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Abstract

Radiofrequency ablation (RFA) is widely accepted as a first-line interventional oncology approach 

for hepatocellular carcinoma (HCC) and has the advantages of high treatment efficacy and low 

complication risk. Local control rates equivalent to hepatic resection can be reached by RFA alone 

when treating small HCCs (<2 cm) in favorable locations. However, local tumor progression and 

recurrence rates with RFA monotherapy increase sharply when treating larger lesions (>3 cm). To 

address this clinical problem, recent efforts have focused on multimodel management of HCC by 

combining RFA with different techniques, including percutaneous ethanol injection, transarterial 

chemo-embolization, targeted molecular therapy, nanoparticle-mediated therapy, and 

immunotherapy. The combination strategy indeed leads to better outcomes in comparison to RFA 

alone. In this article, we review the current status of RFA-combined multimodal therapies in the 

management of HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the second leading cause of cancer-related death, with 

increasing incidence worldwide. Population-based studies reveal that the incidence rate is 

close to the death rate, indicative of its high fatality rate [1,2]. Treatment of this malignancy 

should be carefully selected based on disease stages. Currently, The Barcelona Clinic Liver 

Cancer (BCLC) decision-making strategy is one of the most widely accepted staging 

systems. In the current clinical practice, hepatic resection (HC), liver transplantation (LT), 

radiofrequency ablation (RFA), transhepatic arterial chemoembolization (TACE) and 

sorafenib are the main therapeutic modalities (Table 1).
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HC and LT offer the best prognoses in patients with early stage Q3 HCC [8]. Unfortunately, 

due to the asymptomatic nature of this disease, more than 80% of patients have already lost 

the opportunity for surgical removal of tumors by the time of diagnosis [9]. Furthermore, 

patients undergoing surgical treatment usually have high cancer recurrence rates of 79.4% 

and 92.5% at 3 and 5 years after surgery, respectively [10]. Additionally, a shortage of LT 

donors remains a medical difficulty for LT candidates [8,11].

Image-guided loco-regional ablation therapies, such as RFA, percutaneous ethanol injection 

(PEI), microwave ablation, cryoablation, high-intensity focused ultrasound ablation, and 

irreversible electroporation currently play key roles in the management of unresectable 

lesions. Among these ablation techniques, RFA is currently recognized as the main ablative 

tool for HCC tumors < 5 cm in size. RFA also functions as a bridge to transplant treatment 

[12,13]. According to the updated clarifications outlined by the BCLC system, patients 

diagnosed at a very early stage (BCLC 0) with a marginal risk of recurrence should be 

considered for surgery only if a transplant is available; if not, RFA should be the first-line 

option, while surgical resection is justified only for those patients who have experienced 

failure of, or contraindication to, RFA [3].

The rates of local tumor recurrence and progression following RFA treatment increase 

sharply when treating larger lesions; this remains a major problem with the RFA technique 

[14]. In the current clinical practice, RFA is not recommended for tumors larger than 5 cm, 

owing to (a) the limited treatment area affected by an RF electrode in a large tumor; (b) the 

presence of microscopic vascular invasion or satellites around more advanced large 

malignant tumors; (c) the fact that irregularly shaped tumors are not completely covered by 

the radiofrequency (RF) energy; and (d) insufficient ablative coagulation necrosis caused by 

the heat-sink effect, which means heat deposition is limited by the cooling effect due to 

blood flows of the larger vessels [15–17]. Usually, a minimum of a 360°, 0.5–1 cm-sized, 

circumferential ablation of peri-tumoral tissue is required in clinical applications. It is 

believed that complete ablation of HCCs up to 4–5 cm in size can be achieved by using 

more advanced RFA systems or overlapping ablation strategies [15,18]. However, more 

aggressive treatments mean an increased risk of injuries associated with unwanted thermal 

damage to important normal structures, such as the bile duct, gallbladder, diaphragm, and 

intestinal tracts [19,20]. Thus, in order to take full advantage of RFA in HCC management, 

recent efforts have focused on the combination of RFA with other anti-cancer approaches, 

including PEI, transarterial chemoembolization (TACE), nanoparticle-mediated therapy, 

molecular targeted therapy, and immunotherapy (Fig. 1). The concept of multimodal 

therapeutic strategies has become a clinical reality in the effective treatment of HCC [21,22]. 

In this article, we review the current status of RFA-combination multimodal therapies in 

HCC management.

Mechanism of RFA

Since first reported in 1993 [23], RFA has been widely applied in the management of HCC. 

RFA delivers a high frequency alternating current through a needle-electrode into the tumor. 

This results in ionic agitation caused by the alternating electric currents within the tumor, 

which subsequently causes friction heat; this friction heat results in the ablation of target 
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tumor tissues [24]. HCC in cirrhotic liver is an ideal indication for RFA because the heat 

energy can be effectively insulated by cirrhotic tissue surrounding the tumor, the so-called 

“oven effect” [25].

A complex of biochemical reactions occurs during and after the RFA procedure. 

Pathologically, a heat-ablated tumor lesion can be divided into three zones: (a) a central 

necrotic zone directly around the needle-electrode, where protein denaturation occurs 

rapidly; (b) a peripheral zone that undergoes sub-lethal hyperthermia; and (c) outermost 

tissues that are unaffected by RFA [26,27]. It has been demonstrated that when tissue is 

heated to approximately 50 °C for 4–6 minutes, irreversible damage can be done to the cells. 

Therefore, 50 °C is generally accepted as the low cutoff temperature for RFA, the so-called 

“critical temperature” [28,29]. The mechanisms of direct thermal damage in the central 

necrotic zone are rather complex. The basis for this complexity can be found in several 

biological pathways: the impairment of cell membrane and cytoskeleton function; 

dysfunction of the mitochondrial and Golgi apparatus; inhibition of DNA replication and 

RNA synthesis; and the release of lysosomal enzymes [27]. Indirect or delayed tumor injury 

happens in the peripheral zone with a thermal burden <50 °C, which is often associated with 

cell apoptosis, vascular damage, and an immune response induced by RFA [27] (Fig. 2). 

Tumor cells in the peripheral zone become more vulnerable to chemotherapy and 

radiotherapy [26,27,30,31].

RFA-combined multimodal therapies

RFA plus PEI

PEI is considered a relatively safe, simple, and low-cost chemical ablation technology. By 

diffusing 95% ethyl alcohol into the tumor parenchyma, PEI can cause dehydration in tumor 

cells, and together with microvascular thrombosis, result in tumor ischemia and destruction 

[32]. PEI has been reported to be less effective than RFA and has essentially been replaced 

by RFA in recent years [9]. However, in special circumstances PEI has an important 

therapeutic role. Up to 25% of small liver tumors are located in adjacent normal structures, 

such as the portal vein, bile ducts, gallbladder or the subcapsular areas in contact with the 

diaphragm and intestinal tracts [33]; the efficacy of RFA decreases since the operators have 

to carefully consider the balance between sufficient ablation of lesions and avoiding 

collateral thermal injury to these vital structures. Under these circumstances, PEI can be 

considered a better strategy [34].

To achieve a more complete ablation of tumor tissue, the use of PEI is recommended to 

strengthen the effect of RFA. Several studies have shown that the RFA-PEI combination 

strategy can create a larger ablative zone than RFA alone [35–39]. The efficacy of this 

treatment can be explained as follows: (a) PEI can reduce the heat-sink effect by destroying 

tumor vessels and enhancing thermal conduction in the tumor tissues; (b) ethanol heated by 

RFA results in better therapeutic efficiency than cool ethanol; and (c) diffusion of ethanol 

into areas where RF energy is inefficient improves the efficiency [40].

The therapeutic efficacy of the PEI–RFA combination has been evaluated by several clinical 

studies (Table 2). These studies have found that PEI–RFA treatment is superior to RFA 
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alone in the treatment of HCCs > 3 cm in size or HCC near vital structures. Some authors 

further demonstrated that combined PEI–RFA therapy can also reduce the RF energy 

required to induce coagulated necrosis levels [39]. Another study showed that a 5-minute 

time lag between the two procedures makes the combination therapy more effective and less 

invasive [46]. The direct injection of a mixture of ethanol and lipiodol allows better 

visualization of RF-ablated safe margins in RFA–PEI combination therapy [47], and the 

placement of multiple injection needles can achieve a more homogeneous ethanol 

distribution, further improving the therapeutic efficacy [41]. Technically, while the sequence 

protocol of PEI first followed by RFA was described by most of the studies, the 

performance of RFA prior to PEI has also been described [38].

RFA plus TACE

TACE is another common interventional oncological treatment for unresectable HCC [48]. 

TACE works by blocking blood flow from the arteries that supply the liver tumors, via 

arterial injection of chemotherapeutics and embolization agents [49,50]. The synergy 

between RFA and TACE produces the following results: (a) arterial flows are reduced after 

TACE, which leads to the reduction of the heat-sink effect with RFA [51]; (b) heat 

deposition in the sub-lethal area during the RFA procedure can enhance the effect of anti-

tumor chemotherapeutics used in TACE and thus results in improved ablation of peri-

tumoral areas where micro-metastasis could exist [30,52]; (c) TACE can destroy intra-

tumoral septa, which improves heat distribution within the tumor [53]; (d) TACE can block 

tumor-supplying arteries, resulting in tumor volume shrinkage prior to RFA [54]; (e) TACE 

enhances the conspicuity of HCC nodules on navigation systems and thus facilitates RFA 

[55]; and (f) TACE is theoretically believed to decrease the risk of neoplastic seeding caused 

by punctures during the RFA procedure [49,56].

One meta-analysis study demonstrated that an improved 5-year survival rate can be achieved 

with the combined TACE–RFA treatment in patients with small (<3 cm) HCC masses [57]. 

Another meta-analysis suggested that RFA–TACE was more effective than RFA 

monotherapy with higher overall and recurrence-free survival rates in patients with more 

advanced HCC [58]. An additional study demonstrated that it was safe to treat HCCs < 5 cm 

in size in cirrhotic patients at a short term interval of 0–2 days with a combination of TACE 

and RFA treatments [59]. However, a standardized protocol for this combination therapy, 

including optimization of treatment sequences (TACE–RFA or RFA–TACE), as well as 

repeat times and time-intervals between the two treatments, is warranted. The appropriate 

protocol should achieve the synergistic effect of TACE–RFA, with no associated liver 

function damage.

RFA plus targeted molecular therapy

Targeted molecular therapy is a recent advancement in modern personalized medicine. Most 

targeted molecular agents work by inhibiting kinases involved in tumor angiogenesis; 

angiogenesis is highly associated with local tumor progression as well as tumor invasion and 

metastasis [60]. Hypoxia, an important precipitating factor for angiogenesis, can be induced 

by incomplete tumor ablation. It has been demonstrated that the level of hypoxia-inducible 

factor-1α, an important factor in the transcription of multiple angiogenesis-related genes, is 

Chen et al. Page 4

Cancer Lett. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



increased in residual cancer following RFA [61]. Thus, these anti-angiogenesis-targeted 

molecular agents may inhibit the growth of the residual tumor when used in combination 

with RFA. Additionally, similar to the TACE–RFA approach, application of targeted 

molecular treatments prior to RFA can reduce the blood flow to HCC masses [62], thereby 

reducing the adverse impact of the heat-sink effect during RFA.

RFA plus sorafenib

Sorafenib, an active multi-kinase inhibitor, is currently the only targeted molecular agent 

approved by the United States Food and Drug Administration (FDA) for the treatment of 

patients with advanced HCC; it can prolong overall survival by 2–3 months [63]. The 

mechanism of sorafenib in the treatment of HCCs is reported to activate several pathways, 

especially the signaling pathways of Raf/MEK/ERK, vascular endothelial growth factor 

receptor, platelet-derived growth factor receptor, as well as c-KIT and RET. These pathways 

are closely related to the pathogenesis of HCC [64–67]. Some scientists compared the 

coagulation induced with RFA alone and that with sorafenib prior to RFA in a renal cell 

carcinoma mouse model. Significantly larger volumes of coagulation were seen in the 

sorafenib–RFA group compared with the control groups [68]. Similar results were found in 

a rat model [69]. Another study established a two-tumor rat model of HCC to study the 

effect of combination sorafenib–RFA treatment (i.e. one tumor treated by RFA and another 

untreated as a control). They found a significant reduction in volume and a more pronounced 

destruction in the non-RFA treated tumor with a combination of the two therapies [70]. This 

demonstrates that the combination of sorafenib and RFA can enhance the effect of RFA 

ablation on target tumors and that it has the potential to increase the killing effect of 

sorafenib on non-RFA-treated tumor tissues. Recently, some authors retrospectively 

compared the levels of coagulation induced by RFA alone and sorafenib–RFA in the 

treatment of HCCs < 3 cm. RFA was performed 7 days after administration of sorafenib. 

This study showed that the size of the ablated area was significantly larger in the sorafenib–

RFA group than in the control group [71]. Other authors compared the clinical prognosis of 

RFA-sorafenib treatment and RFA treatment alone in 62 patients with hepatitis B virus-

related medium-sized HCC (3.1–5.0 cm in diameter). This study revealed a decreased 

recurrence rate and prolonged survival time with the combination treatment [72]. By 

analyzing 128 patients with HCC at different stages of BCLC (0-B1), a recent study 

concluded that improved 1-, 2-, and 3-year recurrence rates were achieved with the 

sorafenib–RFA combination therapy, compared with RFA alone [73]. However, a phase III 

trial (Sorafenib as Adjuvant Treatment in the Prevention of Recurrence of Hepatocellular 

Carcinoma (STORM)), which aimed to evaluate the therapeutic effect of sorafenib in 

preventing HCC recurrence after resection or ablation, did not find improvement in either 

recurrence-free survival or overall survival [74,75]. More clinical trials are warranted to 

reach a conclusion.

Other challenges are also associated with the combination therapy strategy: (a) the 

sorafenib–RFA treatment can lead to overexpression of inflammatory and growth factor 

signals in the entire ablated organ, which may result in tumor recurrence and accelerated 

repair of RFA-induced necrosis [69,76]; (b) sorafenib may result in the poor visualization of 

lesions [62], which can cause difficulties when outlining tumor masses during subsequent 
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RFA; and (c) similar to PEI–RFA and TACE–RFA therapies, a standardized therapeutic 

protocol for this combination treatment has not yet been established.

RFA plus bevacizumab

Bevacizumab is the first anti-angiogenesis agent approved by the FDA. It is a humanized 

monoclonal antibody against vascular endothelial growth factor A [77]. One study 

demonstrated that bevacizumab is useful in preventing the rapid progression of residual 

HCC following RFA in a rat model [61]. Another study showed a reduction in tumor blood 

flow and an increased area of ablation in a mouse model of HCC, when a combination of 

bevacizumab and RFA was administered, compared with RFA alone [78].

In addition to sorafenib and bevacizumab, there are a number of additional targeted 

molecular agents against HCC currently in various clinical trial phases, such as sunitinib and 

linifanib [60,79,80]. However, only few of these new drugs have been reported to be used in 

combination with RFA so far.

RFA plus immunotherapy

Immunotherapy is a new treatment option for HCC. It aims to enhance the strength of the 

body's immune system against tumor-associated antigens (TAAs), and thereby induce tumor 

cell death. While it has attracted the attention of scientists for years, immunotherapy alone 

has shown no survival benefit in oncology patients so far. This may be due to the fact that 

most TAAs are normal self-antigens, and the origin and progression of HCC within the 

hepatic parenchyma results in difficulties when attempting to boost tumor-specific immunity 

[81,82].

However, when used in combination with RFA, the strength of tumor-specific immunity can 

be improved, even though the exact mechanisms involved in this phenomenon are not yet 

clear [83–86]. One possible explanation is that the thermally induced necrosis can act as a 

permanent source of tumor antigen, which is capable of eliciting systemic anti-tumor 

immunity (Fig. 3). The necrosis can release antigenic material, and thereby induce 

infiltration of T-cells and dendritic cells (DCs). DCs play a key role in the initiation and 

regulation of immune responses, including antigen loading, migration and maturation [87]. 

Moreover, the sub-lethal zone around the necrotic zone of the RFA area can generate 

“danger signals” including inflammatory cytokines (such as interleukin (IL)-1, IL-6, tumor 

necrosis factor-α, and heat shock proteins (HSPs)), which can also stimulate the anti-tumor 

immune response and thereby further strengthen the immune effect with RFA [82,83]. Some 

studies have also found that sub-lethal thermal stress is capable of modulating tumor cell 

immunogenicity, and the cells become more sensitive to immune therapy [88]. Finally, 

RFA-enhanced immunotherapy can lead to activation of both CD4+ and CD8+ T-cells, 

which thus strengthens the anti-tumor immunization against potential residual tumor or 

metastasis following RFA [82].

Recently, studies have combined RFA with intra-tumoral injection of OK-432 or OK-432-

stimulated DCs in rabbit and murine cancer models [89,90]. OK-432 is a clinical bacterial 

product, which can induce DC maturation [91]. The results of these studies indicated 

improved therapeutic outcomes with combination therapy compared with RFA alone. A 
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more recent study reported the combined use of adoptive cellular immunotherapy with RFA 

in a clinical trial. Different immune-associated cells were separated and cultured from 

peripheral blood mononuclear cells collected from the patient before RFA and subsequently 

transfused back into the same patient after RFA. They concluded that the combination 

treatment of RFA plus immunotherapy can significantly reduce the risk of HCC recurrence 

[92].

RFA plus nanoparticle-mediated therapy

Nanoparticle-mediated drug delivery systems represent one of the hottest research interests 

in modern medicine [93]. This strategy aims to selectively or specifically deliver therapeutic 

agents to cancer sites using targeted nano-scaled drug carriers, which improves drug efficacy 

while reducing drug toxicity in other vital organs [94]. Several studies have confirmed that 

the combined use of nano-drugs with RFA has better efficacy in killing cancer when 

compared with drug alone or RFA alone. Via the potential mechanisms of RFA-generated 

hyperthermia or microenvironmental modification, the passive nano-drug delivery, known 

as the enhanced permeability and retention effect, can be strengthened when applying RFA 

[27,95,96]. RFA-hyperthermia can enhance the sensitivity of tumor cells to chemotherapy, 

while the simultaneous delivery of nano-drugs can kill residual tumors and micrometastases 

in the sub-lethal zone of the RFA area.

In the nano-therapeutic treatment of liver cancer, lipidosome is one of the most widely 

investigated nano-drug carriers [97]. One example is ThermoDox®, which is constructed 

with a thermal-sensitive lipidosome (TSL) delivery system (Fig. 3) [98], and has been 

validated in a recent phase III clinical trial (NCT00617981) in the treatment of liver cancer. 

ThermoDox® function is based on the structural changes of the liposome when heated to 

>39 °C, which can rapidly release doxorubicin into the targeted tumor region. According to 

the data provided by the pharmaceutical company, a better clinical outcome using 

ThermoDox® has been found in patients undergoing RFA when heating was prolonged for 

more than 45 minutes; another phase III clinical trial (NCT02112656) has been started to 

verify this discovery.

Prolonging liposome circulation is another well-established strategy to achieve better drug 

accumulation in the tumor, for example, using PEGylated doxorubicin-carrying liposomes 

[99]. Longer circulation time allows improved contact between drugs and tumor cells, an 

important factor in improving chemo-drug effectiveness. A recent study compared the 

therapeutic efficacies of the long-circulating PEGylated drug-liposomes and thermal-

sensitive drug-liposomes in a mouse medulloblastoma model. The authors found that long-

circulating liposomes resulted in longer intra-tumoral drug retention and thereby a better 

therapeutic effect compared with thermal-sensitive drug-liposomes when combined with 

RFA [100]. However, whether or not this conclusion can be adapted to treatment of HCC 

with other nano-drugs requires further extensive investigation.

To further enhance the therapeutic effect of such combination treatments, different 

therapeutics, such as quercetin, have been added into liposome complexes; with this, an 

enhanced approach (the so-called triple therapy of RFA, doxorubicin and quercetin) can be 
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carried out [89]. Quercetin works by inhibiting HSP-70 expression induced by RFA, since 

HSP can protect tumor cells from thermal destruction [101].

Conclusion

In the current clinical practice, several therapeutic methods are available for the treatment of 

HCC, but the prognosis for HCC is still dismal. Different therapeutic methods have their 

own advantages and disadvantages, and the ideal treatment approach for advanced HCC has 

not yet been identified. To overcome this clinical problem, recent efforts have focused on 

developing multimodal treatments. One of the advances in this field is the combined use of 

interventional RFA with various other approaches, such as PEI, TACE, molecular targeted 

therapy, nanoparticle-mediated chemotherapy, and immunotherapy. A number of studies 

have confirmed that RFA-combined multimodal therapies can indeed improve the clinical 

efficacies of HCC treatment. As overviewed in this article, further efforts are needed to 

optimize the protocol for each of the combination therapies and thereby establish the best 

RFA-combined multimodal therapy strategy for the effective management of hepatic 

malignancies.
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Fig. 1. 
Major multimodal strategies for RFA-combined therapies of HCCs. Combination of RFA 

with TACE and PEI has been established as a clinical strategy for treating HCC, while 

Sorafenib and Nano-drug (ThermoDox®) have entered Phase III clinical trial stage in 

combination with RFA. Combination of RFA with immunotherapy is still in preclinical 

stage.
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Fig. 2. 
Biological reactions with RFA procedure. (A) Necrosis zone: When tissue is heated >50 °C 

for several minutes, several biologic reactions occur, including cell membrane collapse, 

protein denaturation, DNA replication and RNA synthesis inhibition, as well as dysfunctions 

of mitochondrial, lysosome and Golgi. (B) Sub-lethal zone: With a thermal burden <50 °C, 

tumor damage is associated with cell apoptosis. Vascular damage along with increase of 

blood in this area contributes to the accumulation of inflammatory cytokine and lymphocyte, 

which thereby induce immune responses.
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Fig. 3. 
Activation of the immune response and synergy of TSLs with RFA. During RFA, antigenic 

material is released from the treated tumor, where inflammatory cytokine and immune cells 

including DCs are accumulated. Antigenic material and DCs then migrate to the afferent 

lymph node, where tumor-specific CD4 and CD8 T-cells are developed for immune 

response and killing tumor cells. On the other hand, locally-delivered thermally-sensitive 

lipidosomes (TSLs) release rapidly chemotherapeutic drugs in sublethal area, which creates 

high-concentrated chemotherapeutics to eliminate micrometastases, and thereby, enlarge the 

necrotic zone of RFA.
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Table 1

Brief summary of current clinical modalities for the treatment of HCCs [3–7].

Modalities Status Indication 5-year OS (%)

HR Best treatment for non-cirrhosis patients. BCLC stage 0/A 37–53

LT Best treatment for cirrhotic patients. BCLC stage 0/A 38.2–46.5

RFA Comparable to HR in small HCCs. BCLC stage 0/A 33–60.2

TACE Standard of care for patients with large or multi-nodular HCC. BCLC stage B 26–34

Sorafenib The only approved systemic therapy. BCLC stage C 2–3 month OS prolongation

HR = hepatic resection; LT = liver transplantation; RFA = radiofrequency ablation; TACE = transhepatic arterial chemoembolization; OS = overall 
survival; BCLC = Barcelona Clinic Liver Cancer.
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