18

Name of journal: World Journal of Gastroenterology

ESPS Manuscript NO: 505

Column: BRIEF ARTICLE
High-intensity focused ultrasound ablation: An effective bridging therapy for hepatocellular carcinoma patients
Cheung TT et al. HIFU ablation before liver transplant
Tan To Cheung, Sheung Tat Fan, See Ching Chan, Kenneth SH Chok, Ferdinand SK Chu, Caroline R Jenkins, Regina CL Lo, James YY Fung, Albert CY Chan, William W Sharr, Simon HY Tsang, Wing Chiu Dai, Ronnie TP Poon, Chung Mau Lo

Tan To Cheung, Sheung Tat Fan, See Ching Chan, Kenneth SH Chok, Albert CY Chan, William W Sharr, Simon HY Tsang, Wing Chiu Dai, Ronnie TP Poon, Chung Mau Lo, Department of Surgery, The University of Hong Kong, Hong Kong, China

Sheung Tat Fan, See Ching Chan, James YY Fung, Ronnie TP Poon, Chung Mau Lo, State Key Laboratory for Liver Research, The University of Hong Kong, Hong Kong, China

Ferdinand SK Chu, Department of Diagnostic Radiology, The University of Hong Kong, Hong Kong, China

Caroline R Jenkins, Department of Anaesthesiology, The University of Hong Kong, Hong Kong, China

Regina CL Lo, Department of Pathology, The University of Hong Kong, Hong Kong, China

James YY Fung, Department of Medicine, The University of Hong Kong, Hong Kong, China

Author contributions: Cheung TT designed the study, collected data and drafted the manuscript; Fan ST and Lo CM supervised the research and revised the manuscript; Chan SC and Poon RT supervised the research; and Chok KS, Chu FS, Jenkins CR, Lo RC, Fung JY, Chan AC, Sharr WW, Tsang SH and Dai WC collected the data.

Correspondence to: Sheung Tat Fan, Professor, State Key Laboratory for Liver Research, The University of Hong Kong, 102 Pok Fu Lam Road, Hong Kong, China. stfan@hku.hk 
Telephone: +86-852-22554703

Fax: +86-852-29865262
Received: September 29, 2012
Revised:
 October 29, 2012 



Accepted:               Published online:

Abstract
AIM: To analyze whether high-intensity focused ultrasound (HIFU) ablation is an effective bridging therapy for patients with hepatocellular carcinoma (HCC).
METHODS: From January 2007 to December 2010, 49 consecutive HCC patients were listed for liver transplantation (UCSF criteria). The median waiting time for transplantation was 9.5 mo. Twenty-nine patients received transarterial chemoembolization (TACE) as a bringing therapy and 16 patients received no treatment before transplantation. Five patients received HIFU ablation as a bridging therapy. Another five patients with the same tumor staging (within the UCSF criteria) who received HIFU ablation but not on the transplant list were included for comparison. Patients were comparable in terms of Child-Pugh and model for end-stage liver disease scores, tumor size and number, and cause of cirrhosis.

RESULTS: The HIFU group and TACE group showed no difference in terms of tumor size and tumor number. One patient in the HIFU group and no patient in the TACE group had gross ascites. The median hospital stay was 1 d (range, 1-21 d) in the TACE group and two days (range, 1-9 d) in the HIFU group (P < 0.000). No HIFU-related complication occurred. In the HIFU group, nine patients (90%) had complete response and one patient (10%) had partial response to the treatment. In the TACE group, only one patient (3%) had response to the treatment while 14 patients (48%) had stable disease and 14 patients (48%) had progressive disease (P = 0.00). Seven patients in the TACE group and no patient in the HIFU group dropped out from the transplant waiting list (P = 0.559).
CONCLUSION: HIFU ablation is safe and effective in the treatment of HCC for patients with advanced cirrhosis. It reduces the drop-out rate of liver transplant candidates.

© 2013 Baishideng. All rights reserved.
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INTRODUCTION
Deceased donor liver transplantation provides one of the best treatments to patients with hepatocellular carcinoma (HCC) and cirrhosis. The numbers of donations and cases performed are on a rising trend. However, the scarcity of liver grafts in many parts of the world, especially Asia, leads to a significant dropout rate of patients from liver transplant waiting lists, particularly patients with HCC and a low model for end-stage liver disease (MELD) score[1]. In order to reduce the dropout rate, different bridging therapies have been proposed. Among them, transarterial chemoembolization (TACE) and radiofrequency ablation (RFA) are most popular. Despite of treatment applied before liver transplantation, the dropout rate for TACE ranged from 15% to 35% in different studies[1,2]. RFA seems to have produced better results but the dropout rate also ranged from 5.8% to 14% in various studies[3,4].

High-intensity focused ultrasound (HIFU) ablation is one of the latest treatments. It provides a totally non-invasive therapy to HCC and is viable even in patients with severe cirrhosis. In one of our previous studies, it achieved a complete ablation rate of 82.4% for HCCs smaller than 3 cm in with just one treatment session. It is well tolerated even in patients with advanced cirrhosis and age[5]. The current study is the first study that investigates whether HIFU therapy can be safely performed in HCC patients with cirrhosis and whether it can reduce the dropout rate of liver transplant candidates.
MATERIALS AND METHODS

From January 2007 to December 2010, 49 consecutive HCC patients were listed for deceased donor liver transplantation (UCSF criteria). The diagnosis of HCC was confirmed by histology, elevated level of serum alpha-fetoprotein (> 400 ng/mL), or typical radiological appearance of lesion shown by contrast computed tomography or contrast magnetic resonance imaging. The median waiting time for transplantation was 9.5 mo. Patients who were listed for transplantation received TACE as a bridging therapy before transplantation. HIFU ablation has been used as a standard local ablative therapy since 2006 for HCC patients who have poor liver function and cannot tolerate hepatectomy[5]. This is a retrospective study performed with prospectively collected data. Informed consent to treatment and to the use of data for research was obtained beforehand.
Five patients received HIFU ablation and 29 patients received TACE as a bringing therapy. Fifteen patients received no treatment before transplantation. Another five patients with the same tumor staging (within the UCSF criteria) who were not on the transplant waiting list but received HIFU ablation were included for comparison. All patients were comparable in terms of Child-Pugh and MELD scores, tumor size and number, and cause of cirrhosis.

Contraindications to TACE included main portal vein thrombosis, arteriovenous shunting, Child-Pugh C cirrhosis, and extrahepatic metastasis. Cisplatin was used as the chemotherapeutic agent and was delivered with Lipiodol, followed by Gelfoam particle embolization. Selective cannulation and embolization of the feeding arteries of the tumors were performed whenever possible. During the procedure, 10 mL of Lipiodol was mixed with 10 mg of cisplatin into a 20 mL emulsion. Depending on the tumor size and number, 4-60 mL of the Lipiodol emulsion was injected into the catheter placed in the artery supplying the tumor, or into the hepatic artery proper beyond the gastroduodenal artery for bilobar disease. Light embolization of the feeding artery was then performed with pellets sized 1 mm × 2 mm mixed with 40 mg of gentamycin. Gelfoam injection was stopped when the blood flow in the artery supplying the tumor slowed down but before occlusion occurred. TACE was repeated every two to three mo. Patients were monitored every month for hepatic and renal functions and alpha-fetoprotein level. TACE was terminated if there was evidence of further derangement of liver function (bilirubin > 50 μmol/L, ascites not controlled by diuretics, or hepatic encephalopathy), progression of disease, extrahepatic metastasis, or any other major complication.
HIFU ablation was offered to patients with poor liver function or decompensated cirrhosis as documented by (1) presence of gross ascites; (2) disease at Child-Pugh B or above; and (3) tumor located at site considered difficult for percutaneous RFA. The treatment probe can target lesions as deep as 10 cm beneath the skin; any lesion within this range can be ablated. Contraindications to HIFU ablation included serum bilirubin level above 100 μmol/L and subcutaneous tissue thicker than 3.5 cm as adipose tissue would absorb a substantial amount of energy from the energy pathway.
All HIFU treatments were carried out by experienced hepatobiliary surgeons and radiologists. The JC HIFU system (Chongqing Haifu Technology, Chongqing, China) was used. The system comprises a real-time diagnostic imaging unit, a therapeutic unit, a degassed water circulation unit, and a computer system. The real-time diagnostic imaging unit provides direct visualization of the tumor. The therapeutic unit consists of an ultrasound energy transducer which focuses the ultrasound energy at a 12-cm focal point. The degassed water circulation unit provides a medium for ultrasound transmission outside the body. The computer system controls these three units.
Before operation, the skin of the patient was cleaned by 70% alcohol followed by degassed water to remove all the grease from the skin. A dose of antibiotics (1.2 g of amoxicillin/clavulanic acid) was given on induction. A dose of proton pump inhibitor was also given on induction. Every patient was subjected to general anesthesia to aid comfort as the whole procedure could last for 3 h and the patient had to lie still and endure long periods of breath-holding. In addition, general anesthesia allowed manipulation of tumor location by the Valsalva maneuver during the procedure. If the tumor was at the dome of the liver, artificial right pleural effusion was induced before treatment. If the tumor was located at the right lobe of the liver, the patient was put in a right lateral position (Figure 1A). For better ultrasound conduction, the patient was put in a water bath. The surgeon and the radiologist controlled the operation from the control panel next to the treatment unit (Figure 1B). The treatment was performed under real-time ultrasound image guidance. The lesion was localized by a 3.6-MHz diagnostic ultrasound probe (Philips) incorporated at the center of the transducer. Parallel slices of the target tumor with 5-mm separations were planned and then ablated slice by slice with focused ultrasound energy produced by the transducer operating at 0.8 MHz. Grey-scale changes of the ablated sites were observed during the ablation procedure, indicating the temperature change inside the target lesion.

After the procedure, the patient was usually sent to the general ward and was closely monitored for vital signs, particularly body temperature. Transient hypothermia could occur as the patient had been immersed in a water bath. For patients who had received artificial pleural effusion, radiograph of the chest was taken to check for pneumothorax.
Tumor response was categorized according to the RECIST criteria: (1) complete response was denoted by disappearance of all target lesions; (2) partial response was denoted by at least a 30% decrease in the sum of the largest diameters of the target lesions; (3) progressive disease was denoted by at least a 20% increase in the sum of the largest diameters of the target lesions or appearance of one or more new lesions; and (4) stable disease was denoted by the absence of sufficient shrinkage of tumor qualified as partial response and the absence of sufficient increase of tumor qualified as progressive disease[6]. Contrast computed tomography or contrast magnetic resonance imaging was performed one month after the HIFU treatment and then every three mo to evaluate tumor response before transplantation.
Statistical analysis

The baseline characteristics of patients were expressed as medians with range. The Mann-Whitney U test was used to compare continuous variables and a (2 test was used to compare discrete variables. Statistical significance was denoted by P < 0.05. All statistical calculations were made with the SPSS/PC+ computer software (SPSS, Chicago, IL, USA).
RESULTS
The TACE group and the HIFU group had no difference in age, hepatitis B virus infection, or hepatitis C virus infection. The two groups of patients had similar liver function in terms of serum levels of albumin, aspartate aminotransferase and alanine aminotransferase, prothrombin time, indocyanine green retention rate, and international normalized ratio. One patient in the HIFU group had gross ascites before treatment. No patient in the TACE group had gross ascites. The two groups showed no difference in terms of tumor size and tumor number (Table 1). Table 2 shows the Child-Pugh and MELD scores of the patients. The median number of sessions of TACE was 3 (range, 1-7).
The median hospital stay was 1 d (range, 1-21 d) in the TACE group and two days (range, 1-9 d) in the HIFU group (P < 0.000). Seven patients in the TACE group dropped out from liver transplant waiting list. One of them developed extrahepatic metastasis and six of them had local progression of disease rendering them unqualified for transplantation. No patient in the HIFU group dropped out during the study period (P = 0.559).
According to the RECIST criteria, nine patients (90%) had complete response and one patient (10%) had partial response in the HIFU group. In the TACE group, only one patient (3%) had response to the treatment while 14 patients (48%) had stable disease and 14 patients (48%) had progressive disease (P = 0.00).
Three out of the five patients in the HIFU group subsequently received transplantation. The median waiting time was nine months (range, 3-36 mo). Histopathological examination showed coagulation necrosis with no active tumor cells in two of the excised livers. One patient had 90% necrosis of the HCC. None of the patients who had received HIFU ablation as a bridging therapy developed complication due to intolerance of the procedure. The other two patients who were still waiting for transplantation had stable disease during the study period.
DISCUSSION
The incidence of HCC is increasing throughout the world. The annual incidence of HCC in hepatitis B carriers is around 0.5%. The incidence in patients with liver cirrhosis is even higher at around 2.5% annually[7,8]. Hepatitis-B-related cirrhosis is common in Asia, where HCC is endemic. Other risk factors for the development of HCC include hepatitis C infection, alcoholic cirrhosis, genetic hemochromatosis, and primary biliary cirrhosis. These patients should be offered regular surveillance in order to identify small tumors that may be potentially treatable. However, most patients with small HCCs have no symptoms. Resection is the main hope of cure for HCC but is only possible in 25% of the patients because the disease is usually so advanced at presentation and is frequently associated with cirrhosis[9,10]. For patients with unresectable HCC, liver transplantation appears to be the only viable option. The chance of receiving a liver graft varies worldwide. Liver donation rate is highest in Spain where there are 33.7 donations per one million of the population. In contrast, the donation rates in Asia range from only 0.05 to 4.3 donations per one million of the population. The general lack of suitable deceased donors makes successful liver transplantation for HCC difficult[11,12]. In order to maximize the benefit of utilizing this scarce resource, different liver graft allocation systems are adopted worldwide. The principle of allocation is to prioritize the sickest and yet maintain the highest survival rate possible. As a corollary, patients with very high MELD scores have priority. In most countries, patients with unresectable HCC and yet lower MELD scores have a low priority.
The results of liver transplantations in the early period of development were not satisfactory, with a 5-year survival rate below 40%. This urged recognition of poor prognostic factors in liver transplantation in patients with HCC[13]. Mazzaferro et al[14,15] showed that a subgroup of patients with radiological evidence of a single tumor smaller than 5 cm in diameter or two to three tumors each smaller than 3 cm in diameter had better survival outcome. The Milan criteria were established in 1996 and have led to the improvement of the 5-year survival rate to 83%. At many transplant centers, patients with tumor status beyond the Milan criteria are not accepted for transplantation and those on transplant waiting lists are delisted if their tumors enlarge to beyond the criteria, ensuring that liver grafts are allocated to patients predicted to have longer survival[16].
In order to make sure patients receive appropriate treatment before transplantation so as to remain listed, different bridging therapies have been tried. This is particularly important for patients whose treatment options are limited by poor liver reserve and portal hypertension. TACE and RFA are the most popular bridging therapies.

TACE is a standard bridging therapy at some centers, achieving a rate of down-staging of tumors of around 40%. However, about 20% of patients develop tumor progression after TACE, rendering them delisted[1,2,17,18]. RFA is an effective thermal ablative treatment modality and is widely practiced to treat small HCCs. RFA is also used as a bridging therapy. Successful tumor down-staging is observed in 70%-85% of patients. However, the dropout rate after RFA is around 14%[3,19-21]. TACE and RFA seem to be effective bridging therapies, but only for selected patients. They are not safe for patients with liver decompensation such as gross ascites and thrombocytopenia.

The concept of using ultrasound energy as a penetrating force to destroy something remote originated in last century and was summarized by Kremkau[22]. In the 1950’s, researchers bought the phenomenon of piezoelectricity to the clinical setting, treating Parkinson’s disease and other neurological conditions with focused ultrasound energy[23-26].

Nowadays clinical HIFU ablation for liver tumors utilizes a unique frequency of ultrasound wave, 0.8-3.5 MHz, which can be focused at a distance from the therapeutic transducer. The accumulated energy at the focused region induces necrosis of the target lesion by elevating the tissue temperature to above 60°C[27,28]. Temperature outside the focus point remains static as particle oscillation remains minimal. This is an advantage of HIFU over RFA in which inadvertent collateral damage is unavoidable. Patients with derangement of liver function and thrombocytopenia usually show intolerance of RFA[29]. A bridging therapy must not cause further liver decompensation. The slow process of heating by HIFU energy propagation followed by resting leads to little tissue destruction beyond the focused point.
The presence of gross ascites facilitates HIFU treatment. As ultrasound energy travels much better in water than in air, ascites encourages energy propagation to the target lesion. In addition, the presence of ascites acts as a cushion of coolant inside the peritoneal cavity and prevents the muscle wall and skin absorbing too much energy from the beam pathway where subcutaneous tissue burn could happen.

HIFU ablation is a totally extracorporeal non-invasive treatment modality using focused ultrasound energy that is capable of causing coagulative necrosis of the target lesion via intact skin without the need of surgical incision.
The unique needleless design of the HIFU system makes HIFU ablation superior to RFA, as percutaneous needle penetration may induce hemorrhage from a hypervascular tumor in a patient with coagulopathy and a low platelet count. Furthermore, without needle puncture, there is no risk of direct tumor seeding to the surrounding major vessels[30]. For tumors located at the dome of the liver, open RFA would be required if HIFU ablation is not used.
Figure 2 demonstrates the effect of HIFU ablation on the HCC in one of the excised liver in the series in the present study. Coagulative necrosis of the tumor was observed microscopically on almost the whole cut surface. Although histological examination showed the presence of viable tumor cells at a few focuses, there was no gross tumor progression. HIFU ablation was a successful bridging therapy in this case in which TACE and RFA were not considered acceptable treatment due to the poor liver reserve.

Repeated sessions of HIFU or adjuvant TACE should be performed to enhance the effect of tumor necrosis when liver function allows and the waiting time is prolonged.
Wu et al[31] reported the results of HIFU treatment for 68 patients with liver tumors. Thirty patients subsequently received liver resection. In histological examination, all the lesions showed complete coagulation necrosis.

We recently published the results of HIFU treatment for 49 patients with HCC. The complete ablation rate was comparable to that of RFA, ranging from 79.5% to 82.4%. The complication rate was around 8.2%. The complications were mainly mild skin edema and injury due to energy accumulation at the ultrasound beam pathway. The treatment was well tolerated in most of the patients. The median hospital stay was 4 d[5].

In conclusion, to the best of our knowledge, we are the first liver transplant center investigating HIFU ablation as a bridging therapy before liver transplantation. In this study, HIFU ablation was shown to be an effective thermal ablation method. The treatment stopped gross tumor progression in a patient with severe cirrhosis when TACE and RFA were contraindicated. HIFU treatment can potentially reduce the dropout rate of patients from the transplant waiting list. In a broader sense, HIFU may prolong the survival of selected patients with decompensated cirrhosis for which liver transplantation is not an option.

COMMENTS
Background
The lack of liver grafts in many places, particularly Asia, is the major obstacle to liver transplantation for patients with hepatocellular carcinoma. An effective bridging therapy which is well tolerated by patients with decompensated liver cirrhosis is important and much needed.

Research frontiers
High-intensity focused ultrasound ablation is a relatively new technique which provides a non-invasive treatment for hepatocellular carcinoma. However, its efficacy and safety in candidates of liver transplantation have not been known. In this study, the authors demonstrated that it is an effective treatment modality for liver transplant candidates who have decompensated cirrhosis.

Innovations and breakthroughs
This is the first original study on the effect of high-intensity focused ultrasound ablation as a bridging therapy for liver transplantation. Unlike radiofrequency ablation, high-intensity focused ultrasound ablation does not require any needle puncture and so eliminates the risk of disease dissemination. It can even be performed in patients with gross ascites without the risk of precipitating liver decompensation. In the study, the ablation caused no adhesion. The absence of adhesion renders the subsequent liver transplantation easier.

Applications
With its advantages, safety and efficacy as demonstrated in this study, high-intensity focused ultrasound ablation should be considered as a treatment option for hepatocellular carcinoma. This study already proved that it is a safe and effective bridging therapy before liver transplantation for hepatocellular carcinoma.

Terminology
High-intensity focused ultrasound (HIFU) stands for high-intensity focused ultrasound. HIFU ablation utilizes a unique frequency of ultrasound wave of 0.8 to 3.5 MHz, causing a cavitation effect in the target lesion.

Peer review
The authors studied the effect of high-intensity focused ultrasound ablation on hepatocellular carcinoma performed before liver transplantation. The study demonstrated that high-intensity focused ultrasound ablation is an effective ablation modality which is totally non-invasive. It can effectively reduce the drop-out rate of liver transplant candidates by giving effective control on their tumors. The histological examination of the excised livers provided evidence that necrosis is effective in an in vivo model, which makes this article unique of its kind.
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Figure 1 Locations of patient and control panel to the treatment console. A: The patient was placed in a right lateral position on the treatment console; B: The control panel is located next to the treatment console.
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Figure 2 The tumor nodule shows coagulative necrosis. The necrotic tumor tissue shows a barely preserved architectural pattern and loss of cellular details. HE stain, ×200.
Table 1 Patient demographics
	
	HIFU (n = 10)
	TACE (n = 29)
	P value

	Age (yr)
	59.5 (49-76)
	57 (43-65)
	0.107

	Sex (male : female)
	7 : 3
	24:5
	0.399

	Child-Pugh A disease
	3 (30)
	17 (58.6)
	0.267

	Child-Pugh B disease
	6 (60)
	12 (41.4)
	

	Child-Pugh C disease
	1 (10)
	0
	

	Carrier of hepatitis B virus
	5 (50)
	28 (96.5)
	0.002

	Carrier of hepatitis C virus
	4 (40)
	1 (3.4)
	0.011

	Serum bilirubin (umol/L)
	14.5 (6-36)
	25 (4-49)
	0.074

	Serum albumin (g/dl)
	32 (27-38)
	34 (20-43)
	0.606

	Platelet count (109/L)
	67 (28-166)
	59 (23-144)
	0.688

	Aspartate transaminase (U/L)
	52 (29-141)
	47 (15-104)
	0.440

	Alanine transaminase (U/L)
	44 (26-109)
	36 (9-132)
	0.376

	Alpha-fetoprotein (ng/mL)
	8 (2-160)
	24 (1-1151)
	0.101

	International normalized ratio
	1.25 (0.9-1.5)
	1.3 (1.0-1.5)
	0.960

	Largest tumor size (cm)
	2.6 (1.2-4.0)
	2.0 (0.8-4.3)
	0.252

	Tumor number
	1 (1-2)
	1 (1-3)
	0.172


Data are expressed as absolute numbers (percentage) or median (range). HIFU: High-intensity focused ultrasound; TACE: Transarterial chemoembolization.
Table 2 Patients’ model for end-stage liver disease and Child-Pugh scores
	
	HIFU (n = 10)
	TACE (n = 29)

	MELD score 
(P = 0.687)
	
	

	14
	0
	2

	13
	1
	4

	12
	1
	4

	11
	4
	7

	10
	1
	3

	9
	1
	3

	8
	0
	1

	7
	1
	4

	6
	1
	1

	Child-Pugh score 
(P = 0.096)
	
	

	5
	0
	10

	6
	3
	7

	7
	5
	4

	8
	1
	5

	9
	0
	2

	10
	1
	1


MELD: Model for end-stage liver disease.
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