (501, Metastatic lesions may also be distinguished
from HCC and normal liver parenchyma by the perfusion parameter mean transit time
[5%]. By evaluating tumor vascularity pre- and post-treatment, DCE-MRI has shown
efficacy for treatment monitoring (e.g. following administration of anti-angiogenic
agents, transarterial chemoembolization or radiotherapy) and predicting survival

outcomes for HCC patients 511,

Elastography

Elastography is an imaging method to quantify mechanical properties, notably
stiffness, to evaluate focal fibrotic cirrhotic changes (Figure 5). Either MRI or
ultrasound, coupled with a device that generates low frequency vibrations (i.e. shear
waves) and wave propagation, can be quantified in order to calculate levels of stiffness
in a focal area of interest [52I. First introduced with ultrasound, there are multiple
elastography methods which include transient elastography, point shear wave, two-
dimensional sheer wave, and quasi-static elastography. Ultrasound elastography has
shown to provide satisfactory sensitivity and specificity for identifying histological

stages of severe fibrosis (sensitivity: 81.9%, specificity: 84.7%) and cirrhosis (sensitivity:




84.8%, specificity 87.5%) [53. MR elastography may also aid to differentiate focal liver
lesions. For example, malignant tumors have been reported to have greater levels of
stiffness relative to benign lesions, focal fibrotic regions, and normal liver
parenchymal>4l.

Evaluation of liver stiffness may also offer a prognostic biomarker for
determining risk of HCC development and survival. A meta-analysis of 9 studies by
Singh et al reported increased liver stiffness is associated with an elevated risk of HCC
151, A more recent metanalysis of 1,735 patients reported a varied sensitivity (31-100%)
and high specificity (81-94%) for predicting HCC development. The use of MR
elastography can also be used as a biomarker to predict treatment response and tumor
recurrence [56-58]. A prospective investigation assessed 192 patients undergoing HCC
treatment (e.g. transarterial chemboembolization, ablation, or resection) found liver
parenchymal stiffness to be an independent predictor of early recurrence [5. A recent
investigation also reported efficacy for predicting both early and late recurrence in 180
patients with HBV-related HCC prior to undergoing hepatectomy [58l. Hassan et al
reported the use of MR elastography to evaluate stiffness changes in patients treated
with immunotherapy (i.e. Pembrolizumab). HCC tumor stiffness significantly
correlated with survival outcomes, including overall survival and time to disease

progression, as well as intratumoral T-lymphocyte abundance 1%,

T1 mapping

Similarly, T1 mapping is an MR method by which T1 relaxation time is measured
and can be useful for identifying liver fibrosis. In the setting of inflammation and
fibrosis, T1 relaxation time will be increased and has been used extensively to evaluate
myocardial edema and scarring 0. In fact, there is a moderate correlation between T1
relaxation time and elastography-measured stiffness [¢1l. T1 relaxation time can also be
measured before and after administering hepatobiliary contrast agents such as Gd-EOB-
DTPA (Eovist®) to provide a more reliable, quantitative evaluation of contrast media

uptake within the liver parenchyma [©2l. Given that T1 relaxation is influenced by




intrinsic properties of tissue, T1 mapping can overcome some of the traditional
limitations of conventional MR signal intensity, which can be influenced by technical
factors and imaging parameters. Combining T1 mapping and GD-EOB-DTPA has
shown to be useful for identifying and classifying differentiated lesions (e.g. reduced
uptake associated with increased HCC grade), and can be used to distinguish HCC
from other focal liver lesions, including hepatic cysts, focal nodular hyperplasia, and
hemangiomas [63-65]. HCCs with microvascular invasion have also shown reductions
in T1 relaxation relative to lesions without evidence of microvascular invasion [6°],

showing promise of another imaging method for predicting prognosis.

Diffusion Weighted Immaging

Diffusion weighted imaging (DWI) is a non-invasive MR sequence which can
characterize focal liver lesions without the need for contrast media by measuring
diffusion properties of water molecules within tissues (Figure 6). Gradations of
diffusion are measured using b-values, with greater values denoting more sensitivity to
diffusion and higher signal intensity. These values are used to calculate and generate
apparent diffusion coefficient (ADC) maps, used clinically to assess local changes in
liver tissue diffusion [67l. Changes in cellularity, cell architecture and extracellular space,
combined with necrosis and vascularization, can restrict diffusion and thus, HCC will
appear hyperintense on DWI [67.68]. DWI has exhibited exceptionally high sensitivity and
specificity for a single HCC lesion (100%) and moderate sensitivity and high specificity
for multiple lesions ( 75% and 100%, respectively)[®l. The detection of early, smaller
HCC (22 cm) is a clinically useful feature of DWI, especially when combined with
contrast use. Generally, poorly differentiated lesions will exhibit lower ADC compared
to well-differentiated lesions [68]. A meta-analysis of 21 studies (1,799 HCC lesions) by
Surov ef al reported that DWI can provide grading and prognostic utility by
demonstrating use of ADC values can predict tumor grade and microvascular
invasiveness (specifically, minimum ADC values) [7l. A recent study in 81 patients with

HCC also reported microvascular invasiveness to be associated with ADC with a




receiver operating characteristic curve AUC values ranging from 0.860-0.909 1l DWI
has been used as a biomarker for monitoring and predicting tumor response following
locoregional therapy 72731 ADC correlates with tumor response, according to mRECIST,
6 mo after TACE [72l. ADC values of 1.84 x 10-3 mm?/s10 have been reported to have
high sensitivity (92.3%) and specificity values (100%) for identifying evidence of
necrosis following TACE [l For Y90-radioembolization, increases in ADC value
(>30%) can predict objective mRECIST response with 90% sensitivity and 100%
specificity. Further, a >30% change in ADC following TACE is associated with
prolonged overall survivall?4l. A prospective investigation of 40 patients treated with
radiofrequency ablation found an ADC value of 1.01 x 10-3 mm?/s yields the highest
sensitivity (80%) and specificity (100%) for detecting residual HCCs 3 mo following
treatment 5l However, differentiation between benign and malignant lesions are
difficult in the setting of cirrhosis, as the ADC between both lesion types exhibit
considerable overlap [¥7]. Further, standardization for DWI sequences may be needed

since different study protocols can alter ADC calculation [76].

MR spectroscopy

MR spectroscopy is an analytical technique that permits the characterization
and quantification of tissue metabolite composition in vivo. For each given voxel, a plot
of signal intensity and metabolites/chemicals are expressed by their frequencies [77].
Malignant hepatic lesions have been found to have elevated choline levels relative to
normal liver parenchyma. Changes in metabolite frequencies exist between healthy and
cirrhotic livers, namely choline and lipid levels [78l. Choline is a component of
phospholipid membranes, which increases in states of cell proliferation and
carcinogenesis. Zhang et al reported the diagnostic efficacy of measuring choline-
containing compounds using MR spectroscopy is high for discriminating malignant and
benign tumors (sensitivity: 94.3 % and specificity: 93.3) [?l. Determining ratios of

choline and lipids within a given lesion has also been used to monitor treatment




responses after locoregional therapy 3. For example, prospective investigations have

found choline levels to decline following TACE therapy (81521,

Radiogenomics/Radiomics

The integration of artificial intelligence and diagnostic imaging modalities has
led to an exponential rise in radiogenomics or radiomics, which collectively refers to
processes that aim to bridge quantitative radiologic data with immunobiological or
clinical characteristics to inform prognosis or predict treatment outcomes [83l. The
computing process consists of extracting quantitative features from medical images (CT,
MRI or PET) into large analyzable databases [84l. This process is carried out in multiple
steps, including 1) defining volumes or regions of interest, 2) image segmentation
(performed manually, semi-automatic or automatic tools), 3) image processing used to
normalize grey-level intensities, denoise and improve data quality (e.g. signal intensity
normalization, motion correction, filtering, image interpolation, and bias field
correction), 4) feature extraction, and 5) statistical model building [5>8]. The final
process, specific to oncology, includes generating association maps to correlate
radiomic-based models with clinical outcome data, microvascular invasion, histological
grade, or genomic/molecular data (e.g. immune marker expression).

Multiple studies have utilized either radiogenomic or radiomic models to
diagnose and differentiate liver tumors or predict treatment efficacy for hepatocellular
carcinoma [87-89]. For example, Lewis et al reported greater prediction accuracy when
combining LI-RADS and DWI-derived radiomics models using the ADC values than LI-
RADS alone for distinguishing HCC from other primary liver cancers [%l. Banerjee et al
evaluated radiomic-models using contrast-enhanced CT to predict prognostic factors,
such as microvascular invasion [l Radiogenomic venous invasion, an imaging
biomarker, can predict microvascular invasion and correlates with lower overall and
recurrence-free survival [°ll. A recent meta-analysis/systematic review including 4947

patients showed promising predictive potential of radiomic models for microvascular




invasion, reporting a pooled AUC of 0.85, 0.87, and 0.74 across studies using CT, MR,
and ultrasound-based models, respectively [92].

Given the link between gene expression and immunotherapy response, the
ability to predict HCC immunoprofiles can be critical for delineating appropriate
treatment. Hectors et al retrospectively evaluated the relationship between MRI
radiomic features (e.g. models using tumor size, enhancement ratios, fat content, ADC,
texture features) and HCC immunhistochemical and genomic makers [l In particular,
multiple relationships were found to exist between radiomic features and
immunotherapy targets, CTLA-4 and PD-1 [%l. Radiomic models have also shown
promise for predicting treatment response and potential adverse outcomes after
locoregional therapy use [94-98]. For example, MRI-based radiomics models have a
reported AUC of 0.861 and 0.884 for predicting tumor response at 3-months post TACE,
evaluated using the mRECIST criterion._While larger, multi-center cohort models
should be investigated in the future, the use of radiogenomics or radiomic models
provide a novel method that can improve tumor grading, predicting prognosis and

clinical decision-making strategies.

CONCLUSION

In summary, the use of imaging is an essential component to the diagnosis and
management of HCC. Ultrasound is cost-effective modality for the screening. The utility
of diagnostic modalities such as MR or CT for differentiation and grading of HCC
continues to expand, especially with the advancement of new techniques and image
analyses. The implementation of techniques, including elastography, T1 mapping,
perfusion imaging and contrast-enhanced ultrasound provide multiple unique benefits
to further aid in the characterization of HCC. Other methods, such as
radiomics/radiogenomics, which seek to integrate imaging data to predict prognostic
risk factors and determine treatment response probability, will be a new frontier for
informing clinical decision-making with the ultimate goal to generate more precise and

personalized treatment management strategies for patients with HCC.
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