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Abstract
Hepatocellular carcinoma (HCC) is the most rapidly increasing type of cancer in the United States. HCC is a highly malignant cancer, accounting for at least 14000 deaths in the United States annually, and it ranks third as a cause of cancer mortality in men. One major difficulty is that most patients with HCC are diagnosed when the disease is already at an advanced stage, and the cancer cannot be surgically removed. Furthermore, because almost all patients have cirrhosis, neither chemotherapy nor major resections are well tolerated. Clearly there is need of a multidisciplinary approach for the management of HCC. For example, there is a need for better understanding of the fundamental etiologic mechanisms that are involved in hepatocarcinogenesis, which could lead to the development of successful preventive and therapeutic modalities. It is also essential to define the cellular and molecular bases for malignant transformation of hepatocytes. Such knowledge would: (1) greatly facilitate the identification of patients at risk; (2) prompt efforts to decrease risk factors; and (3) improve surveillance and early diagnosis through diagnostic imaging modalities. Possible benefits extend also to the clinical management of this disease. Because there are many factors involved in pathogenesis of HCC, this paper reviews a multidisciplinary perspective of recent advances in basic and clinical understanding of HCC that include: molecular hepatocarcinogenesis, non-invasive diagnostics modalities, diagnostic pathology, surgical modality, transplantation, local therapy and oncological/target therapeutics. 
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Core tip: Hepatocellular carcinoma (HCC) is one of the few tumors in which the incidence is on the rise worldwide, especially in the United States. The overall increase in the incidence warrants efforts to prevent and to more efficiently treat this disease. This necessitates the need for a multidisciplinary approach for the management of HCC, because there are many etiological factors involved in the pathogenesis and malignant transformation of the disease. For example, there is a need to improve surveillance and early diagnosis through diagnostic imaging modalities to facilitate identification of potential molecular targets for novel therapeutic strategies. In turn, this will facilitate the identification of patients at risk. This review summarizes current knowledge on the clinical management of the disease as well as etiologic mechanisms of malignant transformation for better diagnosis, prognosis, and treatment of HCC.
INTRODUCTION
Hepatocellular carcinoma (HCC) constitutes the majority of primary liver cancers. It is the fifth most common malignancy in the world and is the third leading cause of cancer-related death worldwide[1,2]. More than half a million cases are newly diagnosed each year, with an almost equal annual mortality given its high fatality rates. The incidence of HCC continues to rise and is predicted to continue to be the third cause of cancer-related death by 2030[3]. Viral hepatitis and cirrhosis are known to be the most common risk factors for HCC, but the exact mechanisms of hepatocarcinogenesis remain unclear, particularly in patients without these risk factors. Fatty liver disease due to diabetes and obesity has recently been recognized as independent risk factor of HCC, but may also act synergistically with other risk factors such as viral hepatitis to contribute to the processes of hepatocarcinogenesis[4-6]. 
The treatment options for HCC include those of curative potential for early stage of the disease such as surgical resection, ablation, and liver transplantation. The only therapies that have been shown to prolong life for intermediate or advanced stage disease include liver-directed therapy with transarterial chemoembolization and systemic chemotherapy with sorafenib. As HCC is a complex type of cancer, optimal management requires a multidisciplinary-team approach including oncolo​gical surgeons, hepatologists, oncologists, radiologists, intervention radiologists, transplant surgeons, and pathologists, who routinely meet and discuss diagnosis and treatment options towards individualized management with the goal fulfilling precision medicine. This review aims to discuss the current understanding of the mechanisms and signaling pathways involved in hepatocarcinogenesis, pathological and radiological diagnosis, and management of HCC with a multidisciplinary approach. 

GENETIC ALTERATIONS IN HCC 

The genetic heterogeneity of HCC has complicated the search for driver mutations that initiate or promote HCC. Technological advancements in genomic research over the past decade, such as whole exome sequencing (WES), whole genome sequencing (WGS), and whole transcriptome analysis, have allowed more extensive genomic analyses of HCC. This section will focus on common genetic and epigenetic mutations in HCC, molecular classification of HCC, and the signaling path​ways that may serve as therapeutic targets. 

Multiple groups have performed whole exome as well as WGS of HCC in order to determine the most common genetic mutations involved in this disease[7-9]. Cleary et al[7] performed WES of 87 tumors and found that the most frequent mutations were TP53 (18%), CTNNB1 (10%) and MLL4 (7%) among others. Their work demonstrates the heterogeneity of HCC as they had a relatively even distribution of hepatitis C virus (HCV), HBV, and cirrhosis not otherwise specified in their cohort and no single mutation was present in > 20% of samples. Fujimoto et al[8] performed WGS on 27 tumors, all but two-harbored HCV or HBV. They also found TP53 to be the most frequent mutation (14/27 samples). Their work also found mutations in CTNNB1, MLL, as well as ARID1a/2. Kan et al[9] performed WGS on 88 tumors, 81 of which were positive for HBV. Their group also found TP53 as the most frequent mutation (35%) followed by CTNNB1 (16%) and JAK1 (9%). Pathway analysis was used to describe five major cellular pathways that are altered by the somatic mutations found by WGS: (1) P53/cell cycle; (2) Wnt/(-catenin (CTNNB1); (3) Chromatin remodeling (ARID); (4) PI3K/AKT/mammalian target of rapamycin (mTOR); and (5) Oxidative/ER stress. Overall, specific mutations were present in < 20% of all samples, further illustrating the genetic heterogeneity found in HCC (for further information about HCC genetic dysregulation in Table 1). 

The great diversity of genetic alterations in HCC reflects the multiple etiologic factors that contribute to its pathogenesis. It is well known that HBV, HCV, alcoholic cirrhosis, aflatoxin-B, non-alcoholic steatohepatitis (NASH) and hemochromatosis all portend a higher risk of developing HCC. Multiple groups have used WES and WGS as well as genome wide association studies to define genetic “signatures” for different etiologies of HCC[10-12]. For example, those associated with alcoholic cirrhosis tend to have increased mutations in the chromatin-remodeling pathway, HCV-associated HCC were shown to have increased rates of CTNNB1 mutations (Wnt/(-catenin pathway) and ARID2 mutations (chromatin remodeling complex). In contrast, HBV-related tumors are commonly caused by integration of the viral HBx DNA into the host genome, which creates genetic instability and mutagenesis in cancer related genes such as TP53. Multiple groups have found common integration sites in the promoter sites or exons of TERT (MLL4), CCNE1, and ROCK1 genes that are significantly increased in HBV associated HCC. They also have a higher rate of differentially regulated TP53[13,14]. Aflatoxin B1 exposure results in a predictable mutation in codon 249 of TP53 which drives carcinogenesis[15]. Guichard et al[16] described a novel mutation in IRF2 that is present in HBV-related HCC which leads to TP53 inactivation. A recent study by Lau et al[17] found a common viral-human chimeric transcript resulting from HBV integration into a LINE1-element on chromosome 8p11.21, which functions as a long non-coding RNA to drive oncogenesis through its influence on Wnt/(-catenin pathway. Zain et al[18] have used genome wide analysis of copy number variation to identify rare or novel copy number variant that are associated with progression of NASH to cirrhosis and eventually HCC. There is, however, a paucity of data regarding the genetics of NASH and HCC, and given the worldwide rise in prevalence of NASH this presents a significant gap in our knowledge of the HCC cancer genetics.
Certain subtypes of HCC, however, have been associated with single driver mutations. Recently, WGS of fibrolamellar carcinoma has revealed a chimeric transcript of DNAJB1-PRKACA that is present in all tumor samples studied[19]. This rare variant of HCC occurring in young adults without cirrhosis also shows involvement of the mTORC1 and FGFR1 pathways[20].
There are also genetic signatures for clinical charac​teristics as well as risk assessment for certain HCCs. For example, Cleary et al[7] found that increased micro​vascular invasion was associated with MLL mutations, and those tumors with TP53 mutations were at higher risk for early recurrence. Multiple groups have also discovered various SNPs and their association with HCC risk[21]. Budhu et al[22] created 17-gene profile that was able to predict tumor metastasis and recurrence in an independent cohort. Huang et al[23] used WES of HBV related HCC with associated portal vein tumor thrombus (PVTT). They discovered novel mutations present only in the PVTT that suggest they may be involved in tumor progression[23].
The cumulative genetic and epigenetic alterations lead to changes in gene expression in HCC. Many groups have sub-classified HCC based on their transcriptome profile. Hoshida et al classified HCC into three groups, S1-S3. S1 tumors tend to have mutations in the Wnt/(-catenin pathway, have increased risk of early recurrence, and have increased vascular invasion as well as satellite lesions. S2 tumors are those with activating mutations in the MYC and PI3K/AKT pathways. They tend to be larger tumors that overexpress AFP. S3 tumors are well differentiated, have fewer inactivating mutations of p53, and tended to be smaller tumors[24]. Boyault’s group used whole transcriptome analysis of 103 HCC samples to classify six subgroups of HCC. G1-G3 groups were associated with increased genomic instability. G1-G 2 groups were both found to have AKT activation and were associated with HBV. For G1 groups, tumors had low copy numbers of HBV, while G2 tumors had higher copy numbers of HBV as well as TP53 and PIK3CA mutations. Tumors for G3 group were classified by having TP53 and cell cycle pathway mutations, whereas tumors for G4 group were heterogeneous, mostly with TLF-1 mutations. For G5-G6 groups, tumors were found to carry Wnt/(-catenin mutations such as CTNNB1. They also exhibited decreased expression of cell adhesion proteins and tended to have increased satellite lesions[25].

Epigenetic changes in HCC carcinogenesis and prognosis have also been investigated. There are a myriad of differentially regulated miRNA, alterations in DNA methylation, and dysregulations of histone complexes that occur in HCC. The complete list of miRNA is beyond the scope of this review. Seemingly, the most clinically relevant are the Let-7 miRNA, which are down regulated in HBV related HCC. Also, miRNA-196 seems to have a protective role in HCV related HCC. miRNA-26a and 195 are both down regulated inn HCC, which leads to decreased E2F expression and cell survival/proliferation[26-28].

DNA hypo-and hypermethylation can lead to diffe​rential regulation of tumor suppressors and oncogenes. In HCC, multiple groups have identified hypomethylation (activation) of oncogenes such as LINE-2, ALU, STAT2 as well as hypermethylation (suppression) of RB1, P16, APC, SOCS1, SOCS3, and RASSF1a. DNA methylation abnormalities occur early in the course of HCC, and seem to accumulate as the disease progresses[29]. Nagashio’s group has identified specific methylation signatures that differentiate malignant HCC from benign lesions with > 95% sensitivity and specificity. They have also shown that certain methylation sites such as RIZ1a and LINE-1 may have prognostic value[30].
The advent of WGS and WES has uncovered a myriad of novel mutations found in HCC. More studies are needed to define their role in hepatocarcinogenesis. This could lead to further targets for therapy, risk stratification, as well as development of biomarkers for early detection of HCC. As the technology improves we may be able to personalize targeted therapy for specific mutational profile found in each tumor. 
PATHOLOGY OF HCC

Pathology has played an important role in the diagnosis, staging and follow-up for the management of HCC. HCC is a morphologically heterogeneous tumor. Grossly HCC appears as circumscribed, yellow to greenish and soft tumors, often encapsulated with areas of hemorrhage and necrosis. Infiltrative borders can be seen but are not common. The background liver may or may not be cirrhotic (Figure 1A and B). Histologically HCC can show range of differentiation from well, moderate to poor, with a spectrum of architectural patterns including trabecular (greater than two cells in thickness yet still resembling hepatocytic cords), pseudoglandular or pseudoacinar to solid (Figure 1C). Normal structures, i.e., portal tracts are not present within the neoplastic tissue, where the blood is solely supplied by the artery; hence “unpaired arteries” are increased within HCC (Figure 1D), a phenomenon reflecting the neoangiogenic property during hepatocarcinogenesis and the hypervascularity observed by imaging. Sinusoidal capillarization is also a unique characteristic of HCC in which fenestrated hepatic sinusoids transform into continuous capillaries. In HCC, the neoplastic cells can appear similar to hepatocytes to markedly pleomorphic or small cell and undifferentiated. Features of hepatocytic differentiation may still retain in the neoplastic hepatocytes, such as bile, glycogen, steatosis, and Mallory-Denk bodies. Malignant features including enlarged and vesicular nuclei with prominent nucleoli are often seen. Mitotic figures are frequent and can appear bizarre in the poorly differentiated tumor. Although not always present, stromal invasion is a malignant feature of HCC that can be used to distinguish HCC from dysplastic nodule, where loss of ductular reaction by keratin 7 (CK7) or CK19 is observed by immunohistochemistry in HCC[31,32]. Reticulin stain has been traditionally useful to diagnose HCC, in which the thickened trabecula are highlighted by the loss of reticulin stain. In HCC, the sinusoidal endothelial cells stain positive for CD34[33,34], whereas they are negative in the non-neoplastic liver tissues. While glypican-3 is also a relatively sensitive and specific marker for HCC, the staining may be focal, and its sensitivity may decrease in well differentiated HCC, thus cautious interpretation is warranted[35,36]. Hepatocytic differentiation of HCC can be demonstrated by several markers such as Hep Par 1, polyclonal CEA, CD10, and the recently developed arginase (Arg-1), but they cannot distinguish HCC from benign hepatocytes. Hep Par 1 has a diffuse cytoplasmic granular staining pattern in normal and neoplastic hepatocytes[37-40]. In HCC, staining with polyclonal CEA and CD10 produces a canalicular staining pattern that has been attributed to cross reactivity with the biliary glycoprotein on the canalicular surface. The canalicular staining pattern is specific for HCC and is not seen in cholangiocarcinoma and metastatic adenocarcinoma, but its sensitivity has been variably reported, ranging from 50%-96%[41-45]. Arg-1 is a manganese metalloenzyme active in the urea cycle that is a recently developed immunohistochemical marker of hepatocellular neopla​sms of high sensitivity and specificity when used alone or in combination with glypican-3 or Hep Par 1[46-48]. 

The differential diagnosis of HCC from other hepa​tocytic lesions includes hepatocellular adenoma, focal nodular hyperplasia, and dysplastic and macro​regenerative nodules, especially in well-differential HCC. Other malignant tumors that can cause diagnostic difficulties include cholangiocarcinoma and metastatic tumors including carcinoma from any sites and melan​omas. These can be differentiated with clinical history, radiological findings, histomorphology, reticulin stain and immunohistochemical markers. Small samples of biopsy tissue material may cause diagnostic challenges. 

Fibrolamellar variant of HCC (fibrolamellar carcinoma) consists approximately 0.5%-1% of all HCC. It has a unique clinical presentation, pathological feature, and biology than the typical HCC. It tends to occur in late teenage years and young adults years. Unlike the typical HCC that often arises in a background of chronic liver disease or cirrhosis, fibrolamellar carcinoma typically arises in liver without any underlying liver diseases. 60%-70% of fibrolamellar carcinomas have a central scar, which appear as thick lamellar bands of fibrosis under microscopy as one of the most characteristic low power feature (Figure 2A). The tumor cells are large and polygonal with abundant eosinophilic cytoplasm, large vesiculated nuclei, and large nucleoli (Figure 2B)[49].

For fear of needle tract seeding and risk of bleeding, HCC with the classic contrast enhanced imaging appearance, i.e., arterial enhancement with portal and delayed venous washout typically do not require pre​operative tissue confirmation by core needle biopsy or fine needle aspiration biopsy, however, in equivocal cases, which are not uncommon, histopathology remains central in the diagnosis of HCC. 

MEDICAL IMAGING OF HCC

Medical imaging has been an essential resource for the detection and management of HCC. The appropriate use of the different imaging modalities allows optimization of resources and more accurate results. Screening, characterization, staging, therapeutic interventions and response to treatment assessment are some of the most important uses of imaging studies.

Ultrasound

Ultrasound (US) imaging utilizes high frequency sound waves to generate images of the tissues. Most commonly it does not involve the use of intravenous (iv) contrast or radiation and therefore there are no contraindications for its use. It is also one of the least costly imaging modalities. These facts make it the exam of choice for screening of HCC in high-risk population[50,51] (Figure 3). Another application of US in HCC patients is to guide procedures including biopsies, radiofrequency ablation and ethanol injection of tumors.
The limitations of US are the low specificity for characterization of liver masses, thus it is frequently necessary to follow up the patients with contrasted computed tomography (CT) or magnetic resonance imaging (MRI) for confirmation of the diagnosis. Recent studies have demonstrated that the use of iv contrast for US increases the accuracy for tumor characterization of this modality, making it comparable to contrast enhanced CT or MRI[52]. US contrast is made of microscopic encapsulated gas bubbles. Although the Federal Drug Administration has not approved the use of US contrast for abdominal imaging in the United States it is routinely used for liver mass characterization in Europe, Canada and Asia. US contrasted studies show similar enhancing characteristics than other tomographic contrasted imaging modalities like CT or MRI (Figure 4).

New advances in US technology include the use of shear wave elastography[53,54]. This new technique uses estimations of the velocity of the sound in the tissue for quantitative assessment of fibrosis and prediction of the risk of HCC development. Shear wave elastography can also be used for characterization of liver tumors including HCC[55], and also for assessment of response to treatment[56].
CT

CT is the workhorse of medical imaging for diagnosis and staging of HCC. It utilizes measurements of the attenuation of X-rays to generate images. For accurate detection and diagnosis of HCC, the correct use of iodinated iv contrast, specifically with high injection rates and multiphase imaging with accurate timing for each phase (late arterial, portal venous and delayed) is extremely important. The almost exclusive arterial blood supply of HCC determines earlier arrival of injected iv contrast, compared to liver parenchyma mainly supplied by the portal vein. This early enhancement of HCC in contrasted studies is best captured in the set of images of arterial phase; later on, the HCC typically washes-out of contrast earlier than the liver parenchyma, best demonstrated in the 3-5 min delayed set of images. Also the tumor capsule shows characteristic enhancement in the delayed phase due to retention of contrast within the fibrous tissue of the capsule, as shown in Figure 5. Therefore a tumoral mass enhancing in the arterial phase, and washing out on the delayed phase in a high risk patient is a very specific finding for the diagnosis of HCC with a positive predictive value (PPV) of 98.8% for cirrhotic patients[57], and therefore allows the medical team to treat the patient without the need of a diagnostic biopsy. 
CT is commonly used for staging HCC, with excellent detection of vascular invasion and metastasis (Figure 6). CT can also demonstrate the presence of intratumoral calcifications, which sometimes can support the diagnosis of HCC.

Potential future advances in CT imaging of HCC include standard use of perfusion analysis and dual-energy imaging for assessment of response to therapy, with some studies showing changes in arterial perfusion (associated with improve in survival) earlier than changes in tumor diameter[58,59] Potential contraindications for CT include: anaphylaxis to iodinated contrast media, severe renal failure, and pregnancy. 

MAGNETIC RESONANCE

MR generates medical images utilizing radiofrequency pulses and changes in magnetic gradients within a very strong magnetic field. Similar to CT, it is crucial to use iv contrast for detection and characterization of liver masses, as shown in Figure 7. In the case of MR, the contrast contains Gadolinium, a strong paramagnetic element that causes the surrounding molecules to release energy and show increased tissue intensity (enhancement). Injection rate and timing of the multiphase post-contrast images are also crucial for accuracy of the test. As with other modalities radiologists look for enhancement of the mass in arterial phase, and washout with capsular enhancement in delayed phase to make the diagnosis of HCC[60-63]. In addition, MR can demonstrate the presence of ancillary findings including tumoral fat, hemorrhage and increased signal in non-contrasted images. Contraindications include renal failure, first trimester pregnancy and pacemakers. Perfusion analysis and diffusion weighted imaging (DWI) to evaluate response to local therapy demonstrating enhancement changes earlier than size response. Whole body DWI for detection of metastatic disease have been used mostly in research setting but the standardization of protocols and other advances will allow the wide use of these techniques in the common clinical setting.

Angiography

Angiography is not used as a diagnostic tool anymore but has become a key therapeutic tool for HCC when used to deliver treatment in Trans Arterial Chemo-Embolization (TACE) and radioembolization with yttrium-90 (Y90) in patients with non-resectable tumors.

Positron emission tomography

Fluorodeoxyglucose (FDG) positron emission tomography (PET) and FDG CT-PET studies have low sensitivity for well-differentiated HCC and therefore are not commonly used to diagnose or stage the disease[64,65]. Nevertheless it could be of some value in cases of poorly differentiated tumors to identify metastasis. The development of new PET radiotracers for HCC could potentially increase the use for diagnosis, staging and assessment of response to therapy.

Accuracy of different imaging modalities for HCC diagnosis
Comparison between modalities like US, CT and MR is difficult due to differences in the methodology of the multiple published studies[60-63], but a systematic review by Colli et al[66] showed a sensitivity of 60% (95%CI: 44-76) and specificity of 97% (95%CI: 95-98) for US; for CT, the sensitivity was 68% (95%CI: 55-80) and specificity was 93% (95%CI: 89-96). The sensitivity for MR was 81% (95%CI: 70-91) and specificity was 85% (95%CI: 77-93). Accuracy of imaging tests correlates directly with tumor size with sensitivities and specificities around 30% for < 1 cm lesions and more than 90% for lesions > 2 cm[67].

Liver imaging reporting and data system 

The American College of Radiology has directed an effort to standardize the reporting and data collection of CT and MRI for HCC in cirrhotic population, developing the liver imaging reporting and data system (LI-RADS) classification of lesions (http://www.acr.org/Quality-Safety/Resources/LIRADS). LI-RADS divide the lesions in 5 categories from benign (category1-2) to definitely HCC (category 5). The latest version of LI-RADS is now concordant with the United Network for Organ Sharing (UNOS)/Organ Procurement and Transplantation Network classification, making it valuable for health care workers involved in the liver transplant teams[68]. The PPV for CT and MR in the category 5 lesions is so high that the patient does not require a biopsy to be treated. Table 2, shows the list of categories with the significance of each. Category 5 lesions can be treated without the need of histology confirmation. This classification should be applied only in cirrhotic patients.

SURGICAL RESECTION OF HCC

Liver resection (LR), also known as partial hepatectomy (PH) is a potentially curative surgical treatment option for patients with HCC, and is feasible in approximately 15% to 20% of all case presentations. The goal of LR is to remove the HCC with an adequate margin, while preserving as much functional liver parenchyma with minimal blood loss and no complications. The safety, result and outcomes of PH for HCC and cirrhotic patients have improved substantially over the last three decades. This has to be attributed to refined patient evaluation and selection, the ability to manipulate the future liver remnant volume, advances in surgical and anesthetic techniques, and the enhanced peri-operative management of these patients. The operative mortality for LR is less than 5% even in cirrhotic patients or those undergoing major PH, and the 5-year overall survival is over 50% for HCC[69-71]. 

Principles of LR for HCC

Patient selection: Patient selection for LR in HCC is unique in that in addition to the standard assessment of the patient’s ability to tolerate the procedure, anesthetic, potential complications, and the biology and stage of the cancer, the synthetic function of the liver parenchyma and the presence of portal hypertension must also be accounted for, as most patients will have some degree of fibrosis or cirrhosis, which will determine the liver’s capacity to regenerate and recover function following PH[72]. 
A LR patient must be medically fit for a major operation, have no significant medical co-morbidities, and should have a good Eastern Cooperative Oncology Group (ECOG) performance status and quality of life score. Although there is no strict cut-off in terms of chronological age, patients with advanced age (> 70) will have limited physiologic capacity for liver regeneration, which must be accounted for in the surgical planning[73]. 

Adequacy of hepatic reserve in the future liver remnant (FLR) is most commonly assessed using the Child-Turcotte-Pugh (CTP) score, where CTP A5 through B7 patients are considered reasonable candidates for LR. Pre-operative Model for End-stage Liver Disease (MELD) score of greater than 9 predicts increased operative mortality for major PHs and can supplement the CTP score[74]. 
The presence of portal hypertension is a relative contraindication to PH, where only select minor PHs are appropriate, and trans-jugular intra-hepatic porto-systemic gradient (PSG) measurements (significant portal hypertension when PSG measurements are greater than 10 mmHg) can help to elucidate equivocal cases[75]. Volumetric measurement using CT/MRI is important in planning major resections and in patients with cirrhosis. Although up to 80% of functional liver can be resected safely if two contiguous healthy liver segments are preserved, increased FLRs [FLR% = FLR/(total liver volume-tumor volume)] are necessary for fibrotic (> 30%) and cirrhotic (> 40%) livers. Preoperative portal vein embolization (PVE) is indicated in patients with small FLRs (≤ 20% in normal and ≤ 40% in fibrotic/cirrhotic liver), and a FLR volume increase > 5% with PVE predicts low risk of post-PH liver failure[76,77]. 

Biologic markers to predict HCC tumor biology are under development. Current surrogate prognostic factors, such as the stage and extent of the HCC used to formulate the operative plan is based on tumor size, number, and vascular invasion evaluated by multiphase liver protocol CT or MRI. For primary HCC tumors, Ho et al[78] reported that larger tumor sizes and AFP levels over 400 ng/mL were associated with postresection recurrence of HCC, exceeding the University of California at San Francisco (UCSF) criteria. Other markers such as retinoic acid-induced protein 3 as well as miRNA expression profiles could be used to predict poor prognosis to assess the risk of disease recurrence after liver transplantion[79,80]. 

Large tumor size has traditionally been a relative contraindication to LR given the elevated risk of vascular invasion. However, as many HCCs over 10 cm in size that do not invade the vasculature are amenable to PH with good results, identification of such tumors is important. Surgical techniques such as the anterior hanging man​euver can be employed to facilitate resection of such large HCCs[81-83]. 

Similarly, multifocal disease generally increases the risk of recurrence and is a relative contraindication to LR. However, select patients with multifocal HCC outside of the Milan criteria for orthotopic liver transplantation (OLT) can be offered PH in combination with ablative and catheter-directed therapies in the absence of vascular invasion or HCV as the etiology for cirrhosis. Routine use of TACE as a neo-adjuvant therapy has not been demonstrated beneficial. Y90 radio-embolization prior to LR may play a role in down-staging tumors and is being investigated[84,85]. 
LR for HCC invading the portal vein or hepatic veins remains controversial, as the outcomes have been disappointing. However, highly selected cases of HCCs with tumor thrombus not extending into the major vascular trunks, e.g., main portal or hepatic veins, can be resected with reasonable outcomes[86,87]. 

Ruptured HCC is a life-threatening condition occurring in approximately 4.5% to 14.5% of cases, and carries a grim prognosis. Control of bleeding is best accomplished using hepatic artery embolization. Surgical ligation of the hepatic artery with packing, plication or selective resection of the bleeding tumor can be considered in refractory cases. Interval PH can be considered in select cases where laparoscopy has ruled out peritoneal carcinomatosis, and can provide long-term survival in highly selected cases[88]. 

Technical considerations: What is considered an adequate width for the surgical resection margin has been a controversial topic of debate. The only rando​mized controlled trial evaluating the influence of the width of resection margin for HCC concluded that the recurrence rates decreased and 3- and 5-year survival rates increased when aiming for 2 cm margins compared with 1 cm margins. However, the meta-analysis of this and four non-randomized trials demonstrate no significant difference in recurrence rate, or 1-, 3-, and 5-year survival rates between resection margin < 1 cm and margin > 1 cm[89]. 
The liver consists of eight Couinaud segments with distinct vascular inflow/outflow and biliary drainage. Segment-based anatomical PH to remove all intra-segmental portal vein branches is not only less bloody given the ability to gain control of the inflow to the segment(s) and parenchymal division through relatively vessel-free regions, but has also shown to provide better 5-year overall and disease-free survival rates. This is presumably due to removal of microscopic tumor foci and is recommended when feasible. However, non-anatomical PH is oftentimes necessary in an effort to preserve as much FLR as possible in cirrhotic patients[90].

Hemorrhage is the most significant operative risk for LR especially for cirrhotic patients, and excessive bleeding is an independent risk factor for cancer recurrence and poor survival. Several surgical and anes​thetic maneuvers have been developed to minimize intra-operative hemorrhage.
Low central venous pressure (CVP) anesthesia is preferred when feasible to minimize hemorrhage from the hepatic veins and inferior vena cava. Low CVP is maintained by iv fluid restriction and administration of diuretics and/or vasodilators. For open PHs, the patient is placed in Trendelenberg position to increase preload and cardiac output for better end-organ perfusion. For laparoscopic procedures, the patient is placed in reverse Trendelenberg position. Intermittent occlusion of the vascular inflow, or the Pringle maneuver with ischemic preconditioning, is selectively utilized for challenging parenchymal transections where potential massive hemorrhage is a concern[91].

Parenchymal division can be performed in a variety of ways, e.g., Clamp-crush technique, cavitron ultrasonic surgical aspirator, and Erbe Hydro-jet clear away the liver cells allowing for visualization of the vascular and biliary tributaries for ligation of these structures, whereas Harmonic scalpel, Sonocision, LigaSureand TissueLinkdissecting sealer are high-energy devices that can simultaneously seal blood vessels and transect liver tissue. No major difference in blood loss, morbidity or mortality has been demonstrated between these techniques, and choice is best left to the circumstances of the resection and surgeon preference and comfort level[92].

Comparison to other “Curative” modalities: Comparison of these two modalities is quite challenging given that PH and OLT have overlapping yet differing patient selection criteria. Meta-analyses have demon​strated that OLT increased late disease-free and overall survival rates when compared to PH. The benefit of OLT is offset by the higher short-term mortality, shortage of donor organ availability, and long transplant wait times associated with more patient deaths[93].
PH as bridge to salvage OLT, especially with the increasing number of patients with non-alcoholic fatty liver disease associated HCC where cirrhosis is not a mandatory step to development of HCC, and the advent of minimally invasive approaches to PH, is feasible and can be used to partially address the donor shortage issue. However, given current UNOS policies regarding retraction of tumor exception points when a solitary HCC is resected, a careful balance must be practiced with the patient’s interest in mind. 
Multiple systematic reviews of randomized and non-randomized trials comparing PH to radio-frequency ablation (RFA) for patients with HCC meeting Milan criteria, i.e., small tumors, few in number, demonstrate that while PH afforded better long-term, i.e., 3- and 5-year disease-free and overall survival over RFA, it came at a cost of higher rates of complications and longer hospital stays. Cirrhotic patients with HCC tumor size less than 3 cm and three or less tumor numbers should be carefully evaluated and selected for either modality based on patient and tumor characteristics[94]. 

Laparoscopic surgical resection: The first laparo​scopic PH for malignant disease was reported just over two decades ago. However, the last decade was met with an explosion in the number of reported cases totaling over 3000, and as more experience has accrued, this growth has been especially true in the treatment of HCC. It is well established that post-operative morbidity and longer-term complications such as incisional hernias are lower in laparoscopic PH compared to the open approach. Furthermore, liver-specific complications in cirrhotic patients are lower in the laparoscopic group, thought to be due in part to less severance of collateral vessels in the abdominal wall. Laparoscopic PH possesses advantages over the open approach in minimizing blood loss. With better visualization via 6- to 10-time, high-definition magnification, allowing for improved tissue handling and control of vessels, especially with the robotic approach which affords added dexterity, and a relative tamponade effect on the hepatic veins provided by the pneumoperitoneum, blood loss and transfusion requirements have been shown to be more favorable for the laparoscopic cohort. In an era of cost containment, the financial aspects are playing an increasingly important role. Studies directly comparing laparoscopic vs open PHs demonstrate that the total hospital costs for laparoscopic PHs are equivalent or less than those of open cases. The increased operating room costs are offset by the shorter length of stay following laparoscopic PH. Studies report equivalent to better margin status, recurrence rates, and overall survival figures for patients with HCC. Furthermore, significant decreases in operating room time, blood loss, transfusion and technical difficulty of salvage transplantations following laparoscopic PH for HCC have been reported. Also, there is emerging evidence that laparoscopic procedures may lessen the acute metabolic stress response accompanied by a transient state of post-operative immunosuppression, which may impact oncologic outcomes[95,96]. 
LIVER TRANSPLANTATION FOR HCC

Liver transplantation for HCC in the early years of transplantation was complicated by high rates of cancer recurrence and poor 5-year survival. In the late 1990s, there was emerging data suggesting that limiting transplant candidacy based on tumor characteristics could result in good outcomes, comparable to non-HCC patients. The hallmark study of Mazzaferro et al[96] in 1996 described 75% 4-year survival in a cohort of patients with HCC limited to a single tumor ≤ 5 cm or up to 3 tumors none greater than 3 cm[97]. These criteria, now known as the Milan Criteria, have become the standard for patient selection. In the United States, patients with HCC within Milan Criteria have been assigned priority with standardized exception points. When first created, this exception originally granted 29 MELD points, but was decreased to 24 points in 2003 and then 22 points in 2005, due to concerns that HCC patients were receiving excessive priority. There remains concern by some in the transplant community that HCC patients continue to have excess priority. With the increasing prevalence of HCC and the priority given to HCC for liver transplantation, the proportion of patients transplanted in the US with an HCC exception now exceeds 25% of total liver transplant volumes.

As patients with HCC await liver transplantation, there is a significant risk of tumor progression beyond transplant criteria, resulting in list drop out and exclusion from transplant. This risk can exceed 30% at one year for those with tumors > 3 cm[98]. Concern for tumor progression has resulted in the frequent use of locoregional tumor treatment as bridging therapy for those awaiting transplant. Many centers pursue locoregional therapy for patients who are likely to be on the waitlist for more than 6 mo prior to being trans​planted. Modalities used to treat tumors prior to transplant include RFA, microwave ablation, TACE, transarterial radioembolization, percutaneous ethanol injection and irreversible electroporation. The impact of pre-transplant tumor treatment is not well understood, as studies have shown conflicting results. It appears that bridging therapy reduces the risk of list drop out, improving the likelihood that listed HCC patients will undergo transplant[99,100]. It is unclear if pre-transplant bridging therapy has any impact on post-transplant outcomes. Studies have been retrospective, and confounded by the fact that good response to locoregional therapy is likely a marker of favorable tumor biology. A study by Yao et al[100] showed an improvement in post-transplant survival in those who received bridging therapy; however, multiple additional studies show no impact on post-transplant survival[101-103].

Milan criteria remains the most commonly utilized inclusion criteria for liver transplantation, yet several other guidelines have been proposed and are being used by various centers around the globe. The rationale for more liberal tumor criteria is the concern that Milan Criteria may be too restrictive and exclude patients who could benefit from transplant with an acceptable risk of HCC recurrence. There are numerous criteria that have been proposed, including Up-To-Seven, UCSF, Toronto, Asan, CUN and Kyoto[104-108]. The best described of these include the Up-To-Seven criteria, in which the sum of the number of tumors and the diameter of the largest tumor (in cm) does not exceed 7. The UCSF criteria allow for a single tumor up to 6.5 cm, or up to three tumors none greater than 4.5 cm with a total tumor volume of less than 8 cm, with no extra hepatic disease or macrovascular invasion. The most recent published data report excellent 1- and 5-year survival of 90% and 75% for patients with HCC within UCSF criteria[105].
A similar concept is that of downstaging, in which patients with HCC beyond Milan Criteria undergo locoregional tumor treatment, and those with reduction in tumor burden within Milan Criteria are eligible for transplantation. This concept was first introduced in 1997 by Majno et al[108], noting improved post-trans​plant survival in those who responded to TACE with a reduction in tumor burden to meet Milan Criteria[109]. Multiple centers and UNOS Regions currently have proposed downstaging criteria, including the UCSF group, which has published their outcomes. UCSF downstaging criteria allows for initial tumor burden to include 1 lesion > 5 cm and ≤ 8 cm, 2 or 3 lesions each ≤ 5 cm with total tumor diameter ≤ 8 cm, 4 or 5 lesions none > 3 cm with total tumor diameter ≤ 8 cm, and no vascular invasion on imaging. Importantly, this algorithm requires 3 mo of imaging stability following downstaging to Milan prior to listing, to allow for observation of tumor biology. Five year patient survival in this cohort is excellent, at 80%[110].

In addition to tumor size and number, multiple additional factors have emerged as potential predictors of HCC recurrence following liver transplantation. The presence of vascular invasion on explant pathology is one of the strongest predictors of recurrence. Histologic grade of tumor differentiation has also been shown in multiple studies to be associated with the risk of tumor recurrence, with well-differentiated tumors having lower risk, and poorly-differentiated tumors being at high risk. The predictive value of pre-transplant alphafetoprotein (AFP) has been highlighted in multiple studies, with a strong association of AFP > 400 and AFP > 1000 with increased risk of post-transplant HCC recurrence[111]. As increased knowledge regarding molecular markers of HCC is gathered, certain microRNA sequences have been identified which can help predict tumor biology, including post-transplant recurrence[112]. It is possible that such biomarkers will help with selection of HCC patients for transplant in the future.

Once transplanted, the use of various immuno​suppressive medications may impact the risk of cancer recurrence in HCC patients. While the data regarding the impact of steroids, calcineurin inhibitors and induction agents is highly variable, there is compelling data regarding the effects of the mTOR inhibitor sirolimus. Several studies, including a meta-analysis, have outlined a reduction in HCC recurrence and improved post-transplant survival for HCC patients receiving sirolimus[113,114]. If HCC does recur after transplant, surgical resection of isolated recurrences is often pursued. The use of sorafenib post-transplant has been reported in multiple studies, with mixed results regarding tolerability and efficacy[115,116].

LOCOREGIONAL THERAPY

When determining the most appropriate treatment for HCC, the patient’s underlying liver function and performance status play pivotal roles[117]. For patients who are not considered surgically resectable but otherwise may be treatment candidates, types of therapy include ablation and arterial embolization. 

Ablation for HCC

Several ablation techniques have been used to treat HCC. RFA, microwave ablation, percutaneous ethanol injection, cryoablation, and irreversible electroporation are the most common modalities. For the purposes of this review, RFA will be discussed since that is the most common ablative technology used with the strongest evidence. 

RFA is a thermal-based ablative technology, using energy to induce local coagulative necrosis. Via an alternating current, surrounding tissue heats from ion movement and friction. Tissue temperature in excess of 60 degrees Celsius induces local coagulative necrosis. RFA can be either done via a percutaneous route, laparascopic route, or via open surgery. It is often performed using real-time US guidance, in order to appropriately position the probe and to monitor the area of ablation (Figure 8). Numerous series have demonstrated consistently highly local tumor control rates, with relatively low rates of local tumor recurrence. Many have considered RFA to be near-equivalent to surgical resection for tumors < 3 cm, with similar 5-year survival rates[118,119]. While local tumor recurrence continues to be an issue with RFA, the recurrence rates are favorable compared to percutaneous ethanol injection[120], and have improved over time as new ablation devices and better imaging guidance have been utilized. Overall, there is a wide range of reported results both in terms of local tumor recurrence rates and overall survival. This is likely due to wide-ranging patient selection and varying levels of operator expertise. While several factors can affect local tumor recurrence rates, tumor size has been shown to be the most significant factor[121].

While RFA has been used extensively in various types of tumors, several drawbacks remain. Thermal damage to adjacent non-target structures can result in significant complications. Additionally, ablation of tissue adjacent to flowing blood is affected by a “heat sink”, whereby sub-optimal temperatures are reached, resulting in incomplete ablation[122]. Due to these limitations, the appropriate use of RFA is often location dependent. Finally, several liver transplant centers consider RFA to be a relative contraindication for patients undergoing liver transplantation, due to the potential risk of “tract seeding”[123].

Embolization for HCC

Patients with HCC frequently present in later stages when curative treatments are no longer an option[124]. Therefore, the majority of patients with HCC eligible for treatment will undergo non-curative treatments, of which arterial chemoembolization is the most commonly performed procedure. As stated above in the section of surgical treatment, arterial embolization takes advantage of HCC’s reliance on the hepatic artery as its sole blood supply, as opposed to the portal vein. By utilizing hepatic arterial flow, therapeutics can be delivered in a selective manner to hypervascular tumors such as HCC. The mechanism of cell death may be from several causes depending on the embolic used. Tumor necrosis can result from tissue ischemia, a chemotherapeutic effect, or via internal radiation. By performing selective embolization (i.e., lobar or segmental), the degree of hepatic tissue exposed to the embolic agent can be potentially minimized and therefore complications and effectiveness can be optimized. Trans-arterial chemoembolization and Y90 radioembolization are the two most commonly used embolic procedures for HCC, and they will be discussed further. 

Chemoembolization

Chemoembolization is defined as the infusion of a mixture of chemotherapeutic agents with or without ethiodized oil followed by embolization with particles such as polyvinyl alcohol, calibrated microspheres, or gelfoam[125]. This is performed by obtaining arterial access via the femoral artery. A microcatheter is then advanced into the hepatic artery, and typically advanced further into the vessel supplying the tumor. 

Depending on the techniques employed, tumor death is caused by the cytotoxic effects through achieving high intra-tumoral concentration of chemotherapy, the ischemia induced by embolization, or both. In the case of oil-based chemoembolization, the mechanism of action relates to both the cytotoxic effects of the chemotherapy and ischemic effects induced by embo​lization. Embolization also prevents washout of the chemotherapeutic agent into the systemic circulation. Embolization with drug-eluting beads has gained popularity over traditional oil-based chemoembolization. Due to the prolonged binding properties of drug-eluting beads with doxorubicin, the drug is slowly released into the tumor reaching higher local concentration and decreased systemic concentration when compared to oil-based chemoembolization. This may allow for decreased side effects and improved tolerance in some patients[126].

Variation in patient selection and procedure technique among institutions has led to significant heterogeneity in response and survival. The publication of two rando​mized trials in 2002 established chemoembolization as standard of care for patients with unresectable HCC[127,128]. Llovet et al[127] reported survival probabilities at 1 year and 2 years, which were 75% and 50% for embolization, 82% and 63% for chemoembolization, and 63% and 27% for control (chemoembolization vs control, i.e., best supportive care, not tumor treatment, P = 0.009). The ensuing widespread use and proven results of chemoembolization have resulted in its incorporation into standard treatment guidelines for HCC[129,130].

Chemoembolization is generally considered the first line non-curative therapy for patients with early- and intermediate-stage HCC. Chemoembolization can also be used as a “bridge to transplant”. In these patients the procedure is performed to prevent disease progression beyond Milan criteria (single tumor ≤ 5 or three tumors ≤ 3 cm). Patients undergoing chemoembolization should have adequate hepatic function (Child-Pugh Class A or B) and acceptable functional performance status (ECOG 0-2). Chemoembolization can also be done in conjunction with an ablation procedure in intermediate-sized HCC (3-5 cm)[131]. 

Post-embolization syndrome is the most common side effect of chemoembolization. This is a constellation of symptoms including low-grade fever, abdominal pain, nausea, and ileus, often occurring 48-72 h following the procedure. Serious toxicities from chemoembolization include liver failure, biloma, and abscess formation. 
Radioembolization

Y90 radioembolization is a relatively newer embolic procedure compared to chemoembolization. Many consider it to not be a true embolization procedure since the particle size is much smaller than those used in chemoembolization. Therefore, arterial stasis does not typically occur during radioembolization. Y90 is a beta emitter, with the radioactive element either embedded within or surface-coated on the particles. The average tissue penetration of beta radiation in this case is 2.5 mm, with a maximum distance of 11 mm. Y90 particles use internal radioactivity as its mechanism of action. Since HCC is hypervascular, preferential flow of microembolic particles to the tumor potentially increases dose to the tumor compared to the surround hepatic parenchyma. Using these principles, hypervascular tumors can receive lethal doses of radiation while the surrounding tissue is relatively spared (Figure 9). 

Radioembolization is a complex multi-step pro​cedure[132]. The first is a mapping angiogram, where a diagnostic angiogram is performed in order to elucidate the hepatic arterial anatomy. During this initial step, extrahepatic vessels (i.e., gastroduodenal artery, right gastric artery) may be prophylactically coil embolized in order to prevent inadvertent non-target deposition of Y90 microspheres into the gut. At the conclusion of the mapping angiogram, a small dose of Tc99m-MAA is administered into the hepatic artery and a nuclear medicine scan is performed in order to determine the degree of shunting into the lungs, and to assess for the potential of extrahepatic uptake. Patients undergo a second angiogram 2-14 d later, and during this angiogram the Y90 infusion is performed.

Several studies have now reported tumor response rates, toxicity, and survival in patients undergoing Y90 radioembolization[133-135]. Salem et al[131] reported a prospective evaluation of 291 patients, where patients were stratified based on their tumor burden and degree of liver dysfunction. Patients with Child-Pugh A cirrhosis had significantly longer lengths of survival compared to those with advance liver dysfunction. Many series have also demonstrated the effectives of Y90 radioembolization in the setting of portal vein thrombosis[136]. These patients present a particular challenge given that blood supply to the liver depends primarily on the hepatic artery and portal flow is compromised by the obstructive tumor. If hepatic arterial vessels are embolized (as with chemoembolization) in order to treat advancing disease, blood flow to the liver is further compromised, increasing the risk of liver failure. Thanks to its minimally embolic properties, radioembolization can be used in these patients without compromising the hepatic arterial flow, preserving the functional liver reserve.

Fatigue is the most frequent observed toxicity. Abdominal pain and nausea can also occur, but typically at a lower incidence and severity compared to chemo​embolization[137]. Serious complications include non-target embolization, which can result in gastrointestinal ulceration or cholecystitis. With increasing operator experience, the incidence of ulcers can be minimized. Finally, radiation induced liver disease occurs in 2%-20% of patients. In rare cases, this can be associated with progressive liver failure. 

EXTERNAL BEAM RADIATION THERAPY IN HCC

Although HCC is considered a radioresponsive tumor, the role of external beam radiation therapy (EBRT) has historically been limited in the treatment of HCC due to the high radiosensitivity of normal liver tissue and the risk of radiation-induced liver disease (RILD) with whole liver RT[138]. RILD typically occur within 3-4 mo after EBRT and may progress to permanent liver failure and death with no established effective treatment other than supportive care. In general, the risk of RILD is considered to be primarily related to the volume of normal liver that is exposed to potentially hepatotoxic doses of EBRT. In HCC patients, the severity of cirrhosis has been found to be the predominant risk factor for the development of RILD[139-141]. In addition to RILD, other potential side effects of EBRT include fatigue, nausea, vomiting, and late gastrointestinal bleeding or ulceration if the target is located in close proximity to visceral organs.

Technological advances in the field of radiation oncology such as sophisticated radiation treatment planning and advanced imaging have allowed the ability to deliver high tumoricidal doses of radiation to a partial volume of the liver shaped closely to tumors (conformal EBRT). To date, published randomized data are lacking that have studied the efficacy of EBRT in comparison to alternative treatments or supportive care. However, the collective experience in treating HCC with EBRT is rapidly growing.

Phase Ⅱ prospective and retrospective studies of conformal EBRT have used a range of moderate radiation doses (generally ≥ 45 Gy, 25-66 Gy) with various conventional or hypofractionated schemes (generally 1.8-2.0 Gy per fraction, 1.5-6 Gy) primarily inpatient with well-compensated liver function (Child-Pugh A cirrhosis 77%-100%) and high-risk tumors that were unsuitable for or refractory to other liver-directed therapies[142-145]. Despite these high-risk features, clinical outcomes have been encouraging with 1-year overall survival of 45%-65%, 1-year local control of 69%-81%, and RILD rates of approximately 15%. Caution in delivering EBRT to patients with more compromised liver function was underscored in a study from China that reported RILD in 60% of Child-Pugh B patients and an overall fatality of 85% in any patient that developed RILD[143].

Stereotactic body radiation therapy (SBRT) is a more recent technology that combines stereotaxy (accurate 3D target localization) and multiple finely collimated radiation beams to more precisely deliver ablative doses of radiation (24-54 Gy) over a small number (1-6) of fractions.SBRT is typically delivered to relatively small tumors 1-5 cm in size that are not in close proximity to visceral organs such as the stomach or bowel. The treatment planning and delivery of liver SBRT are complex. Robust assessment of tumor/organ motion and accurate image guidance are essential componentsin light ofthe high radiation doses that are delivered over steep dose gradients[146].

Phase Ⅰ and Ⅱ prospective trials, primarily in Child-Pugh A cirrhotic patients, have demonstrated comparable therapeutic efficacy compared to other liver-directed ablative therapies with 1-year overall survival and local control of 55%-75% and 75%-90%, respectively[147-149]. RILD reported as Child-Pugh deterioration of at least 2 points at 3 mo varies from 13%-29%. One study reported a decrease in RILD of 29% at 3 mo to 6% at 12 mo, suggesting the potential for hepatic recovery after RILD. Multiple modern retrospective studies confirm these prospective data: 1- to 2-year overall survival of 64%-79% and local control of 88%-100%[150-153]. When compared to a matched-pair cohort of patients managed with supportive care only, liver SBRT was found to improve overall survival from 42% to 73% at 2 years. In regards to treating Child-Pugh B patients, recent prospective data also highlight caution in treating Child-Pugh B patients with liver SBRT since Child-Pugh progression was noted in 63% of patients[154].

Charged particle radiation, such as protons and carbon ions, is a form of EBRT that has been employed to treat HCC due to its physical properties that allow the majority of the radiation energy to be deposited over a narrow range of tissue depth (Bragg peak) with little to no exit dose deposited beyond the Bragg peak. This unique dose deposition characteristic may allow higher doses of radiation to be delivered to HCC tumors and lower doses to surrounding normal tissues when compared with photon-based forms of EBRT; a theoretical advantage that is especially appealing in HCC patients where sparing as much remnant liver function as possible is critical.

Protons have been the most commonly studied charged particle in the treatment of HCC with the vast majority of experience from Japan. Multiple phase Ⅱ prospective and retrospective studies using a hypofrac​tionated approach delivering 63-77 GyE over 10-22 fractions have reported effective tumor control rates and low hepatotoxicity of < 10%[155-158]. Local control for small (< 5 cm) and large (5-10 cm) tumors has been excellent with protons, ranging from 81%-88% at 5 years in survivors[156,157]. Local control for high-risk bulky tumors (> 10 cm with portal venous thrombosis in 50%) has also been encouraging (87% at 2 years)[158]. 

EBRT has been explored in multiple other settings. Limited data with small numbers of patients investigating SBRT as bridging therapy for liver transplant when other bridging therapies were not suitable have shown that SBRT can be delivered safely without risk of intraoperative complications or long-term clinical compromise and effectively with at least some degree of pathologic response and pathologic complete response in 82%-100% and 20%-27% of tumors, respec​tively[159-161]. EBRT has been reported to treat HCC with portal venous thrombosis with the goals to restore portal flow for hepatic function maintenance and/or to eliminate arteriovenous shunting to allow successful future delivery of catheter-based therapies. The largest retrospective study to date with 412 patients treated with a combination of TACE and EBRT had a median survival of 11 mo, radiographic response rate of 40% and portal venous thrombus progression-free rate of 86%[162].

Thus, EBRT has the potential to be used in many different settings for the management of HCC: an alternative treatment for tumors that are unsuitable for other liver-directed treatments, salvage therapy for tumors refractory to other therapies, bridging therapy for liver transplant, and combination therapy to complement other treatment modalities. Additional prospective and randomized studies are needed to more clearly define its role in the routine management of HCC. The results of RTOG 1112, an active randomized phase Ⅲ trial studying the role of SBRT (photons or protons) in addition to sorafenib in high-risk HCC patients, are eagerly awaited.

SORAFENIB IN THE TREATMENT OF ADVANCED HCC

The majority of patients diagnosed with HCC present with disease not amenable to surgical or potentially curative intervention[51]. Systemic therapy with sorafenib confers modest prolongation of overall survival and transient disease stability in appropriately selected patients with locally advanced or metastatic disease. Clinical investigations of new systemic agents suggesting efficacy and acceptable tolerance in patient with underlying cirrhosis have shown promise, and will hopefully fill the high unmet clinical need in the coming years.

Historically, cytotoxic chemotherapy including doxorubicin monotherapy was employed in the therapy of advanced HCC over several decades with negligible clinical benefit over supportive care without definitive survival advantage[163,164]. More recently, two pivotal phase Ⅲ clinical trials (SHARP and Asia-Pacific) have established sorafenib as the current standard of care for first line systemic therapy of advanced HCC[165,166]. 
Sorafenib, an oral multikinase inhibitor affects multiple relevant cellular mechanisms based upon preclinical models including inhibition of neovascularization and cellular proliferation, in addition to induction of apoptosis. Key molecular targets thought to contribute to antitumor efficacy include VEGF, platelet derived growth factor recepter (PDGFR)-B, and RAF kinase inhibition[167]. The SHARP trial was a large randomized double-blind phase Ⅲ trial comparing sorafenib 400 mg twice daily vs placebo and best supportive care[165]. This trial enrolled patients with advanced HCC naïve to systemic therapy, the vast majority of whom had Child-Pugh A or better hepatic function and ECOG performance status of 0-2. A statistically significant improvement in both overall survival (10.7 mo vs 7.9 mo) and time to disease progression (5.5 mo vs 2.8 mo) favored the active therapy arm, despite a low documented response rate of 2%. While the SHARP trial included mainly patients from European or North American sites with HCV and alcohol-related risk factors, significant improvements with sorafenib compared to placebo were also documented in a predominantly Asian, Hepatitis B infected population in the Asia-Pacific trial[166]. This second large phase Ⅲ trial demonstrated a significant improvement in overall survival (6.5 mo vs 4.2 mo) favoring sorafenib. 

Clinical observations based upon exploratory subset analyses suggest a relative advantage to patients with Hepatitis C related disease, while patients with Hepatitis B may achieve less benefit from sorafenib[167]. Notably, high quality data exists for patients with relatively preserved hepatic function, and the benefit of sorafenib in patients with Child-Pugh B cirrhosis remains unclear. The prospective, non-interventional phase Ⅳ GIDEON trial has documented a similar time to progression in Child-Pugh A vs Child-Pugh B populations, but higher rates of serious adverse events and dramatically lower overall survival rates in the Child-Pugh B populations (5.2 mo), bringing into question the relative benefit of sorafenib in the Child-Pugh B subgroup[168,169]. 
At this time, there is no data to suggest benefit of sorafenib in the adjuvant setting based upon preliminary results of the STORM trial. In this large phase 3 study, 1114 patients with HCC who had undergone surgical resection or RFA with curative intent were randomized to adjuvant sorafenib or placebo, with no differences detected in relapse free survival, time to recurrence or overall survival to date[170]. Additionally, the combination of sorafenib with catheter-based therapy remains of unclear clinical benefit and should only be considered in the context of clinical investigations at this time. Randomized phase 2 data from the SPACE trial assessing the potential impact of adding sorafenib to serial drug-eluting bead chemoembolization in intermediate-stage HCC patients, while meeting the predefined primary endpoint of improved time to progression (HR = 0.8, 95%CI: 0.59-1.08), showed no overall survival benefit and the expected toxicities predicted from combination therapy[171]. At this time, further investigation in phase 3 trials is necessary prior to adopting such a strategy, as the clinical benefit of such combinations remains unclear and benefits in delayed progression associated with early introduction of sorafenib may be outweighed by increased toxicity and impaired quality of life. 

Thus, Sorafenib provides a transient period of disease stability despite low overall response rates, translating to a modest survival advantage in patients with advanced HCC (including macroscopic vascular invasion or metastatic disease) and Child-Pugh A or better hepatic function based upon these two trials. Side effects such as fatigue, nausea, diarrhea, anorexia, and weight loss have been documented and may prompt dose reductions. The common side effect of hand-foot skin reaction can be minimized by introduction of twice daily urea-based skin cream based upon randomized data, and anti-diarrheals and antiemetics play a key role in symptom management[172]. While this agent represents the current standard of care for systemic therapy in HCC, further clinical trials of new agents with enhanced efficacy and improved toxicity profile remains critical.

EXPERIMENTAL AGENTS FOR THE TREATMENT OF ADVANCED HCC

Enhanced understanding of the molecular pathog​enesis of HCC and the parallel development of novel targeted therapeutics has led to a dramatic increase in interventional trials targeting advanced HCC over the past several years. Further investigation into the role of optimizing anti-angiogenic therapy, fine-tuning the spectrum of inhibition with various multi-kinase inhibitors, targeting of the hepatocyte growth factor/c-Met pathway, and early investigation into the role of immune checkpoint blockade agents provide some notable examples of current trends in clinical investigation and will be briefly summarized below.

Multiple signaling pathways contribute to angio​genesis in HCC, with subsequent attempts to target such mediators for therapeutic benefit representing a viable approach. VEGF is over-expressed in HCC and optimal inhibition of the ligand and its receptors remains an active area of investigation. Additionally, targeting of fibroblast growth factor (FGF), PDGF and angiopoietin 1/2 contribute to angiogenesis and represent rational targets for therapeutic intervention[173]. To date, trials attempting to enhance the anti-angiogenic effect of sorafenib, either through direct and potent targeting of the VEGF axis alone (i.e., VEGFR2 inhibitor Ramucirumab), through an altered spectrum of inhibitory targets (e.g., Brivanib inhibition of VEGFR/FGFR), or by modulation of the inhibitory profile of sorafenib (sunitinib, linifanib) have failed to demonstrate an advantage over Sorafenib in randomized phase 3 studies through lack of efficacy, increased toxicity, or both. In short, sorafenib has been surprisingly difficult to improve upon with such strategies, although currently lenvatinib, a multi-kinase inhibitor targeting VEGFR1-3, FGFR1, PDGFR a/b, remains under investigation in first line trials compared to sorafenib given promising phase 2 survival data and a reasonable toxicity profile[174].

Preclinical data suggests that Hepatocyte growth factor and its receptor c-Met play a key role in HCC angiogenesis, metastasis and cellular proliferation[175]. Targeted therapy of c-Met is currently under evaluation in several trials including two randomized phase 3 studies in advanced HCC after initial treatment with sorafenib. Previous clinical trial data suggests high tumoral c-Met expression is associated with poor overall prognosis compared to c-Met low HCC[176]. Additionally, data from a randomized, placebo-controlled phase 2 trial including patients with unresectable treatment-refractory HCC treatment with an oral c-Met inhibitor tivantinib was associated with significantly improved survival compared to placebo among the approximately 60% of patients with Met-high tumors (7.2 mo vs 3.8 mo, HR = 0.38). Trials of cabozantinib, a combination VEGFR2/c-Met inhibitor have shown promising median overall survival (15.1 mo) and time to progression data in a phase 2 randomized discontinuation study. Taken in combination, data supports continued investigation of c-Met inhibitors in advanced HCC populations and the potential for future biomarker driven selection of systemic therapy[177].
Immune checkpoint inhibition with agents targeting Programmed cell death 1 (PD1), it’s ligand program​med death ligand 1 (PD-L1), Cytotoxic T lymphocyte associated antigen 4 (CTLA-4) or other targets have shown dramatic results in multiple malignancies typically deemed refractory to more standard chemotherapy[178]. Immune checkpoint proteins elicit signals (often present in the tumor) limiting anti-tumor immune response, but such inhibitory signals can be negated with a variety of new agents allowing a more robust tumor specific T-cell repertoire. HCC is a rational target for such immune modulation based upon preclinical and observational data[179]. First, multiple case reports of spontaneous regression presumably due to immune response exist[180]. Second, there are observations of improved clinical outcomes after catheter-based therapy for HCC patients with higher titers of tumor-associated antigen specific T-cell subsets[181]. Third, higher expression of tumoral PD-L1 (and resultant inhibition of immune response) in resected HCC has been associated with worse overall survival and more rapid time to progression[182]. These observations and others have led to early investigation of immune checkpoint inhibitors in patients with HCC. Notably, a phase Ⅰ trial of the CTLA-4 inhibitor treme​limumab in patients with hepatitis C and advanced HCC demonstrated an impressive 18% response rate with 45% of patients experiencing disease stability for over 6 mo with acceptable toxicity profiles. Currently, phase Ⅰ trials of the PD1 inhibitor nivolumab are accruing in patients with HCC and Hepatitis B, C or no viral infection. The results of such studies are eagerly anticipated. Future combinations of immune checkpoint inhibitors in combination with local therapy or as adjuvant therapy should be strongly considered if initial trials demonstrate promising response rates and adequate safety profiles.

While cytotoxic chemotherapy alone has not demonstrated significant benefit, the combination of doxorubicin and sorafenib may show synergistic effects and is currently under evaluation in an ongoing randomized phase 3 trial. This trial builds on a completed randomized phase 2 data demonstrating significant benefit of the combination over doxorubicin alone, with improved overall survival (13.7 mo vs 6.5 mo) and time to progression (6.4 mo vs 2.8 mo)[183]. While initial data has suggested potential benefit when compared to historical controls of sorafenib monotherapy trials, a randomized comparison against sorafenib is required to establish superiority and tolerance of the combination.  

These areas of investigation represent an overview of current trends in the effort to identify active systemic agents for the treatment of advanced HCC. Additional investigations in enzymatic therapy targeting impaired tumoral arginine metabolism, novel antibodies targeting HCC specific antigens, and modification of relevant pathways such as transforming growth factor-( and Wnt/(-catenin represent additional areas in development in this rapidly evolving field of clinical investigation.
Faced with an increasing incidence of HCC, the scope of treatment options has broadened significantly over the last decade to benefit a larger proportion of patients. The number and diversity of diagnostic modalities for HCC have also evolved over the past decade. Beyond the current guidelines outlined in the Barcelona Center for Liver Cancer staging system, a number of therapeutic modalities including radiation (either through radioembolization or external beam radiation), irreversible electroporation, and systemic drugs besides sorafenib are being incorporated into the treatment armamentarium for patients with HCC. High-volume centers such as the Liver Tumor Clinic at the University of Washington provide a multi-disciplinary approach that plays an important role in “designing” an appropriate treatment program based on the patient’s tumor, underlying liver disease and overall health. Many clinical trials are currently ongoing to explore new “drugg​able” targets and treatment combinations. In parallel, basic investigations into the molecular mechanisms of disease are shedding new lights into the pathogenesis of a highly heterogeneous set of tumors collectively classified as HCC. Findings from the “bench” science are expected to yield novel strategies towards disease classification, detection, treatment and prevention.
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Figure Legends
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Figure 1  Pathology of classical hepatocellular carcinoma. A: Gross photo of a well circumscribed, soft, yellowish to tan, and lobulated hepatocellular carcinoma (HCC) in a background of non-cirrhotic liver; B: Gross photo of a yellow and greenish, soft and lobulated HCC in a background of cirrhotic liver; C: Microphotos of HCC showing the pseudoacinar and pseudoglandular patterns, some containg the yellowish bile within the pseudoglandular structure with increased nuclear sizes; D: Microphotos of HCC showing thickened trabeculi, with increased unpaired arteries. Notice there are no normal structures present, i.e., portal tracts. 
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Figure 2  Pathology of fibrolamellar carcinoma. A: Microphotos of fibrolamellar carcinoma showing the thick lamellar bands of fibrosis under low power magnification; B: In higher power magnification, the tumor cells are large and polygonal with abundant eosinophilic and granular cytoplasm, large vesiculated nuclei, and prominent nucleoli.
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Figure 3  A 68-year-old male with cirrhosis and surgically proven hepatocellular carcinoma. A: Thirty-four seconds after intravenous injection of ultrasound contrast (microbubbles) there is tumor (T with dashed line) enhancement; B: One and half minutes after injection the tumor (T with dashed line) is washing out of contrast. The images on the right side are a conventional sonogram (non-contrasted) of the lesion. The image on the left is a pulse inversion harmonics ultrasound for better visualization of ultrasound contrast media.
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Figure 4  Ultrasound of hepatocellular carcinoma. A: Ultrasound of the liver demonstrates a heterogeneous tumor (T) in the right lobe of the liver that was later characterized as definite hepatocellular carcinoma by computed tomography; B: Same lesion (T) using color Doppler ultrasound images to demonstrate blood flow in the adjacent vessels.
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Figure 5  Computed tomography of hepatocellular carcinoma in 48-year-old male with hepatitis C. A: Arterial phase contrast enhanced CT of the liver shows a strongly enhancing mass (arrow) in the right lobe, adjacent to the IVC. B: The same lesion (arrow) washes-out of contrast on the delayed phase and shows a thin capsule, this is diagnostic for HCC and corresponds to LI-RADS category 5. HCC: Hepatocellular carcinoma; CT: Computed tomography; LI-RADS: Liver imaging reporting and data system; IVC: Inferior vena cava. 
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Figure 6  Portal vein invasion by hepatocellular carcinoma. Computed tomography in portal venous phase shows a right lobe mass (T) and lack of enhancement of the portal vein (outlined), consistent with tumor invasion. 
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Figure 7  Magnetic resonance imaging of hepatocellular carcinoma in 19-year-old female. Post contrast liver magnetic resonance imaging in portal venous phase shows a large mass (arrows) arising from the left lobe of a liver without cirrhosis. This lesion that has some imaging similarities with focal nodular hyperplasia, corresponded to fibrolamellar carcinoma on pathologic analysis. 
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Figure 8  Radiofrequency ablation of a focal hepatocellular carcinoma. A: Contrast-enhanced MR of a 60-year-old male with cirrhosis demonstrates a single hepatocellular carcinoma in the right hepatic lobe (arrow); B: Ultrasound demonstrates a radiofrequency probe coursing through the hypoechoic tumor; C: Contrast-enhanced MR 1 mo after radio-frequency ablation demonstrates a large ablation defect, without any residual enhancement to suggest viable tumor. MR: Magnetic resonance.
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Figure 9  Yttrium-90 radioembolization of diffuse, infiltrative hepatocellular carcinoma with vascular invasion. A: Contrast-enhanced MR of a 55-year-old female with cirrhosis demonstrates an infiltrative hepatocellular carcinoma replacing the anterior right hepatic lobe. Tumor-associated portal venous thrombus is present in the right portal vein (arrow); B: Digital subtraction angiogram with a microcatheter in the right hepatic artery shows diffuse tumor hypervascularity. The patient underwent a right hepatic artery Y90 radioembolization; C: Contrast-enhanced MR 12 mo after radioembolization demonstrates complete necrosis of the entire tumor with marked reduction in size. MR: Magnetic resonance; Y90: Yttrium-90.
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Table 2  Liver imaging reporting and data system categories


LI-RADS category


�
Significance


�
�
1


�
Definitely benign


�
�
2


�
Probably benign


�
�
3


�
Indeterminate


�
�
4


�
Probably HCC


�
�
5


�
Definitely HCC


�
�
LI-RADS: Liver imaging reporting and data system; HCC: Hepatocellular carcinoma.








Table 1  Genes frequently mutated in hepatocellular carcinoma


Gene


�
Pathways/gene functions involved


�
Ref.


�
�
p53


�
Genome integrity and cell cycle


�
Clearly et al[7]


�
�
CTNNB1


�
Wnt/(-catenin signaling


�
Kan et al[9]


�
�
ARID1A


�
Chromatin remodeling


�
Fujimoto et al[8]


�
�
mTOR


�
PI3K/AKT/mTOR


�
Riechle et al[20]


�
�
NFE2L2


�
Oxidative/ER stress


�
Guichard et al[16]


�
�
TERT promoter


�
Telomere stability


�
Nault et al[183]


�
�
PI3K/AKT/mTOR: Phosphatidylinositol 3-kinase/Akt/mammalian target of rapamycin.








