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Background: To evaluate the feasibility and efficacy of sequential portal vein embolization (PVE) and radiofrequency ablation (RFA) (PVE+RFA) as a minimally invasive variant for associating liver partition and portal vein ligation for staged hepatectomy (ALPPS) stage-1 in treatment of cirrhosis-related hepatocellular carcinoma (HCC).

Methods: For HCC patients with insufficient FLR, right-sided PVE was first performed, followed by percutaneous RFA to the tumor as a means to trigger FLR growth. When the FLR reached a safe level (at least 40%) and the blood biochemistry tests were in good condition, the hepatectomy was performed. FLR dynamic changes and serum biochemical tests were evaluated. Postoperative complications, mortality, intraoperative data and long-term oncological outcome were also recorded.

Results: Seven patients underwent PVE+RFA for FLR growth between March 2016 and December 2019. The median baseline of FLR was 353 ml (28%), which increased to 539 (44%) ml after 8 (7–18) days of this strategy (p < 0.05). The increase of FLR ranged from 40% to 140% (median 47%). Five patients completed hepatectomy. The median interval between PVE+RFA and hepatectomy was 19 (15–27) days. No major morbidity ≥ III of Clavien-Dindo classification or in-hospital mortality occurred. One patient who did not proceed to surgery died within 90 days after discharge. After a median follow-up of 18 (range 3–50) months, five patients were alive.

Conclusion: Sequential PVE+RFA is a feasible and effective strategy for FLR growth prior to extended hepatectomy and may provide a minimally invasive alternative for ALPPS stage-1 for treatment of patients with cirrhosis-related HCC.
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INTRODUCTION

Hepatocellular carcinoma (HCC) ranks as the sixth most common cancer and the fourth cause of cancer-related death worldwide (1). Liver resection remains a potential curative treatment for HCC (2, 3). However, due to the latent nature of HCC, many patients may have developed an advanced disease when first diagnosed. For these patients, one of the main limiting factors for liver resection is the future liver remnant (FLR). Insufficient FLR increases the risk of posthepatectomy liver failure (PHLF), which is a main cause of perioperative mortality. In the normal liver, the minimum of FLR is 25–30%, while in cases of liver cirrhosis, the FLR should be at least 40% to ensure a safe liver resection (4).

To increase the FLR volume and expand the candidates of HCC patients for liver resection, many strategies have been proposed to induce FLR growth, such as portal vein embolization (PVE) or ligation (PVL). Among them, PVE has been regarded as a standard procedure prior to extended liver resection. Unfortunately, PVE results in a slow hypertrophy of the FLR, where a growth of 42–49% can be observed after 4–6 weeks (5). During this waiting period the tumor may progress and metastasize.

In recent years, associating liver partition and portal vein ligation for staged hepatectomy (ALPPS) emerged as a novel strategy for FLR growth before extended liver resection (6). During ALPPS stage-1, one branch of portal vein is ligated (mainly the right one), followed by liver parenchyma transection. This additional procedure for liver partition creates an amazing consequence: it promotes an FLR increase of 47–100% within 6–16 days (7). This interesting clinical phenomenon has sparked enthusiasm and extensive discussion in the hepatobiliary community, but also brings in criticism as its morbidity and mortality are fairly high (8). In the initial reports, the morbidity and mortality were as high as 68 and 12% respectively (9).

To reduce the incidence of perioperative complications and minimize the surgical trauma, plenty of technical variants for classic ALPPS have been proposed. For instance, a technique to use radiofrequency/microwave ablation or tourniquet to virtually split the liver parenchyma during ALPPS stage-1 has been developed and shown to have similar FLR growth as the ALPPS technique (10–12). Other technical variants include hybrid-ALPPS, TIPE-ALPPS and mini-ALPPS, which combine PVE and surgical partition of liver parenchyma for the FLR growth (13). However, these modified techniques still involve significant surgical trauma as they require two laparotomies. This may interfere with the physiologic condition of HCC patients significantly as these patients are often accompanied by cirrhosis with a marginally decompensated liver function. Development of a minimally invasive variant of ALPPS stage-1 that maintains the strengths of ALPPS for rapid liver growth would be of great value for the treatment of HCC patients.

Radiofrequency ablation (RFA) is a minimally invasive, safe and repeatable procedure, commonly used in patients with small HCC. We here propose a strategy to use PVE to substitute for PVL in classic ALPPS stage-1 and sequentially adopt percutaneous RFA for the liver tumor. We assumed that the additional RFA may trigger an inflammatory response, similar to that observed after surgical or virtual liver partition in classic or modified ALPPS stage-1. Such a strategy of sequential PVE+RFA can theoretically reduce the procedure-related morbidity and mortality while maintaining the advantages of classic ALPPS for rapid FLR growth. Therefore, the main aim of this study was to evaluate the feasibility and efficacy of sequential PVE + RFA strategy in induction of FLR growth in treatment of patients with cirrhosis related HCC. Secondly, the procedure related morbidity, mortality and long-term oncological outcome was assessed.



MATERIALS AND METHODS


Study Design

This retrospective study was approved by the Ethics Committee of Southwest Hospital Chongqing, China (No. KY2020178). Due to the property of a retrospective study, no informed consent was waived. Clinical data was retrospectively collected from the Hospital Information System.



Study Subjects

Clinically-diagnosed HCC patients with insufficient FLR (<40%) who underwent sequential PVE + RFA for the purpose of FLR hypertrophy prior to liver resection were enrolled in this study. The patients were in otherwise good condition with no evidence of extrahepatic metastasis during preoperative workup. Patients who had transcatheter arterial chemoembolization were excluded in this study.



Liver Volumetry

Liver volumetry was obtained on the contrast-enhanced computed tomography (CT) imaging. The baseline of total liver volume and FLR volume, as well as their dynamic changes after the procedures, were determined by one researcher with 10 years of experience of abdominal imaging evaluation. The standardized total liver volume (sTLV) was calculated according to the following formula (14):
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The standardized FLR was defined as: FLR volume/sTLV *100%. The FLR volume change was determined by: (FLR Volafter – FLR Vol0)/FLR Vol0 *100%, where FLR Vol0 stands for baseline FLR volume and FLR Volafter the FLR volume after any procedures. It was regarded as a safe level to proceed to the liver resection when the FLR reached at least 40%.



PVE Procedure

For all patients, percutaneous PVE was carried out via a contralateral transhepatic approach routinely. Under local anesthesia, the left branch of the portal vein was punctured under ultrasound (US) guidance. A 5F catheter sheath (RS*A50K10SQ Radifocus Introducer II; Terumo, Japan) together with a 5F Cobra catheter (RF*DB5508M, Terumo, Japan) was introduced in the portal vein with the end of the latter in the superior mesenteric vein to allow a portography. The embolization was performed using a combination of PVA microparticles (Cook Medical, Bloomington, IN) and coils (MWCE-35-14/10/6-NESTER, Nester Embolization Coil, Cook Medical, the U.S). Embolization of each right portal vein branch was carried out using antegrade method until the right portal system was occluded completely. The effect of PVE was checked by portography at the end of the operation. Absorbable gelatin sponge was used to prevent bleeding through the puncture tract when drawing back the catheter sheath and the catheter.



RFA Procedure

Percutaneous RFA was carried out roughly within 3 days after PVE. When performing RFA, the patient was first evaluated by contrast-enhanced ultrasound (CE-US) to determine the location and size of the tumors, as well as the puncture site. Under conscious sedation and local anesthesia, two radiofrequency electrodes (LDDJS3-0200300A, Lide Co. Mianyang, Sichuan, China) were placed into the tumor with in-between tip distance of around 2 cm with the help of US guidance. After each ablation session, the electrodes were withdrawn a little for the next session of ablation. For each ablation session, the time was 6 min, with 3 sessions (18 min) in total. The whole process of liver tissue ablation was monitored by real-time US. When drawing out, the electrodes were heated to coagulate the tissue with an aim to stop bleeding and prevent possible track metastasis (Figure 1).
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FIGURE 1. (A) Contrast-enhanced CT image before sequential portal vein embolization (PVE) + radiofrequency ablation (RFA) (PVE+RFA) shows a 106 mm × 103 mm tumor in the right lobe. The future liver remnant (FLR) (the blue part) was 385 ml (32%). (B) Eight days after PVE+RFA, the FLR had increased to 508 ml (42%) (the blue part). Red arrow shows tumor necrosis induced by RFA. (C) CT image at follow-up 48 days after liver resection shows a continued FLR growth.




Liver Resection

After PVE and RFA, the FLR volume was evaluated roughly every week through contrast-enhanced CT. When the FLR reached a safe level and the general condition of the patients was clinically stable, the tumor resection was performed. The patients were in the supine position and an inverted L-shaped incision was made in the right upper quadrant under general anesthesia. After abdominal cavity exploration, an intraoperative ultrasound exam was conducted to evaluate actual tumor margin. After cholecystectomy had been carried out, the right hepatic pedicle was separated, followed by ligation of the right branch of the portal vein. Intraoperative RFA (Habib 4X, RITA Medical Systems, Inc. CA, the US) was carried out between the FLR and the deportalized liver lobes.

Using a clamp-crushing technique, liver parenchyma was divided between the FLR and the deportalized lobes along the avascular area created by RFA. Liver partition was reached until the front wall of inferior vena cava. Then an endo-GIA linear vascular stapler was adopted to cut and suture the right hepatic pedicle. The deportalized liver lobes were dissected after the right hepatic ligament was detached. The abdominal wall was then closed after placing two silicone tubes for drainage.



Perioperative Morbidity, Mortality and Follow-Up

Postoperative complications were evaluated using the Clavein-Dindo classification system and Grades III, IV and V were defined as major complications (15). Posthepatectomy liver failure (PHLF) was diagnosed according to “50–50” criteria, in which PHLF occurs when prothrombin time is less than 50% and serum bilirubin more than 50 μmol/L on postoperative day 5 or later (16). All deaths during hospitalization were taken into account as mortality, no matter related to the procedures or not.

When discharged, the patients were followed up by the Clinical Research Center monthly during the first 3 months and every 3 months thereafter.



Statistical Analysis

Continuous variables were expressed as median with range, while categorical variables were presented as percentage. Nonparametric Wilcoxon signed-rank test was used to evaluate the FLR increment before and after PVE+RFA, with p < 0.05 regarded as a significant level. The software R (version 4.0.3, R Foundation for Statistical Computing, Vienna, Austria) was used to perform the statistical analysis.




RESULTS

Seven patients underwent sequential RFA +PVE for FLR growth prior to hepatectomy between March 2016 and December 2019. Of them, six patients were male and one female. The median age was 53 years (range 22–68). All patients had a history of HBV-related hepatitis and five had developed cirrhosis. Child-Pugh Grade A (5–6) scores was observed in all patients. The median rate of ICG-R15 was 3% (range 1–11%). Table 1 illustrates the detailed baseline information of the seven patients.


Table 1. Basic information of the patients.
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All patients were clinically diagnosed as HCC. Five patients had single tumor in the right lobe and two patients had multiple tumors. The median diameter of the tumors was 84 mm (range from 54 to 128 mm). One patient had a tumor thrombus in both the portal vein and the hepatic vein. No patient showed lymph nodes or extrahepatic metastasis in the admission workup (Table 2).


Table 2. Tumor characteristics.

[image: Table 2]


Dynamic Volume Changes of FLR

The baseline FLR volume was 353 ml (258–399 ml), accounting for 28% (21–32%) of sTLV. A median of 8 days (range 7–18) after PVE+RFA, the FLR increased to a median of 508 ml (422–585 ml), with a corresponding FLR of 42% (35–48%, p < 0.05) (Figure 2). Prior to the liver surgery, the FLR volume of the five patients who proceeded to hepatectomy was 539 ml (507–620 ml) with a corresponding sTLV percentage of 44% (41–51%) (p = 0.06). The FLR increase ranged from 40 to 140% (median 47%) (Table 3).


[image: Figure 2]
FIGURE 2. The volume of the future liver remnant in % of standardized total liver volume (sTLV), before and after sequential portal vein embolization (PVE) and radiofrequency ablation (RFA) (PVE+RFA) (p < 0.05).



Table 3. FLR changes before and after PVE+RFA.

[image: Table 3]

The median interval between PVE and RFA was 3 days (ranging from 0 to 13 days). In two patients the procedure of RFA had to be postponed for 6 and 13 days after PVE due to low fever or abnormal liver function respectively. It is of note to point out that in these two patients, the initial FLR growth rate after PVE was low (31% and 8%, respectively), but then increased to 72 and 32% respectively after RFA was performed. The median interval from the PVE+RFA to hepatectomy was 19 days with a range from 15 to 27 days (Table 3).



Complications and Mortality

No in-hospital death occurred. After the procedure of PVE+RFA, three patients experienced six adverse events with transient fever (less than 38.0°C) (n = 3), pleural effusion (n = 1), hypoalbuminemia (n = 1) and hyperbilirubinemia (n = 1). Among the five cases with hepatectomy, one patient developed pulmonary infection and one experienced abdominal infection; both recovered after conservative treatment (Clavien-Dindo classification < IIIb). No PHLF occurred after liver resection. The changes in liver function related indices during the perioperative period are demonstrated in Supplementary Table 1.

Two patients did not proceed to the hepatectomy: one patient experienced a persistently abnormal liver function (not reaching the definition of PHLF) and therefore received another palliative RFA. His FLR had increased to 42% at discharge. The other patient refused any further treatments after PVE+RFA, albeit the FLR had reached a safe level (46%).



Intraoperative Data

Five patients eventually underwent liver resection (71%, 5/7). During the liver surgery, the median blood loss was 400 ml (300–600 ml), with 2 U (400 ml) of red blood cells transfused in one case. The median operative time was 310 min (290–360 min) (Table 4). Right hemihepatectomy was performed in four patients, extended hemihepatectomy in one patient. All patients underwent R0 resection with 1.0 cm negative margin. The pathologic exam for the resected lesion indicated that four patients had HCC and one had a mixture of HCC and cholangiocarcinoma (Table 2).


Table 4. PVE+RFA and liver resection related information.
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Follow-Up and Oncological Outcome

The median overall survival (OS) for the seven patients was 18 months (range 3–50 months) as of the last follow-up in May 2020 and the survival rate was 71% (5/7). One patient who refused hepatectomy died within 90 days after discharge. The other patient developed multiple intrahepatic recurrence 11 months after liver resection and died 7 months later (18 months after liver resection). The median disease-free survival (DFS) was 12 months (range 3–50 months) after RFA procedure and 11 months (range 2–50 months) after liver resection.




DISCUSSION

The present study demonstrated that sequential PVE + RFA was a feasible and effective strategy to trigger FLR growth. Its efficacy for promoting FLR growth is comparable to that in classic ALPPS stage-1 in patients with HBV-related HCC (4, 17), despite being minimally invasive. To the best of our knowledge, this is the first report of using sequential PVE+RFA strategy for FLR growth before liver resection.

Up to date, the mechanism underlying ALPPS for introducing a rapid liver growth is not well established. The pathophysiologic alteration after ALPPS stage-1 includes the hemodynamic changes after portal vein occlusion and the regional surgical trauma during liver parenchyma transection, while the occluded deportalized liver serves as an auxiliary liver during the interval period (18). The rapid liver growth might be explained by an exclusive transport of inflammatory factors caused by the liver transection, along with various nutrients from the portal vein system, into the FLR through the non-occluded portal vein branch.

In fact, previous studies have illustrated the vital role of inflammatory factors in triggering liver growth. In an animal study, Schlegel et al. demonstrated that injection of plasma from ALPPS-treated mice into mice after PVL only created a same effect on FLR growth as after ALPPS. Unexpectedly, RFA on lung, spleen or kidney in mice after PVL can also produce a comparable FLR growth (19). This implies that certain cytokines or growth factors caused by surgical trauma or ablation could play a crucial role in liver regeneration after ALPPS. In the level of clinical practice, a study illustrated that partial transection of liver parenchyma (50–80%) in ALPPS stage-1 promoted comparable FLR growth as in classic ALPPS (100% liver transection) (20). That study further supports the inflammatory reaction is of importance for FLR growth in ALPPS, rather than liver parenchyma partition.

Based on these studies and assumptions, we postulated that using PVE to substitute for PVL along with percutaneous RFA for tumor to stimulate an inflammatory reaction may achieve the same effect of FLR growth as in classic ALPPS stage-1. The results of this study support this assumption, in which a median FLR increase of 47% was observed. This is comparable to other studies in HCC patient population (17, 21). It should be noted that percutaneous RFA in this strategy is not performed for the purpose of complete ablation of the tumors, therefore large tumors (>5 cm) or multiple tumors are also amenable for ablation.

The advantages of sequential PVE + RFA strategy in treatment of cirrhosis-related HCC with insufficient FLR are obvious: (1) two open, large and complex operations in classic ALPPS are limited to a single surgery, reducing both the surgical trauma and the patient's physical and psychological burden. (2) by avoiding the initial liver partition the corresponding complications between stage 1 and 2 are avoided. This is of great value, as initial research of ALPPS reported biliary leakage and resultant peritoneal infection caused by liver partition to be the main reasons for morbidity and mortality (18). In the present study no patients developed major complications. (3) as no manipulation on the liver is performed prior to hemihepatectomy, development of adhesions in the peritoneal cavity can be avoided; (4) with no manipulation on the tumor-bearing lobes the risk of tumor spread may decrease, (5) cauterization of the tumor can result in tumor necrosis. This will shrink the tumor size and might facilitate liver resection, especially in the case of huge liver tumor.

A similar strategy for the growth of insufficient FLR was proposed by Hong et al. (22), where percutaneous microwave ablation (MWA) and PVE were performed sequentially to minimize the trauma of classic ALPPS stage-1. They coined it as PALPP (percutaneous microwave ablation liver partition and portal vein embolization) (22). In that case report on a patient with hepatitis virus related HCC, PALPP yielded an FLR increase of 41% after 13 days. The same group later reported another PALPP case with an FLR increase of 50% (23). Those outcomes are similar to our results. The main difference between PALPP and sequential PVE + RFA is the ablated site: at PALPP the future resection plane is ablated while at PVE+RFA it is the tumor. Considering that they may have a similar effect for FLR growth, cauterization for the tumor seems more reasonable. Another practical issue of PALPP is that the technique of performing RFA to create an avascular area is difficult. The requirement of proficient surgical skills and the risk of middle hepatic vein damage may hamper a wide application of PALPP in clinical practice. Another research adopted a similar strategy as ours by using PVE first, followed by MWA for FLR growth, but using MWA for future resection plane (24). The median FLR growth rate in the included three cases was 45%, and no severe complications occurred (Table 5A). Regarding basic research, until now only two animal studies have investigated the strategy of PVE + RFA/MWA. One proved the feasibility of this approach in a porcine model (25) and the other in a rabbit model (26) (Table 5B). Future clinical and experimental research is urgently required to explore the underlying mechanism of the strategy of PVE+RFA.


Table 5. Summary of studies about the strategy combining PVE and RFA/MWA for FLR growth.
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In recent years, another strategy with the same aims of PVE+RFA have also been proposed, such as PVE with hepatic vein embolization (HVE) (27, 28). Alternative names are biembolization or liver venous deprivation (LVD) (27, 28). It can be sequentially or concurrently performed. Although initial studies have shown that PVE+HVE is a safe and feasible strategy, HVE is a complex and delicate procedure which should be performed by experienced interventional surgeons. By contrast, percutaneous RFA is a simple, minimally invasive and repeatable procedure, widely-used in clinical practice. The FLR increment in the two strategies (PVE+HVE vs. PVE + percutaneous RFA) is comparable, where PVE+HVE has resulted in a growth ranging between 41 to 44% (29, 30), while we report a 47% growth after PVE+RFA. However, the studies are small and future studies are warranted to compare the morbidity and efficacy between PVE+ RFA and PVE+HVE.

In this case series, there were two patients who did not complete the liver resection. One patient refused to receive any treatment after PVE+RFA, despite the FLR had increased to a sufficient size. This patient died within 90-day after discharge. For the other patient, the FLR also increased to a safe level after a waiting time of 19 days, but the liver function was continuously in the abnormal range. It was therefore decided to abandon the curative hepatectomy strategy. The patient underwent palliative RFA and other palliative care. Out of expectations, he survived as of the last follow-up (43 months after discharge).

There are some limitations to be acknowledged in this study. To begin with, there was no control group, making a direct comparison of efficacy between PVE+RFA and PVE alone impossible. However, the FLR increase after PVE among cirrhosis patients has been reported to be between 24 and 38% during a median of 36 days (31), which is inferior to our results. Still, prospective, controlled trials are required to verify the efficacy of sequential PVE+RFA. Secondly, this study is also limited by the patient number. Future studies with larger sample size and diverse indications (e.g. early-stage HCC with normal liver parenchyma) are needed to confirm our successful treatment rate and the long-term oncological outcome. Thirdly, the effect of PVE+RFA on the liver tumor remains unclear. The same uncertainty can also be seen in classic ALPPS or its variants. Until now the long-term oncological outcome of classic ALPPS is not well-established. Thorough, well-designed basic research is required to explore the microenvironment of the deportalized lobes after ALPPS step-1 or PVE+RFA. Fourth, the order of the procedures in PALPP and PVE+RFA differs. Whether this order affects the oncologic outcome of the HCC patient, and which one should be performed first needs more studies. Lastly, we did not make a comparison between PVE+RFA and classic ALPPS, RFA-assisted ALPPS, or any of the other ALPPS variants involving PVE, such as mini-ALPPS, hybrid-ALPPS or TIPE-ALPPS.



CONCLUSIONS

To sum up, sequential PVE + RFA seems to be a safe and efficient approach to induce growth of FLR in the treatment of cirrhosis-related HCC.
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