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Hepatocellular carcinoma (HCC) accounts for a great majority of liver cancer diagnoses and deaths. Imaging plays,
therefore, a crucial role in the surveillance of patients at risk, the detection and diagnosis of HCC nodules, as well as in
the follow-up post-treatment. The unique imaging characteristics of HCC lesions, deriving mainly from the assessment of
their vascularity on contrast-enhanced computed tomography (CT), magnetic resonance (MR) or contrast-enhanced
ultrasound (CEUS), allow for a more accurate, noninvasive diagnosis and staging.
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| 1. Introduction

Liver malignancies undoubtedly represent a global health challenge, with an estimated annual incidence of more than one
million cases in 2025 . Primary liver cancer is the sixth most commonly occurring cancer in the world and the third
largest contributor to oncologic mortality 1.

Hepatocellular carcinoma (HCC) accounts for a great majority of liver cancer diagnoses and deaths [2l.

Although hepatitis B virus (HBV) and hepatitis C virus (HCV) remain the most important global risk factors worldwide, their
impact on the rise of HCC will decline in Western countries due to the availability of increasingly efficient antiviral
therapies and preventive policies Bl. As overweight will become endemic worldwide, non-alcoholic fatty liver disease
(NAFLD) is likely to become the major contributor to the epidemiology of HCC in the coming years, with a higher risk of
incidentally detecting large liver nodules also in younger asymptomatic patients [4l. Other established risk factors of HCC
are alcohol consumption [ and idiopathic liver diseases (e.g., hemochromatosis or primary sclerosing cholangitis) .

As a result of several studies on HCC pathology published in the past years, hepatocarcinogenesis is well established
nowadays. In cirrhotic livers, metabolic and oxidative insults cause an increased turnover of hepatocytes with a
progressive accumulation of genetic mutations . Notably, during the progression from cirrhotic nodules through
dysplastic nodules and early HCC to advanced HCC, portal tracts progressively diminish, whereas newly formed unpaired
arteries develop due to the tumoral release of vascular endothelial growth factor (VEGF) 4. Therefore, HCC nodules
present a more notable arterial supply as compared to the healthy surrounding parenchyma with the typical greater supply
from the portal vein.

Among all the tested serum biomarkers, alpha-fetoprotein (AFP) has proven to improve diagnostic efficiency and to be
useful in the evaluation of treatment response in patients with HCC [&l,

Unfortunately, the prognosis of patients with HCC remains poor thus far, with an overall ratio of mortality to incidence of
0.91 &, However, the accelerated introduction of novel therapeutic modalities is expected to lead to a more favorable
scenario. Indeed, due to the recent advances in the oncologic armamentarium, the Barcelona Clinic Liver Cancer (BCLC)

treatment strategy was updated in 2022, including the latest evidence of promising medical and interventional therapies
[20]

As a matter of fact, in patients at risk, surveillance plays a pivotal role in the detection of small HCC nodules, whose
treatment may consist of less invasive and more effective therapies (e.g., percutaneous thermal ablation, surgical
excision) L4,

As stated by the latest clinical practice guidelines, published by the European Association for the Study of the Liver
(EASL) 12 in 2018, HCC is unique among other cancers in showing typical characteristics on contrast-enhanced



computed tomography (CT), magnetic resonance imaging (MRI) or contrast-enhanced ultrasound (CEUS), thus allowing
for a highly accurate diagnosis of HCC in patients with cirrhosis. As a result, mini-invasive percutaneous imaging-guided

biopsy is strongly recommended for liver nodules with an atypical contrast enhancement 3! or in non-cirrhotic patients
[14]

The ability of cross-sectional imaging studies to reliably detect and diagnose HCC in the cirrhotic liver relies primarily on
characterizing the enhancement of a suspected lesion as compared to the background liver parenchyma in the hepatic
arterial, portal-venous and subsequent phases. The abovementioned differences in the blood flow and extracellular
volume between HCC tissue and non-neoplastic cirrhotic liver tissue result in the hallmark imaging characteristics of HCC
during the multiphasic flow of contrast, including arterial phase hyperenhancement, subsequent wash-out appearance and
capsule appearance 12,

CEUS is a dynamic imaging technique, able to assess the contrast-enhancement pattern of liver nodules in real time, with
a considerably higher temporal resolution than that possible to obtain with CT and MRI 18], CEUS, however, presents
some important drawbacks. First of all, CEUS is not a cross-sectional imaging modality, thus not allowing for the detection
of distant nodules not seen or included by the operator in the scan after contrast injection. Moreover, ultrasound (US)
examination is an operator-dependent modality and may be limited in the detection of nodules in overweight patients or
nodules with a difficult location L2,

MRI offers a number of detailed imaging sequences, including T2-weighted and diffusion-weighted images, which may
help in the detection of suspicious nodules, although baseline images rarely provide sufficient specificity to enable
noninvasive diagnosis. Furthermore, in recent years, two liver-specific contrast agents (gadobenate dimeglumine and
gadoxetic acid) have shown to improve the detection of even relatively small and subtle lesions with a hypointense
appearance in the hepatobiliary phase 28],

Nevertheless, MRI has some important diagnostic disadvantages, including less availability, greater technical complexity,
higher susceptibility to artifacts, higher costs and less consistent image quality. In particular, MRI quality may be
compromised in patients with difficulty in breath-holding, trouble keeping still, or large-volume ascites. MRI permits a
locoregional evaluation of parenchyma and nodes in the upper abdomen without any information on possible distant
metastases. For these reasons, the comparative diagnostic performance of a multiphasic CT and an MRI in real-life
practice remains uncertain 12,

In the recent years a rising interest in artificial intelligence (Al) has been observed, and, undeniably, oncologic imaging is
one of the most empowered application fields 2321221 Machine learning (ML) is a branch of Al that focuses on the
development of computer algorithms able to learn from structured data to make predictions on decisions without being
explicitly programmed to do so. In the oncologic imaging setting, ML is usually combined with radiomics, defined as the
process of extracting high-dimensional quantitative features from medical images 231241251 However, radiomic pipeline
consists of numerous steps characterized by several factors, leading to a significant variability between studies affecting
their repeatability 2811271,

| 2. Ultrasound

Liver cirrhosis is, thus far, the primary risk factor for HCC, with affected patients requiring periodical imaging surveillance.
US is a perfect choice for this purpose due to its safety, wide availability, cost-effectiveness and accuracy in detecting
focal liver lesions (FLLs). Once a FLL is detected, US can assist in its characterization using different ultrasonographic
techniques, including B-mode, color- and power-Doppler techniques and CEUS [28],

The appearances of HCC nodules on US vary depending on the size and degree of differentiation. The lesion margins are
usually relatively well circumscribed in the nodular type but poorly defined in the massive type 22, HCC nodules smaller
than 10 mm are almost hypoechoic or isoechoic, with low-level internal echoes that increase with tissue cellularity. When
tumor growth occurs, fatty change is most frequently observed at a tumor diameter of 10-15 mm, and the internal echoes
of such nodules are hyperechoic BY. In HCC nodules greater than 20 mm, typical US patterns such as the “mosaic
pattern”, “nodule-in-nodule appearance”, “peripheral sonolucency” (halo sign) and “lateral shadow” can be more
commonly recognized 11,

The evaluation of intranodular vascularity may play a key role in the characterization of FLLs. For this purpose, color
Doppler is typically the first-line modality of assessment, even though it encounters different technical limitations such as
Doppler angle dependence, operator dependence, low sensitivity to slow flow and overwriting artifacts 22, Usually, once
the tumor increases in size, the “basket” pattern, referring to the presence of a fine network of arterial branches



surrounding the lesion, can be appreciated 2. Using spectral analysis, both pulsatile and continuous waveforms can be
recorded, which correspond to the arterial and venous origin of blood supply, respectively. In massive-type HCC, an
overall irregular pattern of vascularity, can be appreciated. As a general rule, a continuous portal-like waveform indicates a
dysplastic nodule or a well-differentiated HCC; contrarily, a pulsatile arterial waveform is suggestive of advanced HCC 22,

Due to the fact that worldwide ultrasound represents the imaging modality of choice in surveilling patients at risk, the
introduction of the US LI-RADS® (Liver Imaging Reporting and Data System), a US-based classification system, was
issued by the American College of Radiology in 2017 183!, Evaluating the size and echogenicity, this system assesses the
quality of examination and the potential of a FLL to represent HCC and suggests further management 241,

US, in general, has a reported sensitivity of 98% and specificity of 85% for overall HCC detection. Tumor size is
nonetheless a significant factor as the technique’s sensitivity reaches approximately 65% for lesions <2 cm 2,

The introduction of CEUS in the evaluation of FLLs certainly represented a turning point in the ultrasonographic diagnosis
of HCC. US contrast agents (USCAs) consist of different generations of intravascular gas microbubbles with specific
nonlinear acoustic properties 28, After bolus intravenous injection, USCA allows capillary blood flow to be imaged and
contrast enhancement to be assessed, with a much higher temporal resolution compared to CT and MRI 18 CEUS has
proven to be a safe procedure, with low clinical reactions to USCAs reported in the literature and few absolute
contraindications (e.g., severe coronary artery disease, pulmonary hypertension). Several studies have stated that CEUS
has a significant role as a problem-solving imaging technique for detection of perfusion abnormalities in patients with renal
failure and/or at high risk of adverse reaction to CT or MRI contrast agents [,

In Europe, CEUS is usually performed with SonoVue® (Bracco, Milan, Italy), which is not uptaken by Kupffer cells and
hence produces an arterial, portal-venous and late phase BZ. The hallmark of HCC on CEUS using SonoVue® is a
homogeneous and intense arterial phase hyper-enhancement (APHE) with mild wash-out starting >60 s after injection [
(Figure 1).
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Figure 1. US and CEUS surveillance examination in a patient with HBV-related cirrhosis. Baseline images detect the
presence of a centimetric subcapsular hypoechoic nodule. After administration of USCA, the lesion shows arterial
hyperenhancement (a) with a mild portal-venous wash-out (b).

The timing and degree of wash-out are important for the characterization of HCC, which typically shows milder hypo-
enhancement compared to metastasis and cholangiocarcinoma. Nodules measuring >5 cm may show heterogeneous
enhancement due to necrosis. Both the size and the degree of differentiation affect the enhancement pattern of HCC 22,
Wash-out is less often seen in HCC nodules <2 cm but is more frequent in HCC with poorer grades of differentiation 42,

On the other hand, Sonazoid® (GE Healthcare, Amersham, UK) is a second-generation USCA whose clinical usage was
approved in Japan, South Korea and China. As opposed to Sonovue®, Sonazoid® is uptaken by Kupffer cells and
produces a late homonym phase in which HCC nodules appear as hypoechoic lesions as compared to the surrounding
parenchyma [,

Moreover, a CEUS LI-RADS® 2 ajgorithm has been introduced by the American College of Radiology to aid in the
accurate characterization of nodules in liver cirrhosis patients. The major criteria are APHE, nodule size and portal-late
mild wash-out. A rim APHE and an early (<60 s) or marked wash-out represent LI-RADS M criteria (LR-M), favoring the
diagnosis of a non-hepatocellular malignancy 21,
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