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Abstract: Transarterial chemoembolization (TACE) is a standard treatment for intermediate-stage
hepatocellular carcinoma (HCC). In this review, we summarize recent updates on the use of TACE for
HCC. TACE can be performed using two techniques; conventional TACE (cTACE) and drug-eluting
beads using TACE (DEB-TACE). The anti-tumor effect of the two has been reported to be similar;
however, DEB-TACE carries a higher risk of hepatic artery and biliary injuries and a relatively lower
risk of post-procedural pain than cTACE. TACE can be used for early stage HCC if other curative
treatments are not feasible or as a neoadjuvant treatment before liver transplantation. TACE can also
be considered for selected patients with limited portal vein thrombosis and preserved liver function.
When deciding to repeat TACE, the ART (Assessment for Retreatment with TACE) score and ABCR
(AFP, BCLC, Child-Pugh, and Response) score can guide the decision process, and TACE refractoriness
needs to be considered. Studies on the combination therapy of TACE with other treatment modalities,
such as local ablation, radiation therapy, or systemic therapy, have been actively conducted and are
still ongoing. Recently, new prognostic models, including analysis of the neutrophil-lymphocyte
ratio, radiomics, and deep learning, have been developed to help predict survival after TACE.
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1. Introduction

Primary liver cancer is the sixth most commonly diagnosed cancer and the fourth leading cause of
cancer mortality worldwide. Hepatocellular carcinoma (HCC) accounts for 75% to 95% of all primary
liver cancer cases [1]. HCC-related mortality continues to increase despite the overall declining trends
in cancer incidence and death rates. Because of its global disease burden and poor prognosis, HCC is
considered a major global health problem.

Prognosis of HCC patients is highly heterogeneous and depends on various factors such as
tumor burden, baseline liver function, cancer-related symptoms represented by performance status,
and treatment allocation [2,3]. According to the Barcelona Clinic Liver Cancer (BCLC) staging
system, which has been commonly used in clinical practice and endorsed by international guidelines,
transarterial chemoembolization (TACE) is the treatment of choice for intermediate-stage HCC,
including unresectable multinodular HCC without extrahepatic spread. The BCLC system additionally
recommends that TACE should be used when other recommended treatments are not feasible
or unsuccessful in the early stages of HCC. In Asian countries, TACE tends to be more broadly
recommended for various clinical situations [4]. Although the clinical situations in which TACE
is indicated differ slightly depending on the various staging systems, TACE is a well-established
treatment for intermediate-stage HCC [3,5]. In this review, we summarize recent data from studies
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regarding TACE, including various techniques, evidence for combination strategies, and potential new
indications. We hope to thus provide updated guidance for treatment decisions.

2. Conventional TACE and Drug-eluting Beads Using TACE

There are two TACE techniques; conventional TACE (cTACE), which uses lipiodol,
and drug-eluting beads (DEBs) which use TACE (DEB-TACE).

2.1. Conventional TACE

Conventional (c)TACE involves intra-arterial injection of cytotoxic agents such as doxorubicin or
cisplatin emulsified in the oil-based radio-opaque agent, lipiodol. This is followed by an intra-arterial
injection of embolic agents such as a gelatin sponge. In cTACE, lipiodol delivers cytotoxic agents
directly to the tumor itself and causes embolization of the tumor microcirculation. Furthermore,
intratumoral retention of lipiodol can be detected on post-procedural imaging, which enables the
prediction of the treatment response. The superiority of cTACE over the best supportive care
for intermediate-stage HCC has been confirmed by many randomized controlled trials (RCTs),
meta-analyses, and systematic reviews [6–8]. Based on these data, cTACE has been considered a
standard treatment for intermediate-stage HCC with the highest grade of recommendation [9,10].

2.2. Drug-Eluting Beads Using TACE

DEBs, which are non-resorbable embolic microspheres capable of releasing drugs, were developed
to achieve sustained targeted release of cytotoxic agents with concomitant tumor embolic effects.
DEBs of various sizes from manufacturers have been developed and tested for their efficacy when
used in DEB-TACE. Although there has been no direct comparative study on the different DEB devices
available thus far, beads 100–300 µm in size have been most commonly used, and smaller DEBs, such as
those with sizes of 70–150 µm or 30–60 µm, have been recently evaluated for their efficacy [11–14].

3. Comparison of the Efficacy and Safety of cTACE and DEB-TACE

3.1. Efficacy

Several prospective studies and meta-analyses have compared the efficacy of cTACE and
DEB-TACE and showed no significant differences in tumor response, time to progression, or overall
survival (OS) between the two [15–17]. In the PRECISION V multicenter RCT phase II study,
DEB-TACE failed to show a better tumor response than that shown by cTACE [15]. There was no
significant difference in tumor response on magnetic resonance imaging (MRI) at the primary endpoint,
six months after the procedure (p = 0.11). The PRECISION ITALIA STUDY GROUP phase III trial also
failed to show a statistical difference in tumor response, time to progression, and survival between
cTACE and DEB-TACE [16]. This trial initially planned to enroll 214 patients, but was stopped due
to futility after 177 patients were enrolled; 88 in the cTACE group, and 89 in the DEB-TACE group.
The one-year survival rate was 86.2% in the DEB-TACE group and 83.5% in the cTACE group, while the
2-year survival rates were 56.8% and 55.4%, respectively (p = 0.949). A recent meta-analysis involving
four RCTs and eight observational studies confirmed the non-superiority of DEB-TACE over cTACE in
terms of tumor response achieved and the one-, two-, and three-year survival rates [17].

3.2. Safety

In terms of safety issues, the most frequent adverse event after TACE is the post-embolization
syndrome characterized by abdominal pain, fever, and ileus. One systematic review reported that
post-embolization syndrome and a transient increase in liver enzymes occurred in 47.7% and 52%
of the patients who underwent cTACE, respectively [8]. DEB-TACE was expected to be associated
with a lower rate of adverse events, including post-embolization syndrome. However, unexpectedly,
DEB-TACE failed to show superiority over cTACE with respect to safety endpoints. In the PRECISION
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V trial, the incidence of serious adverse events within 30 days after the procedure were 20.4%
in the DEB-TACE group and 19.4% in the cTACE group (p = 0.86) [15]. One meta-analysis also
found no significant difference in adverse events between the groups (p = 0.36) [17]. Overall,
there was no significant difference in the adverse event rates between DEB-TACE and cTACE, except
for the rate of postprocedural pain, which was less frequently associated with DEB-TACE [16].
Moreover, liver/biliary injuries, including biloma and liver infarction, were independently associated
with DEB-TACE (OR, 6.63; p < 0.001), and DEB-TACE was linked to significantly more frequent
procedure-related locoregional complications such as biliary injury (OR, 4.53; p < 0.001) and global
hepatic damage (OR, 3.13; p < 0.001) than cTACE [18,19]. The incidence of hepatic arterial damage,
which is associated with OS, was significantly higher after DEB-TACE than after cTACE (OR, 3.13,
p = 0.005) [20]. In addition, it has recently been reported that the frequency of arterio-portal shunt
formation was significantly higher in Child-Pugh class A patients who underwent DEB-TACE [21].

Taken together, the evidence is still insufficient to show that DEB-TACE is superior to cTACE in
terms of efficacy and safety.

3.3. Balloon-Occluded TACE

A novel technique called balloon-occluded TACE (B-TACE), first reported by Irie et al., has recently
been developed in Japan [22]. B-TACE is defined as the infusion of a chemotherapeutic emulsion with
lipiodol followed by gelatin particles under feeding artery occlusion by a microballoon catheter [23].
The occlusion of feeding arteries results in a dense accumulation of the chemotherapeutic emulsion
with lipiodol in the target nodules. Several studies have reported that the therapeutic efficacy of
B-TACE is superior to that of conventional TACE [24–26]. However, these studies were retrospective
and involved small sample sizes. Well-designed RCTs comparing B-TACE to conventional TACE or
DEB-TACE are thus warranted.

4. Application of TACE Outside of Intermediate-Stage HCC

4.1. Early-Stage HCC

TACE is primarily recommended for patients with intermediate-stage disease. For patients with
early stage HCC, liver transplantation, surgical resection, or local ablation are generally recommended
as curative treatments [9,10]. However, some patients are not good surgical candidates due to several
clinical factors such as old age, hepatic dysfunction, and severe comorbidities [27]. Furthermore,
the shortage of liver donors is a major limitation of liver transplantation [28]. Although local ablation
is considered a safer alternative to surgery in these situations, it is also not suitable for tumors
with a subcapsular or dome location or in tumors located near the main bile duct, large vessels,
or intestinal loops [29]. Patients who cannot benefit from curative treatment, despite earlier stage
disease, could be good candidates for TACE. This treatment stage-migration strategy is well established
and recommended by international guidelines [9,10,30]. Several studies have reported a high response
rate and good outcomes after TACE in patients with early stage HCC for whom curative treatment
is not feasible owing to various clinical factors [31–33]. TACE can be used as neoadjuvant therapy
before liver transplantation (LT). In such cases, TACE serves as a downstaging therapy, allowing a
patient to become suitable for LT, or as a bridge therapy while the patient is on the waiting list [9,34].
Several studies have demonstrated that TACE decreases the dropout rate from the waiting list of LT
to 3–13%, especially when the expected waiting time for LT exceeds six months [34–36]. Moreover,
response to preoperative TACE has been confirmed to correlate with post-transplant tumor recurrence
and OS [37–39].

4.2. Advanced-staGe HCC

Advanced stage HCC (BCLC stage C) is characterized by cancer-related symptoms with/without
vascular invasion or extrahepatic metastasis with preserved liver function and performance status.
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Sorafenib is the treatment of choice for advanced HCC, and lenvatinib has also been recommended
as a first-line systemic treatment after its non-inferiority to sorafenib was demonstrated [40,41].
More recently, the combination of atezolizumab and bevacizumab resulted in better OS and
progression-free survival (PFS) than sorafenib, and has been approved by the U.S. Food and Drug
Administration for advanced HCC patients who have not received prior systemic therapy [42].
For sorafenib-experienced patients, regorafenib, cabozantinib, ranucirumab, and nivolumab can be
used as second- or third-line treatments [43–46]. However, the population with advanced-stage
disease is heterogeneous because the extent of portal vein tumor thrombosis (PVTT) and extrahepatic
spread is not considered. Approximately 20–30% of the newly diagnosed HCC patients have PVTT;
this proportion increases up to 42% in patients without HCC surveillance [47,48], and all of these
patients are considered to have advanced-stage disease. The extent of PVTT can vary, ranging from the
involvement of the small segmental branch to the main trunk and beyond, and it has been repeatedly
reported that the extent of PVTT, not just the presence of PVTT, is an important determinant of
survival [49,50]. Nevertheless, according to most treatment guidelines, the presence of PVTT severely
restricts treatment options, regardless of the extent of PVTT. Systemic chemotherapy with sorafenib or
lenvatinib other than local treatment is the only proven standard treatment in such cases [51–53].

Despite the stipulated guidelines, TACE was implemented as the first-line treatment in nearly 50%
of the cases of BCLC-C stage HCC in an international large-scale longitudinal cohort study that reflected
real-world clinical practice [54]. The rationale for the application of TACE in HCC with PVTT is that
collateral vessel formation around the portal vein allows for the preservation of liver function, which in
turn makes TACE possible in selected cases with segmental or subsegmental PVTT [55]. The survival
benefit afforded by TACE over that afforded by best supportive care has been demonstrated in various
studies [56–58].

To summarize, TACE is recommended not only for intermediate-stage HCC, but also for early stage
HCC as a stage-migration strategy and neoadjuvant treatment. Although TACE is not recommended
as a standard therapy in most cases of advanced-stage HCC, it can be considered as a treatment option
in selected patients with segmental PVTT and preserved liver function. Further study comparing
TACE and systemic therapy as first-line treatment in selected patients is necessary.

5. TACE Failure/Refractoriness: Repeat or Stop?

5.1. Scoring Systems Used between TACE Sessions

In patients treated with TACE, the usual oncological parameters to determine the treatment
response are not always valid, as local tumor progression can generally benefit from repeated TACE
sessions. Therefore, deciding whether to repeat or stop TACE is difficult and often subjective.
The Assessment for Retreatment with TACE (ART) score [59] and the ABCR (AFP, BCLC, Child-Pugh,
and Response) score [60] were developed to identify patients who may benefit from repeated TACE
(Table 1). The ART score is based on the existence of a serum aspartate aminotransferase (AST) increase
> 25%, an increase in the Child-Pugh score, and the absence of radiological tumor response after the
first TACE. This score ranges from 0 to 8, with an ART score ≥ 2.5 indicating that repeated TACE may
not be effective [59,61]. The ABCR score included baseline AFP ≥ 200 ng/mL, baseline BCLC stage,
an increase in the Child-Pugh score by ≥2 points, and radiological tumor response after the first TACE.
An ABCR score ≥ 4 indicates that patients may not benefit from further TACE sessions [60].

However, while the ART and ABCR scores are useful scoring systems that can be easily calculated
and help predict treatment response, their predictive value has not been well validated. Several studies
have reported that the ART score failed to predict overall survival in patients who received repeated
TACE [62–64]. The ABCR score as well as ART score failed to show sufficient prognostic ability to guide
the decision-making process regarding subsequent TACE [65]. The fact that ART and ABCR scores
are not reflected in the current treatment guidelines suggests that neither score has been sufficiently
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validated. Clinicians should, therefore, make clinical decisions after the careful assessment of an
individual patient’s various clinical features, rather than relying entirely on these scoring systems.

Table 1. Parameters used in ART and ABCR scores.

ART ABCR

BCLC stage
A: 0 point
B: 2 points
C: 3 points

AFP ≥ 200 ng/mL: 1 point

Child-Pugh score 1-point increase: 1.5 point
≥ 2-point increase: 3 points ≥ 2-point increase: 2 points

Radiologic tumor response No: 1 point Yes: −3 points
AST > 25% increase: 4 points

Score of ineffectiveness ART score ≥ 2.5 ABCR score ≥ 4

ART, Assessment for Retreatment of TACE; ABCR, α-fetoprotein, BCLC, Child-Pugh, and Response; BCLC,
Barcelona Clinic of Liver Cancer; AFP, α-fetoprotein; AST. Aspartate transaminase.

5.2. Discontinuing Rules of TACE

There have been several studies regarding the discontinuation of TACE. In an RCT by
Lo et al., repeated TACE was discontinued in patients with poor hepatic function, severe adverse
effects, or major progressive disease [66]. Poor hepatic function was defined as the presentation
of hepatic encephalopathy, uncontrolled ascites, variceal bleeding, serum bilirubin > 3 mg/dL,
serum albumin < 2.8 g/dL, or prothrombin time prolongation > 4 s over the control. Progressive disease
was defined based on an increased tumor size and AFP of more than 25%. In a systematic
review by Llovet et al., TACE was discontinued when a patient presented Child-Pugh class C,
gastrointestinal bleeding, hepatic encephalopathy, uncontrolled ascites, and progressive disease,
including vascular invasion or extrahepatic spread [7]. Untreatable tumor progression after TACE
involves massive liver involvement, vascular invasion, extrahepatic involvement, and minor tumor
progression with deterioration of hepatic function or performance status [67]. It is clear that patients
with this condition will not benefit from repeated TACE.

5.3. TACE Failure/Refractoriness

The concept of TACE refractoriness was first proposed by the Japan Society of Hepatology (JSH) [68].
The JSH criteria defined TACE failure/refractoriness based on the following four indications: progression
of intrahepatic lesions, continuous elevation of tumor markers, vascular invasion, and extrahepatic
spread [69]. The progression of intrahepatic lesions was further defined as two or more consecutive
insufficient responses of the treated tumor presenting viable lesions > 50%, or two or more consecutive
increases in tumor numbers (Table 2). There are still various opinions on the criteria of TACE
refractoriness, and physicians often have to make subjective judgments based on heterogeneous
clinical presentations [70]. It is clear that the survival of patients with unresectable HCC varies
greatly, depending on the time at which TACE refractoriness is recognized and the treatment plan is
switched [71].

Although several attempts have been made to discover the molecular pathways responsible for
TACE refractoriness, the underlying molecular mechanisms have yet to be fully elucidated. Jun et al.
reported that c-MET, associated with resistance to anticancer therapies in various malignancies,
was upregulated in HCC after TACE, and that upregulated c-MET was associated with TACE
refractoriness [72]. A recent study on the p53 pathway, the second most commonly defective pathway
in HCC [73], reported that p53 mutation was independently related to TACE failure/refractoriness via
the mitogen-activated protein kinase and apoptosis pathways [74]. In addition, SIRT7 was found to
suppress the transcriptional activity of p53 by deacetylation, thus contributing to HCC progression [75].
SIRT7 expression is highly associated with TACE refractoriness and poor survival [75]. These molecular
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pathways may provide evidence for the identification of patients who will benefit from TACE, and may
also represent potential novel therapeutic targets for treating TACE-refractory HCC.

Table 2. Definition of TACE failure/refractoriness by the Japanese Society of Hepatology.

Item Definition

Intrahepatic lesion

i. Two or more consecutive insufficient responses of the treated tumor
(viable lesion > 50%) even after changing the chemotherapeutic agents
and/or reanalysis of the feeding artery. The response evaluation is based
on CT or MRI at 1–3 months after adequately performed selective TACE.

ii. Two or more consecutive increases of tumor number even after
having changed the chemotherapeutic agents and/ or reanalysis of the

feeding artery. The response evaluation is based on CT or MRI at
1–3 months after adequately performed selective TACE.

Tumor markers Continuous elevation of tumor markers after TACE even though
transient decrease is observed.

Vascular invasion Appearance of vascular invasion

Metastasis Appearance of extrahepatic spread

TACE, transarterial chemoembolization; CT, computed tomography; MRI, magnetic resonance imaging.

5.4. Impact of Repeated TACE on Liver Function

It has been well demonstrated that intrahepatic tumor control and hepatic reserve are the most
important prognostic factors in patients with HCC, even with extrahepatic metastasis [76,77]. One of
the key considerations when treating HCC is to preserve liver function as much as possible with
effective intrahepatic tumor control. Several studies have shown that patients treated with TACE,
especially those treated with less selective or repeated TACE, have impaired liver function [78,79].
In patients with refractory disease, repeated TACE may lead to a deterioration in liver function,
resulting in missed opportunities for other systemic therapies, and consequent reduced overall survival.
A timely switch to an appropriate systemic therapy before deterioration of liver function is critical for
safe follow-up treatment.

6. Combination Treatment with TACE

6.1. TACE with Radiofrequency Ablation

An RCT in patients with a solitary recurrent HCC lesion < 5 cm in diameter demonstrated that
sequential therapy with TACE followed by radiofrequency ablation (RFA) significantly improved OS
compared to the therapy with RFA alone [80]. The one-, three-, and five-year survival rates were
94%, 69%, and 46% for the combination therapy, respectively, and 82%, 47%, and 36% for RFA alone
(p = 0.037). In addition, sequential combination therapy resulted in significantly longer recurrence-free
survival in patients with tumors larger than 3 cm in diameter [80]. Another RCT demonstrated the
superiority of the TACE-RFA combination therapy over RFA alone in patients with HCC lesions
with a diameter of less than 7 cm in both OS (HR = 0.525; p = 0.002) and recurrence-free survival
(HR = 0.575; p = 0.009) [81]. For small HCC lesions (2–3 cm in diameter), there was no significant
difference in long-term therapeutic outcomes between TACE combined with RFA and surgical resection,
which implies that the TACE/RFA combination therapy could be an alternative treatment for patients
with a single small HCC lesion for whom surgical resection is unsuitable [82]. Two meta-analyses
reported that TACE combined with RFA was more effective than RFA alone, especially for intermediate-
and large-sized HCC, and in younger patients with HCC [83,84].
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6.2. TACE with Radiation Therapy

There has been mounting evidence regarding the efficacy of combination therapy of TACE and
radiation therapy (RT) for treating patients with intermediate-stage HCC, as well as advanced-stage
HCC with PVTT [85–87]. According to an extensive meta-analysis involving 11 RCTs and 14 non-RCTs,
treatment with TACE plus RT resulted in significantly improved response and survival rates compared
to TACE alone in patients with unresectable HCC [88]. In addition, TACE plus RT has shown
a promising response rate and OS among HCC patients with macrovascular invasion in several
observational studies [89–91]. Based on these observational studies, a well-designed RCT was
conducted, which demonstrated that first-line treatment with TACE plus RT was well tolerated and
improved various treatment outcomes compared to those associated with sorafenib treatment among
advanced-stage HCC patients with macrovascular invasion [92]. This research provides a new treatment
paradigm to treat patients with locally advanced HCC using a combination of TACE and RT.

6.3. TACE with Systemic Therapy

The anticancer mechanisms of TACE involve a tumor embolic effect leading to tissue necrosis,
in addition to the local delivery of cytotoxic agents. TACE causes tissue hypoxia that results in the
upregulation of vascular endothelial growth factor (VEGF), which may lead to tumor revascularization
and local recurrence. In this regard, the combination of antiangiogenic agents with TACE was
expected to inhibit the revascularizing action of upregulated VEGF induced by TACE. Accordingly,
the combination of TACE with anti-angiogenic agents may delay tumor progression or recurrence,
and thus improve OS.

Several attempts have been made to combine TACE with other systemic agents whose main
mechanism of action is anti-angiogenesis (Table 3): The SPACE and TACE 2 trials compared TACE
plus sorafenib and TACE alone [93,94], while the BRISK-TA study did the same with brivanib, and the
ORIENTAL study with orantinib [95,96]. Despite the plausible rationale for the combination strategy,
all four RCTs evaluating the combination of TACE with systemic agents failed to show any clinical
benefit compared to TACE alone. Kudo et al. presented several reasons for these repeated negative
trials [97]. They suggested that the duration of the study was too short to evaluate OS as a primary
endpoint. In addition, post-trial treatments after progression likely affect OS, making it difficult to
evaluate treatment outcomes using OS. The definition of time to progression or PFS also needs to be
more standardized, and tailored to the specifics of TACE treatment. Based on the lessons from the
previous trials, Kudo et al. demonstrated positive results of the TACTICS trial, a randomized phase II
trial comparing TACE plus sorafenib with TACE alone [98]. The use of TACE plus sorafenib resulted
in a major improvement in PFS: 25.2 months in the TACE plus sorafenib group versus 13.5 months
in the TACE alone group (p = 0.006). The improved outcomes observed in the TACTICS trial can be
explained by the differences in the study protocol compared to those of the previous trials. The most
distinctive difference is that new intrahepatic lesions were not regarded as progressive disease because
they do not imply treatment failure based on the natural tumor biology of HCC. Progression in
this trial was defined as untreatable (unTACEable) progression; e.g., > 25% of intrahepatic tumor
progression, deterioration of liver function to Child-Pugh class C after TACE, macrovascular invasion,
or extrahepatic spread. Treatment was continued until unTACEable progression, TACE refractoriness,
or unacceptable toxicity. Sorafenib was started two–three weeks prior to the first TACE in this trial.
As a result, patients in the TACTICS trial received sorafenib treatment for a much longer period
than in previous trials, with a median of 38.7 weeks and 17.0 to 21.0 weeks, respectively. This new
TACE-specific endpoint and protocol should be validated in future TACE combination trials.
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Another approach being investigated is the combination of immune checkpoint inhibitors with TACE (Table 3). Locoregional therapies, including TACE,
activate the host immune system by promoting local inflammation and triggering the release of tumor antigens [99]. When tumor antigens are released by
TACE, subsequent administration of immune checkpoint inhibitors can prevent intrahepatic micrometastases, which are typically undetectable, and are the
main cause of recurrence [100]. One prospective study demonstrated that ablative therapies, such as RFA and TACE, induced a peripheral immune response
and enhanced the efficacy of tremelimumab in patients with advanced-stage HCC [101]. The combination of TACE and tremelimumab afforded favorable
outcomes, with a partial response rate of 26% and OS of 12.3 months. At present, a phase III trial of combination therapy with TACE plus durvalumab and/or
bevacizumab (the EMERALD-1 trial) is ongoing (NCT03937830).

Table 3. Selected studies using the combination of TACE and systemic therapy.

Combination Modality with TACE Trial Identifier Study Duration Treatment Number Primary Endpoint and Results

Anti-angiogenic therapy SPACE, NCT00855218 2009.03–2013.02 Sorafenib with DEB-TACE
vs. placebo with DEB-TACE 307 Sorafenib plus DEB-TACE did not improve TTP

compared with DEB-TACE alone [93]

Anti-angiogenic therapy TACE 2, ISRCTN93375053 2010.11–2015.12 Sorafenib with DEB-TACE
vs. placebo with DEB-TACE 313 Sorafenib plus DEB-TACE did not improve PFS compared

with DEB-TACE alone [94]

Anti-angiogenic therapy BRISK-TA, NCT00908752 2009.07–2012.09 Brivanib after TACE
vs. placebo after TACE 502 Brivanib as adjuvant therapy to TACE did not improve

OS [95]

Anti-angiogenic therapy ORIENTAL, NCT01465464 2010.12–2014.06 Orantinib with TACE
vs. placebo with TACE 889 Orantinib combined with TACE did not improve OS [96]

Anti-angiogenic therapy TACTICS, NCT01217034 2010.10–2018.03 Sorafenib with TACE
vs. TACE alone 228 Median PFS was significantly longer in the TACE plus

sorafenib than in the TACE alone group [98]

ICI NCT01853618 2013.03–2017.06 Tremelimumab with RFA
or TACE 32 Partial response rate, 26%; OS, 12.3 months [101]

ICI NCT03638141 2019.06–2020.11 Durvalumab in combination with
tremelimumab after DEB-TACE 30 ORR, not available (ongoing)

ICI NCT03143270 2017.04–2022.04 Nivolumab with DEB-TACE 14 Number of participants with treatment-related adverse
events (ongoing)

ICI IMMUTACE, NCT03572582 2018.06–2023.06 Nivolumab with TACE 49 ORR, not available (ongoing)

ICI PETAL, NCT03397654 2018.01–2020.12 Pembrolizumab after TACE 26 Number of participants with treatment-related adverse
events (ongoing)

ICI NCT03592706 2009.12–2021.08 Immune killer cells and TACE
vs. TACE 60 Change of tumor size, PFS, not available (ongoing)

ICI and anti-angiogenic therapy NCT03937830 2020.09–2022.12 Durvalumab, bevacizumab
and DEB-TACE 22 PFS, not available (ongoing)

TACE, transarterial chemoembolization; ICI, immune checkpoint inhibitor; DEB, drug-eluting beads; RFA, radiofrequency ablation; TTP, time-to-progression; OS, overall survival; PFS,
progression-free survival; ORR, objective response rate.
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7. Models to Predict Prognosis after TACE

Since intermediate-stage HCC consists of a heterogeneous group of patients, not all intermediate
HCC patients can benefit from TACE [102]. Patients with intermediate-stage HCC present with a broad
range of tumor burdens, tumor biology, liver function, and comorbidities. Adequate patient selection
for TACE is crucial to maximize the therapeutic effect. Therefore, in addition to the staging systems for
HCC, other selection criteria have been developed to predict treatment response after TACE to aid in
decision making.

7.1. New Prognostic Models

The heterogeneity of intermediate-stage HCC and the common use of TACE outside of the
recommended guidelines have inspired the evolution of scoring systems to predict patient survival.
Various prognostic models have been developed to predict survival after TACE, including the hepatic
arterial embolization prognostic (HAP) score [103], the selection for transarterial chemoembolization
treatment (STATE) score [104], the modified HAP score [105], the modified HAP-II score [106],
the SANCOR model [107], the prognostic nomogram [108], and the modified HAP-III score [109].
However, research on a simple prognostic model based on routinely available parameters is still
required. Recently, several other new prognostic models have been developed to predict survival after
TACE. Lee et al. developed a new prognostic model consisting of the albumin-bilirubin (ALBI) grade,
Up-to-11 criteria [20] and the α-fetoprotein (AFP) level (ALBI-TAE model) [110]. The ALBI-TAE model
was superior to other prognostic models in both the training and validation datasets, as well as in the
overall cohort, and this can be applied to select patients who may benefit the most from TACE.

As a new prognostic model, Wang et al. developed a six-and-twelve score that can predict
individual outcomes with favorable discrimination, and with the sum of tumor size and number ≤6,
>6 but≤12, and >12 The score identified three prognostic levels presenting significantly different median
survival values of 49.1 months, 32.0 months, and 15.8 months, respectively [111]. The six-and-twelve
score may prove an easy-to-use tool to stratify the recommended TACE candidates and predict
individual survival with favorable performance and discrimination. Recently, Han et al. presented
TACE-specific models that permit accurate individualized patient survival prediction [112]. They built
both a pre-TACE model (“Pre-TACE-Predict”) and a post-TACE model (“Post-TACE-Predict”),
which included the first mRECIST response, in addition to the baseline features. This TACE-specific
model, based on the routinely available clinical features and responses after the first TACE,
permitted patient classification into four different risk categories, wherein the median OS ranged from
seven months to more than four years. The model and its online calculator enable patient-level
prognostication, which may help physicians rationalize the application of TACE by inhibiting
intervention in patients with a predicted poor prognosis.

7.2. Neutrophil-to-lymphocyte Ratio as a Prognostic Biomarker

Serum components are the most promising biomarkers for HCC surveillance, as they ensure
easy performance and rapid measurement. A high neutrophil-lymphocyte ratio (NLR) has been
associated with poor survival in HCC patients undergoing TACE [113–116]. As a marker of systemic
inflammation, NLR is associated with cancer progression, metastasis, and prognosis in various
cancers. Neutrophils are closely associated with tumor cell proliferation and survival, as well as
tumor angiogenesis, metastasis, and disruption of the acquired immune system [117]. Meanwhile,
lymphocytes are key players in cancer immune surveillance, suppressing tumor progression [118].
Therefore, decreased lymphocyte counts have been associated with impaired anti-tumor immune
responses, thus enabling tumor progression and metastasis [119]. NLR with other combined
factors, such as the platelet to lymphocyte ratio (PLR) [113], aspartate aminotransferase-to-alanine
aminotransferase ratio [120], or C-reactive protein to albumin ratio [121], can promote survival
prediction after TACE. In addition, the prognostic score, including NLR, was remarkable compared
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with the prior scores [116]. Baseline NLR and its dynamic changes during therapy can predict OS in
HCC patients treated with TACE. However, one limitation of NLR is that the baseline NLR cutoff

values are different in each study [122]. Different NLRs applied to each center result in various data
and are confusing for clinical use. Studies including large cohorts of patients are required to establish
the most appropriate NLR cutoff value, which provides good sensitivity and specificity.

7.3. Machine Learning (Radiomics) and Deep Learning

Machine learning refers to a subcategory of artificial intelligence research [123]. Deep learning
refers to a subfield of machine learning that depends on multiple processing layers to learn generalizable
representations of data with higher levels of abstraction [124,125]. Among the many machine
learning techniques, radiomics, which was presented in 2012 by Lambin et al. [126], has awakened
interest. Radiomics is defined as the conversion of images to higher-dimensional data, and the
subsequent mining of these data to allow improved decision support [127]. It is characterized by the
extraction of quantitative imaging features from conventional imaging modalities using computer-based
algorithms and the correlation of these features with relevant clinical endpoints, such as pathology,
therapeutic response, and survival [128]. Radiomics studies can generally be divided into five
phases: data selection, segmentation, feature extraction, exploratory analysis, and modeling [129].
Quantitative radiomics analysis and models have been shown to accurately predict outcomes in
patients undergoing TACE [130–132], as well as CT, MRI, and PET CT (Table 4). Meng et al. selected
the six most predictive radiomics features from the training cohort. Of these six features, two were
based on arterial phase imaging from the tumor volume of interest (VOI) and peritumoral VOI,
respectively, and the remaining four features were from the tumor VOI on portal venous phase
imaging. The radiomic signature and tumor number (< 4 vs. ≥ 4) were incorporated into a combined
radiomics-clinic (CRC) model to predict OS in patients with HCC undergoing TACE. They determined
that the CT radiomics signature represents an independent biomarker of survival in patients with
HCC undergoing TACE, and the CRC model displayed improved predictive performance [131]. In a
study investigating pretreatment PET imaging in patients with unresectable HCC undergoing 90Y
radioembolization, a whole liver radiomics score including both the tumor and background liver
was predictive of both progression-free survival (PFS) and OS [133]. NLR and PLR were recently
correlated with the radiomic features extracted from pretreatment contrast-enhanced MRI and with
tumor response and PFS after DEB-TACE [134]. In this study, high NLR and PLR were associated
with non-nodular tumor growth, measured as low tumor sphericity. This combined prediction with
immunologic biomarkers and radiomics will provide a new paradigm for personalized application.
Nevertheless, radiomics is a contemporary method that can be further improved in order to help
overcome the limitations inherent to complex computer-dependent models, and in particular, the lack
of standardization of image acquisition, e.g., the reconstruction kernel or section thickness, which can
hide important underlying biological textural features [127]. To date, the use of deep learning in liver
imaging and radiology is very limited, and its performance has not been validated. There is still much
to learn from and about deep learning and its potential applications [135].
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Table 4. Summary of studies that applied radiomics in predicting progression and survival after transarterial chemoembolization.

Author Treatment Imaging
Modality

Extraction
Software Segmentation Readers Model Validation

Number
(Training/Validationor

Test Sets)

Primary
Endpoint Results

Kim et al. [130] TACE CECT Matlab Manual ROI 1 Y N NA OS and PFS Combining clinical and radiomic
features better predicted survival

Meng et al. [131] TACE CECT Pyradiomics Manual VOI 2 Y I 108/54 OS CT radiomics signature represented an
independent biomarker of OS

Sun et al. [132] TACE MP-MRI Pyradiomics Manual VOI 3 Y I 67/17 PD Preoperative MP-MRI has the potential
to predict the outcome of TACE

TACE, transarterial chemoembolization; CECT, contrast-enhanced computed tomography; ROI, region of interest; Y, yes; N, no; NA, not available; OS, overall survival; PFS,
progression-free survival; VOI, volume of interest; I, internal; MP-MRI, multiparametric magnetic resonance imaging; PD, progressive disease; 90Y-TARE, transarterial radioembolization
using yttrium-90; 18F-FDG PET/CT, positron emission tomography with 2-deoxy-2-[fluorine-18] fluoro-D-glucose integrated with computed tomography; MITK, Medical Imaging
Interaction Toolkit.
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8. Conclusions

We reviewed the latest data on the use of TACE in treating HCC patients from various perspectives.
Typically, there are two types of TACE: cTACE and DEB-TACE. Physicians can use either technique,
with the knowledge that there is a higher risk of hepatic artery and biliary injuries and a relatively
lower risk of post-procedural pain after DEB-TACE than after cTACE. TACE can be used for early
stage HCC, as well as for intermediate-stage disease if other curative modalities are not feasible,
and can be adopted as a neoadjuvant treatment before LT. In addition, TACE can be considered when
treating selected patients with segmental PVTT and preserved liver function. Repeated TACE can be
determined based on the ART and ABCR scores. It is important to recognize TACE failure/refractoriness
and provide patients with more personalized therapeutic regimens. Combination therapy of TACE
with RFA and RT is well established. TACE plus RFA is favorable for large HCCs, whereas TACE
plus RT is specialized for HCC with vascular invasion. Research on the application of TACE with
systemic therapy is still actively ongoing; in particular, the combination of TACE with immunotherapy
is expected. Recently, new prognostic models (ALBI-TAE model, six-and-twelve score, TACE specific
model), neutrophil-lymphocyte ratio, and radiomics and deep learning have been developed to predict
survival after TACE.

Funding: This research was funded by Soonchunhyang University Research Fund.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer
J. Clin. 2018, 68, 394–424. [CrossRef]

2. Raoul, J.L.; Gilabert, M.; Piana, G. How to define transarterial chemoembolization failure or refractoriness:
A European perspective. Liver Cancer 2014, 3, 119–124. [CrossRef]

3. Forner, A.; Reig, M.; Bruix, J. Hepatocellular carcinoma. Lancet 2018, 391, 1301–1314. [CrossRef]
4. Yau, T.; Tang, V.Y.; Yao, T.J.; Fan, S.T.; Lo, C.M.; Poon, R.T. Development of Hong Kong Liver Cancer

staging system with treatment stratification for patients with hepatocellular carcinoma. Gastroenterology 2014,
146, 1691–1700.e3. [CrossRef] [PubMed]

5. Forner, A.; Gilabert, M.; Bruix, J.; Raoul, J.L. Treatment of intermediate-stage hepatocellular carcinoma.
Nat. Rev. Clin. Oncol 2014, 11, 525–535. [CrossRef] [PubMed]

6. Llovet, J.M.; Real, M.I.; Montana, X.; Planas, R.; Coll, S.; Aponte, J.; Ayuso, C.; Sala, M.; Muchart, J.;
Sola, R.; et al. Arterial embolisation or chemoembolisation versus symptomatic treatment in patients
with unresectable hepatocellular carcinoma: A randomised controlled trial. Lancet 2002, 359, 1734–1739.
[CrossRef]

7. Llovet, J.M.; Bruix, J. Systematic review of randomized trials for unresectable hepatocellular carcinoma:
Chemoembolization improves survival. Hepatology 2003, 37, 429–442. [CrossRef]

8. Lencioni, R.; de Baere, T.; Soulen, M.C.; Rilling, W.S.; Geschwind, J.F. Lipiodol transarterial chemoembolization
for hepatocellular carcinoma: A systematic review of efficacy and safety data. Hepatology 2016, 64, 106–116.
[CrossRef]

9. Galle, P.R.; Forner, A.; Llovet, J.M.; Mazzaferro, V.; Piscaglia, F.; Raoul, J.-L.; Schirmacher, P.; Vilgrain, V.
EASL Clinical Practice Guidelines: Management of hepatocellular carcinoma. J. Hepatol. 2018, 69, 182–236.
[CrossRef]

10. Heimbach, J.K.; Kulik, L.M.; Finn, R.S.; Sirlin, C.B.; Abecassis, M.M.; Roberts, L.R.; Zhu, A.X.; Murad, M.H.;
Marrero, J.A. AASLD guidelines for the treatment of hepatocellular carcinoma. Hepatology 2018, 67, 358–380.
[CrossRef]

11. Burrel, M.; Reig, M.; Forner, A.; Barrufet, M.; de Lope, C.R.; Tremosini, S.; Ayuso, C.; Llovet, J.M.; Real, M.I.;
Bruix, J. Survival of patients with hepatocellular carcinoma treated by transarterial chemoembolisation
(TACE) using Drug Eluting Beads. Implications for clinical practice and trial design. J. Hepatol. 2012,
56, 1330–1335. [CrossRef] [PubMed]

http://dx.doi.org/10.3322/caac.21492
http://dx.doi.org/10.1159/000343867
http://dx.doi.org/10.1016/S0140-6736(18)30010-2
http://dx.doi.org/10.1053/j.gastro.2014.02.032
http://www.ncbi.nlm.nih.gov/pubmed/24583061
http://dx.doi.org/10.1038/nrclinonc.2014.122
http://www.ncbi.nlm.nih.gov/pubmed/25091611
http://dx.doi.org/10.1016/S0140-6736(02)08649-X
http://dx.doi.org/10.1053/jhep.2003.50047
http://dx.doi.org/10.1002/hep.28453
http://dx.doi.org/10.1016/j.jhep.2018.03.019
http://dx.doi.org/10.1002/hep.29086
http://dx.doi.org/10.1016/j.jhep.2012.01.008
http://www.ncbi.nlm.nih.gov/pubmed/22314428


Int. J. Mol. Sci. 2020, 21, 8165 13 of 20

12. Spreafico, C.; Cascella, T.; Facciorusso, A.; Sposito, C.; Rodolfo, L.; Morosi, C.; Civelli, E.M.; Vaiani, M.;
Bhoori, S.; Pellegrinelli, A.; et al. Transarterial chemoembolization for hepatocellular carcinoma with a new
generation of beads: Clinical-radiological outcomes and safety profile. CardioVasc. Interv. Radiol. 2015,
38, 129–134. [CrossRef]

13. Deipolyi, A.R.; Oklu, R.; Al-Ansari, S.; Zhu, A.X.; Goyal, L.; Ganguli, S. Safety and efficacy of 70–150 mum
and 100–300 mum drug-eluting bead transarterial chemoembolization for hepatocellular carcinoma. J. Vasc.
Interv. Radiol. 2015, 26, 516–522. [CrossRef]

14. Richter, G.; Radeleff, B.; Stroszczynski, C.; Pereira, P.; Helmberger, T.; Barakat, M.; Huppert, P.
Safety and Feasibility of Chemoembolization with Doxorubicin-Loaded Small Calibrated Microspheres
in Patients with Hepatocellular Carcinoma: Results of the MIRACLE I Prospective Multicenter Study.
CardioVasc. Interv. Radiol. 2018, 41, 587–593. [CrossRef] [PubMed]

15. Lammer, J.; Malagari, K.; Vogl, T.; Pilleul, F.; Denys, A.; Watkinson, A.; Pitton, M.; Sergent, G.; Pfammatter, T.;
Terraz, S.; et al. Prospective randomized study of doxorubicin-eluting-bead embolization in the treatment of
hepatocellular carcinoma: Results of the PRECISION V study. CardioVasc. Interv. Radiol. 2010, 33, 41–52.
[CrossRef] [PubMed]

16. Golfieri, R.; Giampalma, E.; Renzulli, M.; Cioni, R.; Bargellini, I.; Bartolozzi, C.; Breatta, A.D.; Gandini, G.;
Nani, R.; Gasparini, D.; et al. Randomised controlled trial of doxorubicin-eluting beads vs. conventional
chemoembolisation for hepatocellular carcinoma. Br. J. Cancer 2014, 111, 255–264. [CrossRef]

17. Facciorusso, A.; Di Maso, M.; Muscatiello, N. Drug-eluting beads versus conventional chemoembolization
for the treatment of unresectable hepatocellular carcinoma: A meta-analysis. Dig. Liver Dis 2016, 48, 571–577.
[CrossRef]

18. Guiu, B.; Deschamps, F.; Aho, S.; Munck, F.; Dromain, C.; Boige, V.; Malka, D.; Leboulleux, S.; Ducreux, M.;
Schlumberger, M.; et al. Liver/biliary injuries following chemoembolisation of endocrine tumours and
hepatocellular carcinoma: Lipiodol vs. drug-eluting beads. J. Hepatol. 2012, 56, 609–617. [CrossRef]

19. Monier, A.; Guiu, B.; Duran, R.; Aho, S.; Bize, P.; Deltenre, P.; Dunet, V.; Denys, A. Liver and biliary damages
following transarterial chemoembolization of hepatocellular carcinoma: Comparison between drug-eluting
beads and lipiodol emulsion. Eur. Radiol. 2017, 27, 1431–1439. [CrossRef]

20. Lee, S.; Kim, K.M.; Lee, S.J.; Lee, K.H.; Lee, D.Y.; Kim, M.D.; Kim, D.Y.; Kim, S.U.; Won, J.Y. Hepatic arterial
damage after transarterial chemoembolization for the treatment of hepatocellular carcinoma: Comparison of
drug-eluting bead and conventional chemoembolization in a retrospective controlled study. Acta Radiol.
2017, 58, 131–139. [CrossRef]

21. Shimose, S.; Iwamoto, H.; Tanaka, M.; Niizeki, T.; Shirono, T.; Nakano, M.; Okamura, S.; Noda, Y.; Kamachi, N.;
Sakai, M.; et al. Increased Arterio-Portal Shunt Formation after Drug-Eluting Beads TACE for Hepatocellular
Carcinoma. Oncology 2020, 98, 558–565. [CrossRef]

22. Irie, T.; Kuramochi, M.; Takahashi, N. Dense accumulation of lipiodol emulsion in hepatocellular
carcinoma nodule during selective balloon-occluded transarterial chemoembolization: Measurement of
balloon-occluded arterial stump pressure. CardioVasc. Interv. Radiol. 2013, 36, 706–713. [CrossRef] [PubMed]

23. Hatanaka, T.; Arai, H.; Kakizaki, S. Balloon-occluded transcatheter arterial chemoembolization for
hepatocellular carcinoma. World J. Hepatol. 2018, 10, 485–495. [CrossRef]

24. Arai, H.; Abe, T.; Takayama, H.; Toyoda, M.; Ueno, T.; Kakizaki, S.; Sato, K. Safety and efficacy of
balloon-occluded transcatheter arterial chemoembolization using miriplatin for hepatocellular carcinoma.
Hepatol. Res. 2015, 45, 663–666. [CrossRef] [PubMed]

25. Irie, T.; Kuramochi, M.; Kamoshida, T.; Takahashi, N. Selective balloon-occluded transarterial
chemoembolization for patients with one or two hepatocellular carcinoma nodules: Retrospective comparison
with conventional super-selective TACE. Hepatol. Res. 2016, 46, 209–214. [CrossRef] [PubMed]

26. Ogawa, M.; Takayasu, K.; Hirayama, M.; Miura, T.; Shiozawa, K.; Abe, M.; Matsumoto, N.; Nakagawara, H.;
Ohshiro, S.; Yamamoto, T.; et al. Efficacy of a microballoon catheter in transarterial chemoembolization of
hepatocellular carcinoma using miriplatin, a lipophilic anticancer drug: Short-term results. Hepatol. Res.
2016, 46, E60–E69. [CrossRef]

27. Cucchetti, A.; Piscaglia, F.; Cescon, M.; Colecchia, A.; Ercolani, G.; Bolondi, L.; Pinna, A.D. Cost-effectiveness of
hepatic resection versus percutaneous radiofrequency ablation for early hepatocellular carcinoma. J. Hepatol.
2013, 59, 300–307. [CrossRef]

http://dx.doi.org/10.1007/s00270-014-0907-0
http://dx.doi.org/10.1016/j.jvir.2014.12.020
http://dx.doi.org/10.1007/s00270-017-1839-2
http://www.ncbi.nlm.nih.gov/pubmed/29167967
http://dx.doi.org/10.1007/s00270-009-9711-7
http://www.ncbi.nlm.nih.gov/pubmed/19908093
http://dx.doi.org/10.1038/bjc.2014.199
http://dx.doi.org/10.1016/j.dld.2016.02.005
http://dx.doi.org/10.1016/j.jhep.2011.09.012
http://dx.doi.org/10.1007/s00330-016-4488-y
http://dx.doi.org/10.1177/0284185116648501
http://dx.doi.org/10.1159/000507262
http://dx.doi.org/10.1007/s00270-012-0476-z
http://www.ncbi.nlm.nih.gov/pubmed/22996589
http://dx.doi.org/10.4254/wjh.v10.i7.485
http://dx.doi.org/10.1111/hepr.12403
http://www.ncbi.nlm.nih.gov/pubmed/25132539
http://dx.doi.org/10.1111/hepr.12564
http://www.ncbi.nlm.nih.gov/pubmed/26224032
http://dx.doi.org/10.1111/hepr.12527
http://dx.doi.org/10.1016/j.jhep.2013.04.009


Int. J. Mol. Sci. 2020, 21, 8165 14 of 20

28. Mazzaferro, V.; Regalia, E.; Doci, R.; Andreola, S.; Pulvirenti, A.; Bozzetti, F.; Montalto, F.; Ammatuna, M.;
Morabito, A.; Gennari, L. Liver transplantation for the treatment of small hepatocellular carcinomas in
patients with cirrhosis. N. Eng. J. Med. 1996, 334, 693–699. [CrossRef]

29. Kim, J.W.; Kim, J.H.; Sung, K.B.; Ko, H.K.; Shin, J.H.; Kim, P.N.; Choi, H.K.; Ko, G.Y.; Yoon, H.K.;
Chun, S.Y.; et al. Transarterial chemoembolization vs. radiofrequency ablation for the treatment of single
hepatocellular carcinoma 2 cm or smaller. Am. J. Gastroenterol. 2014, 109, 1234–1240. [CrossRef]

30. Reig, M.; Darnell, A.; Forner, A.; Rimola, J.; Ayuso, C.; Bruix, J. Systemic therapy for hepatocellular carcinoma:
The issue of treatment stage migration and registration of progression using the BCLC-refined RECIST.
Semin. Liver Dis. 2014, 34, 444–455. [CrossRef]

31. Bargellini, I.; Sacco, R.; Bozzi, E.; Bertini, M.; Ginanni, B.; Romano, A.; Cicorelli, A.; Tumino, E.; Federici, G.;
Cioni, R.; et al. Transarterial chemoembolization in very early and early-stage hepatocellular carcinoma
patients excluded from curative treatment: A prospective cohort study. Eur. J. Radiol. 2012, 81, 1173–1178.
[CrossRef] [PubMed]

32. Golfieri, R.; Cappelli, A.; Cucchetti, A.; Piscaglia, F.; Carpenzano, M.; Peri, E.; Ravaioli, M.;
D’Errico-Grigioni, A.; Pinna, A.D.; Bolondi, L. Efficacy of selective transarterial chemoembolization in
inducing tumor necrosis in small (<5 cm) hepatocellular carcinomas. Hepatology 2011, 53, 1580–1589.
[CrossRef] [PubMed]

33. Baek, M.Y.; Yoo, J.J.; Jeong, S.W.; Jang, J.Y.; Kim, Y.K.; Jeong, S.O.; Lee, S.H.; Kim, S.G.; Cha, S.W.; Kim, Y.S.; et al.
Clinical outcomes of patients with a single hepatocellular carcinoma less than 5 cm treated with transarterial
chemoembolization. Korean J. Intern. Med. 2019, 34, 1223–1232. [CrossRef]

34. De Luna, W.; Sze, D.Y.; Ahmed, A.; Ha, B.Y.; Ayoub, W.; Keeffe, E.B.; Cooper, A.; Esquivel, C.; Nguyen, M.H.
Transarterial chemoinfusion for hepatocellular carcinoma as downstaging therapy and a bridge toward liver
transplantation. Am. J. Transplant. 2009, 9, 1158–1168. [CrossRef]

35. Alba, E.; Valls, C.; Dominguez, J.; Martinez, L.; Escalante, E.; Llado, L.; Serrano, T. Transcatheter arterial
chemoembolization in patients with hepatocellular carcinoma on the waiting list for orthotopic liver
transplantation. AJR Am. J. Roentgenol 2008, 190, 1341–1348. [CrossRef]

36. Aloia, T.A.; Adam, R.; Samuel, D.; Azoulay, D.; Castaing, D. A decision analysis model identifies the interval
of efficacy for transarterial chemoembolization (TACE) in cirrhotic patients with hepatocellular carcinoma
awaiting liver transplantation. J. Gastrointest. Surg. 2007, 11, 1328–1332. [CrossRef]

37. Millonig, G.; Graziadei, I.W.; Freund, M.C.; Jaschke, W.; Stadlmann, S.; Ladurner, R.; Margreiter, R.; Vogel, W.
Response to preoperative chemoembolization correlates with outcome after liver transplantation in patients
with hepatocellular carcinoma. Liver Transpl. 2007, 13, 272–279. [CrossRef]

38. Otto, G.; Herber, S.; Heise, M.; Lohse, A.W.; Monch, C.; Bittinger, F.; Hoppe-Lotichius, M.; Schuchmann, M.;
Victor, A.; Pitton, M. Response to transarterial chemoembolization as a biological selection criterion for liver
transplantation in hepatocellular carcinoma. Liver Transpl. 2006, 12, 1260–1267. [CrossRef]

39. Otto, G.; Schuchmann, M.; Hoppe-Lotichius, M.; Heise, M.; Weinmann, A.; Hansen, T.; Pitton, M.P. How to
decide about liver transplantation in patients with hepatocellular carcinoma: Size and number of lesions or
response to TACE? J. Hepatol. 2013, 59, 279–284. [CrossRef]

40. Llovet, J.M.; Ricci, S.; Mazzaferro, V.; Hilgard, P.; Gane, E.; Blanc, J.F.; de Oliveira, A.C.; Santoro, A.; Raoul, J.L.;
Forner, A.; et al. Sorafenib in advanced hepatocellular carcinoma. N. Eng. J. Med. 2008, 359, 378–390.
[CrossRef] [PubMed]

41. Kudo, M.; Finn, R.S.; Qin, S.; Han, K.H.; Ikeda, K.; Piscaglia, F.; Baron, A.; Park, J.W.; Han, G.; Jassem, J.; et al.
Lenvatinib versus sorafenib in first-line treatment of patients with unresectable hepatocellular carcinoma:
A randomised phase 3 non-inferiority trial. Lancet 2018, 391, 1163–1173. [CrossRef]

42. Finn, R.S.; Qin, S.; Ikeda, M.; Galle, P.R.; Ducreux, M.; Kim, T.Y.; Kudo, M.; Breder, V.; Merle, P.;
Kaseb, A.O.; et al. Atezolizumab plus Bevacizumab in Unresectable Hepatocellular Carcinoma. N.
Eng. J. Med. 2020, 382, 1894–1905. [CrossRef]

43. Bruix, J.; Qin, S.; Merle, P.; Granito, A.; Huang, Y.H.; Bodoky, G.; Pracht, M.; Yokosuka, O.; Rosmorduc, O.;
Breder, V.; et al. Regorafenib for patients with hepatocellular carcinoma who progressed on sorafenib
treatment (RESORCE): A randomised, double-blind, placebo-controlled, phase 3 trial. Lancet 2017, 389, 56–66.
[CrossRef]

http://dx.doi.org/10.1056/NEJM199603143341104
http://dx.doi.org/10.1038/ajg.2014.152
http://dx.doi.org/10.1055/s-0034-1394143
http://dx.doi.org/10.1016/j.ejrad.2011.03.046
http://www.ncbi.nlm.nih.gov/pubmed/21466931
http://dx.doi.org/10.1002/hep.24246
http://www.ncbi.nlm.nih.gov/pubmed/21351114
http://dx.doi.org/10.3904/kjim.2018.058
http://dx.doi.org/10.1111/j.1600-6143.2009.02576.x
http://dx.doi.org/10.2214/AJR.07.2972
http://dx.doi.org/10.1007/s11605-007-0211-2
http://dx.doi.org/10.1002/lt.21033
http://dx.doi.org/10.1002/lt.20837
http://dx.doi.org/10.1016/j.jhep.2013.04.006
http://dx.doi.org/10.1056/NEJMoa0708857
http://www.ncbi.nlm.nih.gov/pubmed/18650514
http://dx.doi.org/10.1016/S0140-6736(18)30207-1
http://dx.doi.org/10.1056/NEJMoa1915745
http://dx.doi.org/10.1016/S0140-6736(16)32453-9


Int. J. Mol. Sci. 2020, 21, 8165 15 of 20

44. Abou-Alfa, G.K.; Meyer, T.; Cheng, A.L.; El-Khoueiry, A.B.; Rimassa, L.; Ryoo, B.Y.; Cicin, I.; Merle, P.;
Chen, Y.; Park, J.W.; et al. Cabozantinib in Patients with Advanced and Progressing Hepatocellular Carcinoma.
N. Eng. J. Med. 2018, 379, 54–63. [CrossRef] [PubMed]

45. Zhu, A.X.; Kang, Y.K.; Yen, C.J.; Finn, R.S.; Galle, P.R.; Llovet, J.M.; Assenat, E.; Brandi, G.; Pracht, M.;
Lim, H.Y.; et al. Ramucirumab after sorafenib in patients with advanced hepatocellular carcinoma and
increased alpha-fetoprotein concentrations (REACH-2): A randomised, double-blind, placebo-controlled,
phase 3 trial. Lancet Oncol. 2019, 20, 282–296. [CrossRef]

46. El-Khoueiry, A.B.; Sangro, B.; Yau, T.; Crocenzi, T.S.; Kudo, M.; Hsu, C.; Kim, T.Y.; Choo, S.P.; Trojan, J.;
Welling, T.H.R.; et al. Nivolumab in patients with advanced hepatocellular carcinoma (CheckMate 040):
An open-label, non-comparative, phase 1/2 dose escalation and expansion trial. Lancet 2017, 389, 2492–2502.
[CrossRef]

47. Cheung, T.K.; Lai, C.L.; Wong, B.C.; Fung, J.; Yuen, M.F. Clinical features, biochemical parameters, and
virological profiles of patients with hepatocellular carcinoma in Hong Kong. Aliment. Pharmacol. Ther. 2006,
24, 573–583. [CrossRef]

48. Ikai, I.; Arii, S.; Kojiro, M.; Ichida, T.; Makuuchi, M.; Matsuyama, Y.; Nakanuma, Y.; Okita, K.; Omata, M.;
Takayasu, K.; et al. Reevaluation of prognostic factors for survival after liver resection in patients with
hepatocellular carcinoma in a Japanese nationwide survey. Cancer 2004, 101, 796–802. [CrossRef]

49. Park, K.W.; Park, J.W.; Choi, J.I.; Kim, T.H.; Kim, S.H.; Park, H.S.; Lee, W.J.; Park, S.J.; Hong, E.K.;
Kim, C.M. Survival analysis of 904 patients with hepatocellular carcinoma in a hepatitis B virus-endemic
area. J. Gastroenterol. Hepatol. 2008, 23, 467–473. [CrossRef]

50. Shi, J.; Lai, E.C.; Li, N.; Guo, W.X.; Xue, J.; Lau, W.Y.; Wu, M.C.; Cheng, S.Q. Surgical treatment of hepatocellular
carcinoma with portal vein tumor thrombus. Ann. Surg. Oncol. 2010, 17, 2073–2080. [CrossRef]

51. Omata, M.; Lesmana, L.A.; Tateishi, R.; Chen, P.J.; Lin, S.M.; Yoshida, H.; Kudo, M.; Lee, J.M.; Choi, B.I.;
Poon, R.T.; et al. Asian Pacific Association for the Study of the Liver consensus recommendations on
hepatocellular carcinoma. Hepatol. Int. 2010, 4, 439–474. [CrossRef] [PubMed]

52. Bruix, J.; Sherman, M.; American Association for the Study of Liver Diseases. Management of hepatocellular
carcinoma: An update. Hepatology 2011, 53, 1020–1022. [CrossRef] [PubMed]

53. European Association for the Study of the Liver; European Organisation for Research and Treatment of
Cancer. EASL-EORTC clinical practice guidelines: Management of hepatocellular carcinoma. J. Hepatol.
2012, 56, 908–943. [CrossRef]

54. Park, J.W.; Chen, M.; Colombo, M.; Roberts, L.R.; Schwartz, M.; Chen, P.J.; Kudo, M.; Johnson, P.; Wagner, S.;
Orsini, L.S.; et al. Global patterns of hepatocellular carcinoma management from diagnosis to death:
The BRIDGE Study. Liver Int. 2015, 35, 2155–2166. [CrossRef]

55. Bolondi, L.; Burroughs, A.; Dufour, J.F.; Galle, P.R.; Mazzaferro, V.; Piscaglia, F.; Raoul, J.L.; Sangro, B.
Heterogeneity of patients with intermediate (BCLC B) Hepatocellular Carcinoma: Proposal for a
subclassification to facilitate treatment decisions. Semin. Liver Dis. 2012, 32, 348–359.

56. Niu, Z.J.; Ma, Y.L.; Kang, P.; Ou, S.Q.; Meng, Z.B.; Li, Z.K.; Qi, F.; Zhao, C. Transarterial chemoembolization
compared with conservative treatment for advanced hepatocellular carcinoma with portal vein tumor
thrombus: Using a new classification. Med. Oncol. 2012, 29, 2992–2997. [CrossRef] [PubMed]

57. Luo, J.; Guo, R.P.; Lai, E.C.; Zhang, Y.J.; Lau, W.Y.; Chen, M.S.; Shi, M. Transarterial chemoembolization for
unresectable hepatocellular carcinoma with portal vein tumor thrombosis: A prospective comparative study.
Ann. Surg. Oncol. 2011, 18, 413–420. [CrossRef]

58. Xue, T.C.; Xie, X.Y.; Zhang, L.; Yin, X.; Zhang, B.H.; Ren, Z.G. Transarterial chemoembolization for
hepatocellular carcinoma with portal vein tumor thrombus: A meta-analysis. BMC Gastroenterol. 2013, 13, 60.
[CrossRef] [PubMed]

59. Sieghart, W.; Hucke, F.; Pinter, M.; Graziadei, I.; Vogel, W.; Muller, C.; Heinzl, H.; Trauner, M.;
Peck-Radosavljevic, M. The ART of decision making: Retreatment with transarterial chemoembolization in
patients with hepatocellular carcinoma. Hepatology 2013, 57, 2261–2273. [CrossRef]

60. Adhoute, X.; Penaranda, G.; Naude, S.; Raoul, J.L.; Perrier, H.; Bayle, O.; Monnet, O.; Beaurain, P.; Bazin, C.;
Pol, B.; et al. Retreatment with TACE: The ABCR SCORE, an aid to the decision-making process. J. Hepatol.
2015, 62, 855–862. [CrossRef]

http://dx.doi.org/10.1056/NEJMoa1717002
http://www.ncbi.nlm.nih.gov/pubmed/29972759
http://dx.doi.org/10.1016/S1470-2045(18)30937-9
http://dx.doi.org/10.1016/S0140-6736(17)31046-2
http://dx.doi.org/10.1111/j.1365-2036.2006.03029.x
http://dx.doi.org/10.1002/cncr.20426
http://dx.doi.org/10.1111/j.1440-1746.2007.05112.x
http://dx.doi.org/10.1245/s10434-010-0940-4
http://dx.doi.org/10.1007/s12072-010-9165-7
http://www.ncbi.nlm.nih.gov/pubmed/20827404
http://dx.doi.org/10.1002/hep.24199
http://www.ncbi.nlm.nih.gov/pubmed/21374666
http://dx.doi.org/10.1016/j.jhep.2011.12.001
http://dx.doi.org/10.1111/liv.12818
http://dx.doi.org/10.1007/s12032-011-0145-0
http://www.ncbi.nlm.nih.gov/pubmed/22200992
http://dx.doi.org/10.1245/s10434-010-1321-8
http://dx.doi.org/10.1186/1471-230X-13-60
http://www.ncbi.nlm.nih.gov/pubmed/23566041
http://dx.doi.org/10.1002/hep.26256
http://dx.doi.org/10.1016/j.jhep.2014.11.014


Int. J. Mol. Sci. 2020, 21, 8165 16 of 20

61. Hucke, F.; Sieghart, W.; Pinter, M.; Graziadei, I.; Vogel, W.; Muller, C.; Heinzl, H.; Waneck, F.; Trauner, M.;
Peck-Radosavljevic, M. The ART-strategy: Sequential assessment of the ART score predicts outcome of
patients with hepatocellular carcinoma re-treated with TACE. J. Hepatol. 2014, 60, 118–126. [CrossRef]

62. Terzi, E.; Terenzi, L.; Venerandi, L.; Croci, L.; Renzulli, M.; Mosconi, C.; Allegretti, G.; Granito, A.; Golfieri, R.;
Bolondi, L.; et al. The ART score is not effective to select patients for transarterial chemoembolization
retreatment in an Italian series. Dig. Dis 2014, 32, 711–716. [CrossRef]

63. Kudo, M.; Arizumi, T.; Ueshima, K. Assessment for retreatment (ART) score for repeated transarterial
chemoembolization in patients with hepatocellular carcinoma. Hepatology 2014, 59, 2424–2425. [CrossRef]

64. Arizumi, T.; Ueshima, K.; Iwanishi, M.; Minami, T.; Chishina, H.; Kono, M.; Takita, M.; Kitai, S.; Inoue, T.;
Yada, N.; et al. Evaluation of ART Scores for Repeated Transarterial Chemoembolization in Japanese Patients
with Hepatocellular Carcinoma. Oncology 2015, 89 (Suppl. 2), 4–10. [CrossRef]

65. Kloeckner, R.; Pitton, M.B.; Dueber, C.; Schmidtmann, I.; Galle, P.R.; Koch, S.; Worns, M.A.; Weinmann, A.
Validation of Clinical Scoring Systems ART and ABCR after Transarterial Chemoembolization of
Hepatocellular Carcinoma. J. Vasc. Interv. Radiol. 2017, 28, 94–102. [CrossRef] [PubMed]

66. Lo, C.M.; Ngan, H.; Tso, W.K.; Liu, C.L.; Lam, C.M.; Poon, R.T.; Fan, S.T.; Wong, J. Randomized controlled
trial of transarterial lipiodol chemoembolization for unresectable hepatocellular carcinoma. Hepatology 2002,
35, 1164–1171. [CrossRef]

67. Bruix, J.; Reig, M.; Rimola, J.; Forner, A.; Burrel, M.; Vilana, R.; Ayuso, C. Clinical decision making and
research in hepatocellular carcinoma: Pivotal role of imaging techniques. Hepatology 2011, 54, 2238–2244.
[CrossRef]

68. Kudo, M.; Izumi, N.; Kokudo, N.; Matsui, O.; Sakamoto, M.; Nakashima, O.; Kojiro, M.; Makuuchi, M.;
HCC Expert Panel of Japan Society of Hepatology. Management of hepatocellular carcinoma in Japan:
Consensus-Based Clinical Practice Guidelines proposed by the Japan Society of Hepatology (JSH) 2010
updated version. Dig. Dis. 2011, 29, 339–364. [CrossRef]

69. Kudo, M.; Matsui, O.; Izumi, N.; Kadoya, M.; Okusaka, T.; Miyayama, S.; Yamakado, K.; Tsuchiya, K.;
Ueshima, K.; Hiraoka, A.; et al. Transarterial chemoembolization failure/refractoriness: JSH-LCSGJ criteria
2014 update. Oncology 2014, 87 (Suppl. 1), 22–31. [CrossRef]

70. Lee, J.S.; Kim, B.K.; Kim, S.U.; Park, J.Y.; Ahn, S.H.; Seong, J.S.; Han, K.H.; Kim, D.Y. A survey on transarterial
chemoembolization refractoriness and a real-world treatment pattern for hepatocellular carcinoma in Korea.
Clin. Mol. Hepatol. 2020, 26, 24–32. [CrossRef]

71. Ogasawara, S.; Ooka, Y.; Koroki, K.; Maruta, S.; Kanzaki, H.; Kanayama, K.; Kobayashi, K.; Kiyono, S.;
Nakamura, M.; Kanogawa, N.; et al. Switching to systemic therapy after locoregional treatment failure:
Definition and best timing. Clin. Mol. Hepatol. 2020, 26, 155–162. [CrossRef] [PubMed]

72. Kajihara, J.; Tomimaru, Y.; Eguchi, H.; Yamada, D.; Wada, H.; Tomokuni, A.; Asaoka, T.; Kawamoto, K.;
Marubashi, S.; Nagano, H.; et al. The Clinical Impact of Transcatheter Arterial Chemoembolization
(TACE)-Induced c-Met Upregulation on TACE Refractoriness in Hepatocellular Carcinoma. Dig. Dis. Sci.
2016, 61, 1572–1581. [CrossRef] [PubMed]

73. Schulze, K.; Imbeaud, S.; Letouze, E.; Alexandrov, L.B.; Calderaro, J.; Rebouissou, S.; Couchy, G.; Meiller, C.;
Shinde, J.; Soysouvanh, F.; et al. Exome sequencing of hepatocellular carcinomas identifies new mutational
signatures and potential therapeutic targets. Nat. Genet. 2015, 47, 505–511. [CrossRef]

74. Xue, M.; Wu, Y.; Fan, W.; Guo, J.; Wei, J.; Wang, H.; Tan, J.; Wang, Y.; Yao, W.; Zhao, Y.; et al. Prognostic Value
of TP53 Mutation for Transcatheter Arterial Chemoembolization Failure/Refractoriness in HBV-Related
Advanced Hepatocellular Carcinoma. Cancer Res. Treat. 2020, 52, 925–937. [CrossRef] [PubMed]

75. Zhao, J.; Wozniak, A.; Adams, A.; Cox, J.; Vittal, A.; Voss, J.; Bridges, B.; Weinman, S.A.; Li, Z. SIRT7 regulates
hepatocellular carcinoma response to therapy by altering the p53-dependent cell death pathway. J. Exp. Clin.
Cancer Res. 2019, 38, 252. [CrossRef]

76. Uchino, K.; Tateishi, R.; Shiina, S.; Kanda, M.; Masuzaki, R.; Kondo, Y.; Goto, T.; Omata, M.; Yoshida, H.;
Koike, K. Hepatocellular carcinoma with extrahepatic metastasis: Clinical features and prognostic factors.
Cancer 2011, 117, 4475–4483. [CrossRef]

77. Jung, S.M.; Jang, J.W.; You, C.R.; Yoo, S.H.; Kwon, J.H.; Bae, S.H.; Choi, J.Y.; Yoon, S.K.; Chung, K.W.;
Kay, C.S.; et al. Role of intrahepatic tumor control in the prognosis of patients with hepatocellular carcinoma
and extrahepatic metastases. J. Gastroenterol. Hepatol. 2012, 27, 684–689. [CrossRef]

http://dx.doi.org/10.1016/j.jhep.2013.08.022
http://dx.doi.org/10.1159/000368007
http://dx.doi.org/10.1002/hep.26760
http://dx.doi.org/10.1159/000440625
http://dx.doi.org/10.1016/j.jvir.2016.06.012
http://www.ncbi.nlm.nih.gov/pubmed/27562621
http://dx.doi.org/10.1053/jhep.2002.33156
http://dx.doi.org/10.1002/hep.24670
http://dx.doi.org/10.1159/000327577
http://dx.doi.org/10.1159/000368142
http://dx.doi.org/10.3350/cmh.2018.0065
http://dx.doi.org/10.3350/cmh.2019.0021n
http://www.ncbi.nlm.nih.gov/pubmed/31937081
http://dx.doi.org/10.1007/s10620-015-4018-9
http://www.ncbi.nlm.nih.gov/pubmed/26725068
http://dx.doi.org/10.1038/ng.3252
http://dx.doi.org/10.4143/crt.2019.533
http://www.ncbi.nlm.nih.gov/pubmed/32229792
http://dx.doi.org/10.1186/s13046-019-1246-4
http://dx.doi.org/10.1002/cncr.25960
http://dx.doi.org/10.1111/j.1440-1746.2011.06917.x


Int. J. Mol. Sci. 2020, 21, 8165 17 of 20

78. Ogasawara, S.; Chiba, T.; Ooka, Y.; Kanogawa, N.; Motoyama, T.; Suzuki, E.; Tawada, A.; Kanai, F.;
Yoshikawa, M.; Yokosuka, O. Efficacy of sorafenib in intermediate-stage hepatocellular carcinoma patients
refractory to transarterial chemoembolization. Oncology 2014, 87, 330–341. [CrossRef]

79. Arizumi, T.; Ueshima, K.; Minami, T.; Kono, M.; Chishina, H.; Takita, M.; Kitai, S.; Inoue, T.; Yada, N.;
Hagiwara, S.; et al. Effectiveness of Sorafenib in Patients with Transcatheter Arterial Chemoembolization
(TACE) Refractory and Intermediate-Stage Hepatocellular Carcinoma. Liver Cancer 2015, 4, 253–262.
[CrossRef]

80. Peng, Z.W.; Zhang, Y.J.; Liang, H.H.; Lin, X.J.; Guo, R.P.; Chen, M.S. Recurrent hepatocellular carcinoma
treated with sequential transcatheter arterial chemoembolization and RF ablation versus RF ablation alone:
A prospective randomized trial. Radiology 2012, 262, 689–700. [CrossRef]

81. Peng, Z.W.; Zhang, Y.J.; Chen, M.S.; Xu, L.; Liang, H.H.; Lin, X.J.; Guo, R.P.; Zhang, Y.Q.; Lau, W.Y.
Radiofrequency ablation with or without transcatheter arterial chemoembolization in the treatment of
hepatocellular carcinoma: A prospective randomized trial. J. Clin. Oncol. 2013, 31, 426–432. [CrossRef]

82. Lee, H.J.; Kim, J.W.; Hur, Y.H.; Shin, S.S.; Heo, S.H.; Cho, S.B.; Kang, Y.J.; Lim, H.S.; Seon, H.J.; Jeong, Y.Y.
Combined Therapy of Transcatheter Arterial Chemoembolization and Radiofrequency Ablation versus
Surgical Resection for Single 2–3 cm Hepatocellular Carcinoma: A Propensity-Score Matching Analysis.
J. Vasc. Interv. Radiol. 2017, 28, 1240–1247.e3. [CrossRef] [PubMed]

83. Chen, Q.W.; Ying, H.F.; Gao, S.; Shen, Y.H.; Meng, Z.Q.; Chen, H.; Chen, Z.; Teng, W.J. Radiofrequency ablation
plus chemoembolization versus radiofrequency ablation alone for hepatocellular carcinoma: A systematic
review and meta-analysis. Clin. Res. Hepatol. Gastroenterol. 2016, 40, 309–314. [CrossRef] [PubMed]

84. Ni, J.Y.; Liu, S.S.; Xu, L.F.; Sun, H.L.; Chen, Y.T. Meta-analysis of radiofrequency ablation in combination with
transarterial chemoembolization for hepatocellular carcinoma. World J. Gastroenterol. 2013, 19, 3872–3882.
[CrossRef] [PubMed]

85. Meng, M.B.; Cui, Y.L.; Lu, Y.; She, B.; Chen, Y.; Guan, Y.S.; Zhang, R.M. Transcatheter arterial
chemoembolization in combination with radiotherapy for unresectable hepatocellular carcinoma:
A systematic review and meta-analysis. Radiother. Oncol. 2009, 92, 184–194. [CrossRef]

86. Tazawa, J.; Maeda, M.; Sakai, Y.; Yamane, M.; Ohbayashi, H.; Kakinuma, S.; Miyasaka, Y.; Nagayama, K.;
Enomoto, N.; Sato, C. Radiation therapy in combination with transcatheter arterial chemoembolization for
hepatocellular carcinoma with extensive portal vein involvement. J. Gastroenterol. Hepatol. 2001, 16, 660–665.
[CrossRef]

87. Seong, J.; Park, H.C.; Han, K.H.; Chon, C.Y.; Chu, S.S.; Kim, G.E.; Suh, C.O. Clinical results of 3-dimensional
conformal radiotherapy combined with transarterial chemoembolization for hepatocellular carcinoma in the
cirrhotic patients. Hepatol. Res. 2003, 27, 30–35. [CrossRef]

88. Huo, Y.R.; Eslick, G.D. Transcatheter Arterial Chemoembolization Plus Radiotherapy Compared With
Chemoembolization Alone for Hepatocellular Carcinoma: A Systematic Review and Meta-analysis.
JAMA Oncol. 2015, 1, 756–765. [CrossRef]

89. Yoon, S.M.; Lim, Y.S.; Won, H.J.; Kim, J.H.; Kim, K.M.; Lee, H.C.; Chung, Y.H.; Lee, Y.S.; Lee, S.G.;
Park, J.H.; et al. Radiotherapy plus transarterial chemoembolization for hepatocellular carcinoma invading
the portal vein: Long-term patient outcomes. Int. J. Radiat. Oncol. Biol. Phys. 2012, 82, 2004–2011. [CrossRef]

90. Park, H.C.; Yu, J.I.; Cheng, J.C.; Zeng, Z.C.; Hong, J.H.; Wang, M.L.; Kim, M.S.; Chi, K.H.; Liang, P.C.;
Lee, R.C.; et al. Consensus for Radiotherapy in Hepatocellular Carcinoma from The 5th Asia-Pacific Primary
Liver Cancer Expert Meeting (APPLE 2014): Current Practice and Future Clinical Trials. Liver Cancer 2016,
5, 162–174. [CrossRef]

91. Koo, J.E.; Kim, J.H.; Lim, Y.S.; Park, S.J.; Won, H.J.; Sung, K.B.; Suh, D.J. Combination of transarterial
chemoembolization and three-dimensional conformal radiotherapy for hepatocellular carcinoma with
inferior vena cava tumor thrombus. Int. J. Radiat. Oncol. Biol. Phys. 2010, 78, 180–187. [CrossRef] [PubMed]

92. Yoon, S.M.; Ryoo, B.Y.; Lee, S.J.; Kim, J.H.; Shin, J.H.; An, J.H.; Lee, H.C.; Lim, Y.S. Efficacy and Safety
of Transarterial Chemoembolization Plus External Beam Radiotherapy vs Sorafenib in Hepatocellular
Carcinoma with Macroscopic Vascular Invasion: A Randomized Clinical Trial. JAMA Oncol. 2018, 4, 661–669.
[CrossRef]

93. Lencioni, R.; Llovet, J.M.; Han, G.; Tak, W.Y.; Yang, J.; Guglielmi, A.; Paik, S.W.; Reig, M.; Kim, D.Y.;
Chau, G.Y.; et al. Sorafenib or placebo plus TACE with doxorubicin-eluting beads for intermediate stage
HCC: The SPACE trial. J. Hepatol. 2016, 64, 1090–1098. [CrossRef]

http://dx.doi.org/10.1159/000365993
http://dx.doi.org/10.1159/000367743
http://dx.doi.org/10.1148/radiol.11110637
http://dx.doi.org/10.1200/JCO.2012.42.9936
http://dx.doi.org/10.1016/j.jvir.2017.05.015
http://www.ncbi.nlm.nih.gov/pubmed/28688816
http://dx.doi.org/10.1016/j.clinre.2015.07.008
http://www.ncbi.nlm.nih.gov/pubmed/26428660
http://dx.doi.org/10.3748/wjg.v19.i24.3872
http://www.ncbi.nlm.nih.gov/pubmed/23840128
http://dx.doi.org/10.1016/j.radonc.2008.11.002
http://dx.doi.org/10.1046/j.1440-1746.2001.02496.x
http://dx.doi.org/10.1016/S1386-6346(03)00162-1
http://dx.doi.org/10.1001/jamaoncol.2015.2189
http://dx.doi.org/10.1016/j.ijrobp.2011.03.019
http://dx.doi.org/10.1159/000367766
http://dx.doi.org/10.1016/j.ijrobp.2009.07.1730
http://www.ncbi.nlm.nih.gov/pubmed/19926229
http://dx.doi.org/10.1001/jamaoncol.2017.5847
http://dx.doi.org/10.1016/j.jhep.2016.01.012


Int. J. Mol. Sci. 2020, 21, 8165 18 of 20

94. Meyer, T.; Fox, R.; Ma, Y.T.; Ross, P.J.; James, M.W.; Sturgess, R.; Stubbs, C.; Stocken, D.D.; Wall, L.;
Watkinson, A.; et al. Sorafenib in combination with transarterial chemoembolisation in patients with
unresectable hepatocellular carcinoma (TACE 2): A randomised placebo-controlled, double-blind, phase 3
trial. Lancet Gastroenterol. Hepatol. 2017, 2, 565–575. [CrossRef]

95. Kudo, M.; Han, G.; Finn, R.S.; Poon, R.T.; Blanc, J.F.; Yan, L.; Yang, J.; Lu, L.; Tak, W.Y.; Yu, X.; et al.
Brivanib as adjuvant therapy to transarterial chemoembolization in patients with hepatocellular carcinoma:
A randomized phase III trial. Hepatology 2014, 60, 1697–1707. [CrossRef]

96. Kudo, M.; Cheng, A.L.; Park, J.W.; Park, J.H.; Liang, P.C.; Hidaka, H.; Izumi, N.; Heo, J.; Lee, Y.J.;
Sheen, I.S.; et al. Orantinib versus placebo combined with transcatheter arterial chemoembolisation in patients
with unresectable hepatocellular carcinoma (ORIENTAL): A randomised, double-blind, placebo-controlled,
multicentre, phase 3 study. Lancet Gastroenterol. Hepatol. 2018, 3, 37–46. [CrossRef]

97. Kudo, M.; Arizumi, T. Transarterial Chemoembolization in Combination with a Molecular Targeted
Agent: Lessons Learned from Negative Trials (Post-TACE, BRISK-TA, SPACE, ORIENTAL, and TACE-2).
Oncology 2017, 93 (Suppl. 1), 127–134. [CrossRef]

98. Kudo, M.; Ueshima, K.; Ikeda, M.; Torimura, T.; Tanabe, N.; Aikata, H.; Izumi, N.; Yamasaki, T.; Nojiri, S.;
Hino, K.; et al. Randomised, multicentre prospective trial of transarterial chemoembolisation (TACE) plus
sorafenib as compared with TACE alone in patients with hepatocellular carcinoma: TACTICS trial. Gut 2020,
69, 1492–1501. [CrossRef]

99. Kudo, M. Immuno-Oncology Therapy for Hepatocellular Carcinoma: Current Status and Ongoing Trials.
Liver Cancer 2019, 8, 221–238. [CrossRef]

100. Kudo, M. Immune Checkpoint Inhibition in Hepatocellular Carcinoma: Basics and Ongoing Clinical Trials.
Oncology 2017, 92 (Suppl. 1), 50–62. [CrossRef]

101. Duffy, A.G.; Ulahannan, S.V.; Makorova-Rusher, O.; Rahma, O.; Wedemeyer, H.; Pratt, D.; Davis, J.L.;
Hughes, M.S.; Heller, T.; ElGindi, M.; et al. Tremelimumab in combination with ablation in patients with
advanced hepatocellular carcinoma. J. Hepatol. 2017, 66, 545–551. [CrossRef]

102. Piscaglia, F.; Ogasawara, S. Patient Selection for Transarterial Chemoembolization in Hepatocellular
Carcinoma: Importance of Benefit/Risk Assessment. Liver Cancer 2018, 7, 104–119. [CrossRef]

103. Kadalayil, L.; Benini, R.; Pallan, L.; O’Beirne, J.; Marelli, L.; Yu, D.; Hackshaw, A.; Fox, R.; Johnson, P.;
Burroughs, A.K.; et al. A simple prognostic scoring system for patients receiving transarterial embolisation
for hepatocellular cancer. Ann. Oncol. 2013, 24, 2565–2570. [CrossRef] [PubMed]

104. Hucke, F.; Pinter, M.; Graziadei, I.; Bota, S.; Vogel, W.; Muller, C.; Heinzl, H.; Waneck, F.; Trauner, M.;
Peck-Radosavljevic, M.; et al. How to STATE suitability and START transarterial chemoembolization in
patients with intermediate stage hepatocellular carcinoma. J. Hepatol. 2014, 61, 1287–1296. [CrossRef]
[PubMed]

105. Pinato, D.J.; Arizumi, T.; Allara, E.; Jang, J.W.; Smirne, C.; Kim, Y.W.; Kudo, M.; Pirisi, M.; Sharma, R.
Validation of the hepatoma arterial embolization prognostic score in European and Asian populations and
proposed modification. Clin. Gastroenterol. Hepatol. 2015, 13, 1204–1208.e2. [CrossRef] [PubMed]

106. Park, Y.; Kim, S.U.; Kim, B.K.; Park, J.Y.; Kim, D.Y.; Ahn, S.H.; Park, Y.E.; Park, J.H.; Lee, Y.I.; Yun, H.R.; et al.
Addition of tumor multiplicity improves the prognostic performance of the hepatoma arterial-embolization
prognostic score. Liver Int. 2016, 36, 100–107. [CrossRef]

107. Kim, B.K.; Shim, J.H.; Kim, S.U.; Park, J.Y.; Kim, D.Y.; Ahn, S.H.; Kim, K.M.; Lim, Y.S.; Han, K.H.; Lee, H.C.
Risk prediction for patients with hepatocellular carcinoma undergoing chemoembolization: Development of
a prediction model. Liver Int. 2016, 36, 92–99. [CrossRef]

108. Xu, L.; Peng, Z.W.; Chen, M.S.; Shi, M.; Zhang, Y.J.; Guo, R.P.; Lin, X.J.; Lau, W.Y. Prognostic nomogram
for patients with unresectable hepatocellular carcinoma after transcatheter arterial chemoembolization.
J. Hepatol. 2015, 63, 122–130. [CrossRef]

109. Cappelli, A.; Cucchetti, A.; Cabibbo, G.; Mosconi, C.; Maida, M.; Attardo, S.; Pettinari, I.; Pinna, A.D.;
Golfieri, R. Refining prognosis after trans-arterial chemo-embolization for hepatocellular carcinoma. Liver Int.
2016, 36, 729–736. [CrossRef]

110. Lee, I.C.; Hung, Y.W.; Liu, C.A.; Lee, R.C.; Su, C.W.; Huo, T.I.; Li, C.P.; Chao, Y.; Lin, H.C.; Hou, M.C.; et al.
A new ALBI-based model to predict survival after transarterial chemoembolization for BCLC stage B
hepatocellular carcinoma. Liver Int. 2019, 39, 1704–1712. [CrossRef]

http://dx.doi.org/10.1016/S2468-1253(17)30156-5
http://dx.doi.org/10.1002/hep.27290
http://dx.doi.org/10.1016/S2468-1253(17)30290-X
http://dx.doi.org/10.1159/000481243
http://dx.doi.org/10.1136/gutjnl-2019-318934
http://dx.doi.org/10.1159/000501501
http://dx.doi.org/10.1159/000451016
http://dx.doi.org/10.1016/j.jhep.2016.10.029
http://dx.doi.org/10.1159/000485471
http://dx.doi.org/10.1093/annonc/mdt247
http://www.ncbi.nlm.nih.gov/pubmed/23857958
http://dx.doi.org/10.1016/j.jhep.2014.07.002
http://www.ncbi.nlm.nih.gov/pubmed/25016222
http://dx.doi.org/10.1016/j.cgh.2014.11.037
http://www.ncbi.nlm.nih.gov/pubmed/25528009
http://dx.doi.org/10.1111/liv.12878
http://dx.doi.org/10.1111/liv.12865
http://dx.doi.org/10.1016/j.jhep.2015.02.034
http://dx.doi.org/10.1111/liv.13029
http://dx.doi.org/10.1111/liv.14194


Int. J. Mol. Sci. 2020, 21, 8165 19 of 20

111. Wang, Q.; Xia, D.; Bai, W.; Wang, E.; Sun, J.; Huang, M.; Mu, W.; Yin, G.; Li, H.; Zhao, H.; et al. Development
of a prognostic score for recommended TACE candidates with hepatocellular carcinoma: A multicentre
observational study. J. Hepatol. 2019, 70, 893–903. [CrossRef]

112. Han, G.; Berhane, S.; Toyoda, H.; Bettinger, D.; Elshaarawy, O.; Chan, A.W.H.; Kirstein, M.; Mosconi, C.;
Hucke, F.; Palmer, D.; et al. Prediction of Survival Among Patients Receiving Transarterial Chemoembolization
for Hepatocellular Carcinoma: A Response-Based Approach. Hepatology 2020, 72, 198–212. [CrossRef]
[PubMed]

113. Fan, W.; Zhang, Y.; Wang, Y.; Yao, X.; Yang, J.; Li, J. Neutrophil-to-lymphocyte and platelet-to-lymphocyte
ratios as predictors of survival and metastasis for recurrent hepatocellular carcinoma after transarterial
chemoembolization. PLoS ONE 2015, 10, e0119312. [CrossRef] [PubMed]

114. Zhou, D.; Liang, J.; Xu, L.I.; He, F.; Zhou, Z.; Zhang, Y.; Chen, M. Derived neutrophil to lymphocyte
ratio predicts prognosis for patients with HBV-associated hepatocellular carcinoma following transarterial
chemoembolization. Oncol. Lett. 2016, 11, 2987–2994. [CrossRef] [PubMed]

115. He, C.; Zhang, Y.; Cai, Z.; Lin, X. The prognostic and predictive value of the combination of the
neutrophil-to-lymphocyte ratio and the platelet-to-lymphocyte ratio in patients with hepatocellular carcinoma
who receive transarterial chemoembolization therapy. Cancer Manag. Res. 2019, 11, 1391–1400. [CrossRef]

116. Chon, Y.E.; Park, H.; Hyun, H.K.; Ha, Y.; Kim, M.N.; Kim, B.K.; Lee, J.H.; Kim, S.U.; Kim, D.Y.; Ahn, S.H.; et al.
Development of a New Nomogram Including Neutrophil-to-Lymphocyte Ratio to Predict Survival in Patients
with Hepatocellular Carcinoma Undergoing Transarterial Chemoembolization. Cancers (Basel) 2019, 11, 509.
[CrossRef]

117. Powell, D.R.; Huttenlocher, A. Neutrophils in the Tumor Microenvironment. Trends Immunol. 2016, 37, 41–52.
[CrossRef]

118. Dunn, G.P.; Old, L.J.; Schreiber, R.D. The immunobiology of cancer immunosurveillance and immunoediting.
Immunity 2004, 21, 137–148. [CrossRef]

119. Stotz, M.; Pichler, M.; Absenger, G.; Szkandera, J.; Arminger, F.; Schaberl-Moser, R.; Samonigg, H.;
Stojakovic, T.; Gerger, A. The preoperative lymphocyte to monocyte ratio predicts clinical outcome in patients
with stage III colon cancer. Br. J. Cancer 2014, 110, 435–440. [CrossRef]

120. Liu, C.; Jia, B.S.; Zou, B.W.; Du, H.; Yan, L.N.; Yang, J.Y.; Jiang, L.; Wen, T.F.; Lu, W.S. Neutrophil-to-lymphocyte
and aspartate-to-alanine aminotransferase ratios predict hepatocellular carcinoma prognosis after transarterial
embolization. Medicine (Baltim.) 2017, 96, e8512. [CrossRef]

121. Shen, Y.; Wang, H.; Li, W.; Chen, J. Prognostic significance of the CRP/Alb and neutrophil to lymphocyte
ratios in hepatocellular carcinoma patients undergoing TACE and RFA. J. Clin. Lab. Anal. 2019, 33, e22999.
[CrossRef] [PubMed]

122. Xiao, W.K.; Chen, D.; Li, S.Q.; Fu, S.J.; Peng, B.G.; Liang, L.J. Prognostic significance of neutrophil-lymphocyte
ratio in hepatocellular carcinoma: A meta-analysis. BMC Cancer 2014, 14, 117. [CrossRef]

123. Bi, W.L.; Hosny, A.; Schabath, M.B.; Giger, M.L.; Birkbak, N.J.; Mehrtash, A.; Allison, T.; Arnaout, O.;
Abbosh, C.; Dunn, I.F.; et al. Artificial intelligence in cancer imaging: Clinical challenges and applications.
CA Cancer J. Clin. 2019, 69, 127–157. [CrossRef]

124. Leijenaar, R.T.; Carvalho, S.; Hoebers, F.J.; Aerts, H.J.; van Elmpt, W.J.; Huang, S.H.; Chan, B.; Waldron, J.N.;
O’Sullivan, B.; Lambin, P. External validation of a prognostic CT-based radiomic signature in oropharyngeal
squamous cell carcinoma. Acta Oncol. 2015, 54, 1423–1429. [CrossRef] [PubMed]

125. Ferrante di Ruffano, L.; Takwoingi, Y.; Dinnes, J.; Chuchu, N.; Bayliss, S.E.; Davenport, C.; Matin, R.N.;
Godfrey, K.; O’Sullivan, C.; Gulati, A.; et al. Computer-assisted diagnosis techniques (dermoscopy and
spectroscopy-based) for diagnosing skin cancer in adults. Cochrane Database Syst. Rev. 2018, 12, CD013186.
[CrossRef]

126. Lambin, P.; Rios-Velazquez, E.; Leijenaar, R.; Carvalho, S.; van Stiphout, R.G.; Granton, P.; Zegers, C.M.;
Gillies, R.; Boellard, R.; Dekker, A.; et al. Radiomics: Extracting more information from medical images using
advanced feature analysis. Eur. J. Cancer 2012, 48, 441–446. [CrossRef] [PubMed]

127. Gillies, R.J.; Kinahan, P.E.; Hricak, H. Radiomics: Images Are More than Pictures, They Are Data.
Radiology 2016, 278, 563–577. [CrossRef]

http://dx.doi.org/10.1016/j.jhep.2019.01.013
http://dx.doi.org/10.1002/hep.31022
http://www.ncbi.nlm.nih.gov/pubmed/31698504
http://dx.doi.org/10.1371/journal.pone.0119312
http://www.ncbi.nlm.nih.gov/pubmed/25742141
http://dx.doi.org/10.3892/ol.2016.4359
http://www.ncbi.nlm.nih.gov/pubmed/27123051
http://dx.doi.org/10.2147/CMAR.S190545
http://dx.doi.org/10.3390/cancers11040509
http://dx.doi.org/10.1016/j.it.2015.11.008
http://dx.doi.org/10.1016/j.immuni.2004.07.017
http://dx.doi.org/10.1038/bjc.2013.785
http://dx.doi.org/10.1097/MD.0000000000008512
http://dx.doi.org/10.1002/jcla.22999
http://www.ncbi.nlm.nih.gov/pubmed/31418936
http://dx.doi.org/10.1186/1471-2407-14-117
http://dx.doi.org/10.3322/caac.21552
http://dx.doi.org/10.3109/0284186X.2015.1061214
http://www.ncbi.nlm.nih.gov/pubmed/26264429
http://dx.doi.org/10.1002/14651858.CD013186
http://dx.doi.org/10.1016/j.ejca.2011.11.036
http://www.ncbi.nlm.nih.gov/pubmed/22257792
http://dx.doi.org/10.1148/radiol.2015151169


Int. J. Mol. Sci. 2020, 21, 8165 20 of 20

128. Miranda Magalhaes Santos, J.M.; Clemente Oliveira, B.; Araujo-Filho, J.A.B.; Assuncao, A.N., Jr.;
Machado, F.A.d.M.; Carlos Tavares Rocha, C.; Horvat, J.V.; Menezes, M.R.; Horvat, N. State-of-the-art in
radiomics of hepatocellular carcinoma: A review of basic principles, applications, and limitations.
Abdom. Radiol. (NY) 2020, 45, 342–353. [CrossRef]

129. Lewis, S.; Hectors, S.; Taouli, B. Radiomics of hepatocellular carcinoma. Abdom. Radiol. (NY) 2020.
Online ahead of print. [CrossRef]

130. Kim, J.; Choi, S.J.; Lee, S.H.; Lee, H.Y.; Park, H. Predicting Survival Using Pretreatment CT for Patients With
Hepatocellular Carcinoma Treated With Transarterial Chemoembolization: Comparison of Models Using
Radiomics. AJR Am. J. Roentgenol. 2018, 211, 1026–1034. [CrossRef]

131. Meng, X.P.; Wang, Y.C.; Ju, S.; Lu, C.Q.; Zhong, B.Y.; Ni, C.F.; Zhang, Q.; Yu, Q.; Xu, J.; Ji, J.; et al.
Radiomics Analysis on Multiphase Contrast-Enhanced CT: A Survival Prediction Tool in Patients With
Hepatocellular Carcinoma Undergoing Transarterial Chemoembolization. Front. Oncol. 2020, 10, 1196.
[CrossRef]

132. Sun, Y.; Bai, H.; Xia, W.; Wang, D.; Zhou, B.; Zhao, X.; Yang, G.; Xu, L.; Zhang, W.; Liu, P.; et al. Predicting the
Outcome of Transcatheter Arterial Embolization Therapy for Unresectable Hepatocellular Carcinoma Based
on Radiomics of Preoperative Multiparameter MRI. J. Magn. Reson. Imaging 2020, 52, 1083–1090. [CrossRef]
[PubMed]

133. Blanc-Durand, P.; Van Der Gucht, A.; Jreige, M.; Nicod-Lalonde, M.; Silva-Monteiro, M.; Prior, J.O.; Denys, A.;
Depeursinge, A.; Schaefer, N. Signature of survival: A (18)F-FDG PET based whole-liver radiomic analysis
predicts survival after (90)Y-TARE for hepatocellular carcinoma. Oncotarget 2018, 9, 4549–4558. [CrossRef]

134. Schobert, I.T.; Savic, L.J.; Chapiro, J.; Bousabarah, K.; Chen, E.; Laage-Gaupp, F.; Tefera, J.; Nezami, N.;
Lin, M.; Pollak, J.; et al. Neutrophil-to-lymphocyte and platelet-to-lymphocyte ratios as predictors of tumor
response in hepatocellular carcinoma after DEB-TACE. Eur. Radiol. 2020, 30, 5663–5673. [CrossRef]

135. Gregory, J.; Dioguardi Burgio, M.; Corrias, G.; Vilgrain, V.; Ronot, M. Evaluation of liver tumour response by
imaging. JHEP Rep. 2020, 2, 100100. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s00261-019-02299-3
http://dx.doi.org/10.1007/s00261-019-02378-5
http://dx.doi.org/10.2214/AJR.18.19507
http://dx.doi.org/10.3389/fonc.2020.01196
http://dx.doi.org/10.1002/jmri.27143
http://www.ncbi.nlm.nih.gov/pubmed/32233054
http://dx.doi.org/10.18632/oncotarget.23423
http://dx.doi.org/10.1007/s00330-020-06931-5
http://dx.doi.org/10.1016/j.jhepr.2020.100100
http://www.ncbi.nlm.nih.gov/pubmed/32514496
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Conventional TACE and Drug-eluting Beads Using TACE 
	Conventional TACE 
	Drug-Eluting Beads Using TACE 

	Comparison of the Efficacy and Safety of cTACE and DEB-TACE 
	Efficacy 
	Safety 
	Balloon-Occluded TACE 

	Application of TACE Outside of Intermediate-Stage HCC 
	Early-Stage HCC 
	Advanced-staGe HCC 

	TACE Failure/Refractoriness: Repeat or Stop? 
	Scoring Systems Used between TACE Sessions 
	Discontinuing Rules of TACE 
	TACE Failure/Refractoriness 
	Impact of Repeated TACE on Liver Function 

	Combination Treatment with TACE 
	TACE with Radiofrequency Ablation 
	TACE with Radiation Therapy 
	TACE with Systemic Therapy 

	Models to Predict Prognosis after TACE 
	New Prognostic Models 
	Neutrophil-to-lymphocyte Ratio as a Prognostic Biomarker 
	Machine Learning (Radiomics) and Deep Learning 

	Conclusions 
	References

