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Abstract: 
 
Liver cancer is an aggressive tumour and often presents late during the natural course 
of progression. In spite of advancements in the medical sciences, liver cancer has still 
remained recalcitrant to treatment. The exclusive treatment approach with curative 
intents is the resection of hepatic tumour if the disease gets diagnosed in an early stage. 
Nonetheless, better survival has also been observed following surgical resection in 
advanced stages, particularly for those who were not found to be apt for other 
treatment options by virtue of the extent of disease. The main purpose of surgical 
resections is to achieve complete oncological clearance; however, despite all 
endeavours, only 10-15% of newly diagnosed patients get a surgical resection. 
Additionally, in the case of hepatocellular carcinoma micro-metastasis beyond tumour 
margin and satellitosis are important attributes influencing the patient survival 
following resection. Five-year recurrence of up to 70% has been reported following 
curative resection with observed 5-year survival between 47% to 53% for early and 
small size tumours (<3 cm).  

Insofar, various kinds of hepatic resection devices have been evolved to facilitate 
hepatic tumour resection and are compared with the gold standard methodology of 
hepatic resection, the clamp-crush (CC) technique. The notable factors outlined in the 
literature that influence post-hepatic tumour resection outcomes are negatively 
influenced by the amount of bleeding, higher requirement for blood transfusions, bile 
leak and hepatic insufficiency. However, the questions as to the clinical benefits of 
one device over another in terms of minimal blood loss, reduction in transfusion 
requirement and postoperative complications and survival remain unanswered.  

The first paper in the index thesis includes a single-arm study assessing clinical 
outcomes following radiofrequency (RF) based liver resection and has been 
comparing it with the existing literature. The findings of the data analysis supports that 
RF-based device is a suitable and safe device for bloodless hepatic resection with 
acceptable perioperative morbidity and mortality when compared with contemporary 
literature. However, findings were limited from being a retrospective single centre 
study with no comparative group. Thus, a meta-analysis has been performed to 
evaluate RF-based liver resection device in comparison to the standard technique CC. 
The findings included lower blood loss with fewer patients requiring blood transfusion 
when hepatic resection was performed with RF-based devices with equivalent 
morbidity and mortality.	 
The third study was to compare two contemporary liver resection devices. Here, 
retrospective data analysis was done to determine the survival benefits and other peri-
operative outcomes following liver resection through a direct comparison of  RF-based 
device with Cavitron Ultrasonic Surgical Aspirator (CUSA). The study has 
demonstrated significant improvement in disease free survival and tumour recurrence 
have been reported with the RF-based device. Alongside, a significant reduction in all 
other parameters, including blood loss, blood transfusion and need for inflow 
occlusion during liver resection surgeries with the RF-based device as compared to 
CUSA.  
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The survival benefits observed following resection of hepatic tumour with RF-based 
device might be owing to the reinstatement of anti-tumour immune response following 
the application of RF energy. The assumption has been derived through the analysis 
of recent publications that demonstrated immunological changes following application 
of RF energy over hepatic tumour nodules. 

In order to prove this assumption, a fourth study was undertaken to understand changes 
in the serum inflammatory [neutrophil-lymphocyte-ration (NLR) and platelet-
lymphocyte-ration (PLR)] and immunological parameters following radiofrequency 
ablation (RFA) or non RF-based liver resection. The study highlighted that a decrease 
in NLR, PLR and CD39+CD4+ T cells expression not only reciprocates with systemic 
inflammation and anti-tumour immune status but also act as an explicit marker for 
improved survival in liver cancer patients. 

The final study was performed to assess the changes in pre and post-liver resection 
levels of immunological parameters (cellular subtypes and cytokines) comparing the 
RF-based liver resection device with CUSA. Here significant changes in anti-tumour 
immune cells and cytokine levels were observed following liver resection with RF-
based device and together with the analysis of contemporary literature revealed its 
favourable implications on survival and recurrences.  

Taken together, the above findings are suggestive of the need for modification in the 
current practice and incorporation of RF-based liver resection as the primary surgical 
technique for the management of very early and early HCC cancers. Moreover, the 
proof of concept suggests that positive immunomodulatory changes observed 
following RF-based liver resection can enhance the activity of checkpoint inhibitors. 
Hence, the synergism of RF-based liver resection along with checkpoint inhibitors 
does  not only remove tumour tissue but also helps in re-establishing anti-tumour 
immunity which might further aid in improving survival and preventing recurrences. 
Future studies are required to better understand the applicability of RF-based liver 
resection with checkpoint inhibitors in liver cancers. 
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Chapter 1- Introduction, epidemiology and risk factors for liver cancer 

1.1 Introduction and epidemiology of liver cancer: 

The primary liver tumours comprise mainly of hepatocellular carcinoma (HCC) 

followed by cholangiocarcinoma, fibrolamellar carcinoma, mixed 

hepatocholangiocarcinoma, hepatoblastoma and mesenchymal liver cancers [1–3]. In 

spite of advances made in diagnostic and therapeutic techniques, the survival of these 

patients has not substantially improved. Based on Global Cancer Observatory 2018 

database, HCC is the sixth most commonly encountered malignancy with an 

approximate annual incidence of 841,000 and the fourth leading cause of all cancer-

related deaths [4].  

 

Secondary or metastatic liver tumours are more common than primary and constitute 

95% of all hepatic cancers [5,6]. The pathophysiology of liver metastases can be 

explained via two mechanisms. Firstly, the dual blood supply to the hepatic 

parenchyma via the portal vein and hepatic artery could heighten the likelihood of 

metastatic spread. Moreover, fenestrations within the sinusoidal lining epithelium of 

hepatic vessels permit transmigration of malignant cells to the hepatic parenchyma [7]. 

 

1.2 Risk factors: 

1.2.1 Risk factors for hepatocellular carcinoma: 

The most notable risk factors for the development of HCC include chronic hepatitis B 

& C infection, cirrhosis, alcohol, obesity, non-alcoholic fatty liver disease, aflatoxin 

B1, hemochromatosis and Wilson’s disease [8,9].  About 40% of cases in developed 

nations are owing to hepatitis B (HBV) or hepatitis C (HCV) infection. The risk is 

estimated to be 20 times higher in the population with HBV and/or HCV infection 

following the development of cirrhosis; however, cancer can also unfold in the absence 

of cirrhosis [10–13]. The cancer occurrence is highest in the elderly population of age 

85-89 years which could be attributed to the accumulation of the damaged 

deoxyribonucleic acid (DNA) resulting from a cumulative effect of ageing and 

exposure to the risk factors. Further, it leads to the genesis of inflammatory tumour 

microenvironment, which lowers anti-tumour immunity and gives rise to malignant 

cells [14,15]. 
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1.2.2 Risk factors for secondary liver tumours: 

The secondary tumours are mostly metastatic and commonly originate through 

primaries from colon, rectum, breast, lung, pancreas, etc. Almost 50% of patients with 

a diagnosis of colorectal cancer have liver metastasis at the time of the first 

presentation or during follow-up [16]. 

 

Surgical resection is the recommended treatment modality for colorectal liver 

metastasis; however, only 10-15% of patients are deemed suitable. The post tumour 

resection 5-year survival has been 40-50% with a cure rate of 20%. On the contrary, 

the median survival was 5-10 months in the historical non-resected cohorts [17–20]. 
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Chapter 2 Management of liver tumours 

2.1 Introduction: 

HCC is an aggressive tumour, which usually develops over the hostile and 

inflammatory background of chronic liver disease (cirrhosis) and is often diagnosed 

belatedly during its natural course of progression.  The treatment of liver cancer is 

primarily determined on the basis of tumour stage, underlying liver function and 

overall functional status of the patient. One of the potentially curative treatment 

options for early-stage tumours is hepatic resection; however, studies have also 

outlined better survival for patients with advanced disease patients who underwent 

major hepatic resection because they were adjudicated not suitable for other treatments 

options owing to the extent of disease. On this account, hepatectomy should be 

recommended within bounds of possibility for tumour negative resection for the 

advanced stage primary or metastatic liver cancers [21]. 

 

The optimum decision regarding surgical resection is usually made following 

contemplation of various attributes like the extent of cancer, applicability and ability 

to tolerate treatment, functional status of liver and overall functional status of the 

patient. Advancement in the surgical sciences through the development of novel 

devices for liver resection and non-surgical technique, including radiofrequency 

ablation (RFA), trans-arterial chemoembolization (TACE), chemotherapy, and 

immunotherapy have ushered a conspicuous impact on the management of liver cancer 

patients [22,23].  

 

2.2 Staging system and management guidelines: 

The approach towards the management of HCC patients is outlined in a number of 

staging systems, for example the Barcelona Clinic Liver Cancer (BCLC), the Cancer 

of the Liver Italian Program, Japanese Integrated Staging and the Hong Kong Liver 

Cancer staging system [24,25]. 

 

The BCLC is the most common, externally validated staging system and presides over 

other alternative variants. Here, HCC patients are placed into one of the five categories 

(very early, early, intermediate, advanced and terminal) depending on tumour size, 
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number of nodules, portal invasion, lymph nodes status, metastasis, performance 

status, and underlying liver dysfunction to determine treatment and survival [26] 

(Figure 1). The performance status of the patient is evaluated through the Eastern 

Cooperative Oncology Group scoring which assesses progression of the disease, daily 

living abilities and ascertains congruent management [27].  

 

Similarly, the most widely accepted systems to quantify hepatic functioning are the 

Child-Turcotte- Pugh classification (CTP) and model for end-stage liver disease 

(MELD), albeit other measures including Albumin-Bilirubin (ALBI) score, 

Indocyanine green (ICG) clearance test, scintigraphy based on 99mTc 

diethylenetriamine-pentaacetic-acid (GSA) are increasingly getting incorporated [28].    

Patients with very early-stage HCC [BCLC 0] and early-stage [BCLC A] have a 

solitary lesion or up to three nodules that are less than 3 cm in diameter (with no 

macrovascular invasion or extrahepatic spread) and preserved liver function (CTP 

class A or MELD score <10). Patients with intermediate-stage HCC [BCLC B] have 

large, multifocal tumours with no vascular invasion or expansion beyond liver. If liver 

function is preserved, these patients could be candidates for transarterial 

chemoembolization. Patients with advanced-stage disease [BCLC C] have one or more 

of the following features: extent of the tumour beyond liver, vascular invasion, and 

mild cancer-related symptoms [ECOG performance status grades 1-2]. BCLC D 

patients have end-stage liver disease with poor functioning or marked cancer-related 

symptoms [ECOG performance status grades >2]; nevertheless, such patients are also 

not deemed suitable for transplantation owing to dismal prognosis and receive the best 

supportive care [29].  

Therapeutic options with intent to treat must be rendered to all eligible liver cancer 

patients. Among patients presenting at a very early or early stage should be considered 

for various potentially curative options such as radiofrequency ablation, surgical 

resection and liver transplantation. Hepatic resection is the best possible treatment 

option for HCC patients drawn within the criterion of resection, with improved 

survival and without any increased risk of severe complications [30–32]. Even though 

surgical resection is the mainstay of therapy, the majority of patients are not fitting 

into criterion owing to delayed presentation, tumour location and deplorable liver 
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function. Further, HCC patients with non-resectable tumours falling within the 

purview of Milan’s criteria should be considered for liver transplantation because of 

improved disease-free survival (DFS) and decreased remission. Patients deemed 

suitable for liver transplantation have apparently unresectable disease secondary to 

poor liver functioning rather than the extent of tumours, although such a proposition 

is equally dependent on the availability of organ.  The shortage of organs not only 

prolongs the waiting period but also worsen disease, thus, rendering such patient 

unsuitable for transplantation [33,34]. 

 

During the evaluation of resectability of liver tumours, the following determinants are 

taken into account to ascertain the complete removal of cancer: the extent of disease; 

size and location of tumour and underlying hepatic function as the preservation of non- 

cancerous liver parenchyma is associated with decreased morbidity and mortality. The 

tumour size or multifocality should not be considered as a contraindication to hepatic 

resection; although, they do worsen the odds of vascular invasion and dissemination 

[35,36]. 

 

Despite all endeavours, only half of the initially considered to be surgically resectable 

liver tumours have been found to be suitable for surgery, hence merely 10-15% of 

newly diagnosed patients had a surgical resection. The basic goal of surgical resection 

is to achieve complete oncological clearance; nevertheless, resection of large liver 

parenchyma heightens the risks of procedure-specific complications, increases 

perioperative morbidity and diminishes the disease specific survival rates [37,38]. 

 

The liver resection surgery was first undertaken using the clamp-crush (CC) technique 

and is still considered as a gold standard technique for hepatic parenchymal 

transection; though, the post-surgery outcomes are negatively influenced by bleeding, 

increased requirement for blood transfusion, bile leak, hepatic insufficiency and 

escalated peri-post operative morbidity and mortality [39–41]. 
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Figure 1: Barcelona Clinic Liver Cancer staging system with management strategy 
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2.3 Factors influencing the outcomes following liver resection: 

The introduction of newer liver resection devices and the development of different 

hepatic resection strategies have opened a new dimension in the surgical management 

of HCC patients. However, liver resection surgeries are still considered as a 

challenging and perilous procedure because of unenviable postoperative 

complications, including morbidity and mortality of 40% and 5% respectively [42,43]. 

The factors which directly influence the postoperative outcomes of liver resection are 

outlined in Table 1.  

Table 1: Factors influencing postoperative outcomes following hepatic resection 

 

a) Increased blood loss and transfusion requirement: 

Increased blood loss and blood transfusions cause greater postoperative complications 

leading to the heightened risk of bile leak, post-hepatectomy liver failure (PHLF), 

symptomatic collection, abscess, prolonged intensive care, reduced survival, increased 

incidence of recurrence and death [44–47]. Numerous studies have demonstrated the 

negative consequences of the increased intra-operative bleeding and blood transfusion 

during liver resection and noteworthiness of reduced blood loss in minimizing the 

morbidity and mortality [48–52].  

 

Poon et al. (2004) studied the impact of blood loss during hepatectomy through the 

analysis of a database of 1222 patients. The group with median intraoperative blood 

Increase blood loss 

Blood transfusion 

Underlying liver status 

Hepatic function 

Child Pugh Turcot score 

Inadequate future liver remnant (FLR) 

Extended liver resection 
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loss and blood transfusion requirement of 1450 mL and 68% respectively had 

morbidity and mortality of 37.0% and 7.5% respectively. This was in contrast to the 

other group with lower median blood loss (750 mL) and blood transfusion necessity 

(17%), which had reduced morbidity and mortality of 30.0% and 3.7%, respectively 

[53].  

 

The observation is further supported by a study from Yang et al. (2011), which 

mentioned increased bleeding (800 mL) during hepatectomy as an independent high-

risk determinant for perioperative morbidity [54]. Additionally, various studies have 

reported that higher perioperative blood transfusion can undermine the oncological 

outcomes and increase tumour recurrence following hepatectomy in liver cancer 

patients [45,49,55-57]. 

 

The importance of minimizing perioperative blood loss and transfusion has been well 

acknowledged, and diverse kind of introductions have been made in terms of 

modification of surgical techniques and the invention of different resection devices to 

curtail haemorrhage whilst transection of hepatic parenchyma.  

 

This could be attained through the reduction of central venous pressure or judicious 

use of hepatic vascular inflow occlusion technique or Pringle manoeuvre [58,59]. The 

later has got limited applicability in HCC patients with underlying cirrhosis owing to 

the increased risk of ischemic reperfusion (I/R) injury and ineptness in averting the 

back-flow of blood through hepatic veins which could further enhance the catastrophe 

of (I/R) [60]. In addition, a meta-analysis involving eight randomized studies and 558 

patients was conducted by Rahbari et al. (2008) [61]. The authors concluded that the 

routine application of portal triad clamping carries no added benefit over no inflow 

occlusion and should be practiced with caution.  

 

 b) Condition of hepatic parenchyma: 

A multitude of studies have outlined the importance of liver parenchyma preservation, 

functioning of the liver remnant and limiting haemorrhage in ameliorating the 

postoperative morbidity and mortality in liver cancer patients [26,62,63]. The 
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functional status of hepatic parenchyma is one of the prime determinants of the 

regenerative capacity of the liver. All forms of hepatic parenchymal injuries extending 

from steatosis, steatohepatitis to cirrhosis are associated with reduced regenerative 

capacity and worse postoperative outcomes [64–66]. The complications following 

hepatic resection in cirrhotic livers’ endanger life with a mortality of 30% [67,68].  

 

Hepatic resection in jaundiced patients is a high risk procedure owing to cholestasis-

induced ischemia/reperfusion injury and reduced antioxidant levels leading to 

enhanced inflammatory response and increased morbidity [69]. Further, with regard 

to colorectal liver metastasis (CRLM), prolonged duration of neoadjuvant systemic 

chemotherapy incites steatohepatitis, which would imperil the post-hepatectomy 

outcomes and pose significant rise in the mortality [70,71].  

 

c) Future liver remnant: 

The incidence and severity of PHLF could be minimized by avoiding extensive liver 

resection as the volume and condition of the remaining liver i.e. the Future liver 

remnant (FLR), ascertains the regenerative capacity and potential to preserve optimum 

physiologic function. FLR is a stand-in term for the volume and functioning of the 

remnant liver for envisaging PHLF and other postoperative complications that is 

contingent on the degree of liver dysfunction. Studies have shown that liver resection 

should be directed towards the preservation of maximum liver parenchyma 

irrespective of surgical resection type i.e. anatomical or non-anatomical [72,73]. 

The minimum required volume of the liver remnant must allow adequate vascular 

inflow, outflow and biliary drainage in contiguous segments. With the intent to limit 

PHLF and other complications, various studies have recommended a safe limit of FLR 

≥20% in normal functioning liver, ≥30% in chemotherapy-treated patients and ≥40% 

in cirrhotic patients [71,74,75].  

 

d) Preoperative liver function: 

Preoperative liver function determines the suitability of patients for hepatic resection 

and quantifies the incidence and severity of PHLF. Various traditional laboratory tests 
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including albumin, bilirubin, creatinine, prothrombin time/international normalized 

ratio (PT/INR), alkaline phosphatase (ALP), transaminases are incorporated in scoring 

 

Table 2: Common liver function assessment system to stratify patients for liver surgery 

Abbreviations: INR: International normalized ratio; MELD: Model for end-stage liver 
disease 
 

 

systems such as the Child-Turcotte-Pugh or MELD to evaluate the suitability for 

hepatic resection and predicting the complications [76,77]  (Table 2).  

 

e) Estimation of functional hepatic reserve: 

The most advanced and dynamic ways to assess the functioning of the liver are 

Indocyanine green (ICG) clearance test and scintigraphy based on 99mTc 

diethylenetriamine-pentaacetic-acid galactosyl serum albumin (GSA) [78]. 

 

Scoring 
system 

                                                           Attributes  

 
Child-
Turcotte-
Pugh  

          Parameters         Point distribution           Score                                     

      1     2      3 Class A= 5-6 
Class B= 7-9 
Class C= 10-15 Bilirubin (mg/dL)     <2   2-3    >3 

Albumin (g/dL)    >3.5  2.8-3.5  <2.8 

Prothrombin time 
prolongation (sec) 
or 
INR (international 
normalized ratio) 

   <4 
 
  <1.7 

  4-6 
 
1.7-2.3 

  >6 
 
>2.3 

Ascites None Mild/ 
moderate 

Severe 

Encephalopathy 
(grade) 

None   1-2   3-4 

MELD                                            Parameters          
              6-40 

Bilirubin (mg/dL)            INR Creatinine 
(mg/dL) 

3.8 × loge(bilirubin [μM]) + 11.2 × loge(INR) + 9.6 × loge 
(creatinine [μM]) − 53.77  
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ICG is a water-soluble cyanine dye that adheres to plasma proteins and is cleared by 

the functioning hepatic parenchyma. The rate of clearance of ICG from plasma at 15 

minutes acts as an indicator of underlying liver function and correlates with 

postoperative morbidity [79,80]. Studies suggest that levels greater than 14% of ICG 

are associated with the heightened risk for post-hepatectomy morbidity and mortality. 

Hence, liver cancer patients with normal bilirubin and without ascites can be subjected 

to extensive liver resection provided the ICG clearance rate is under 10% [80,81]. 

 

2.4 Liver resection devices: 

According to the oncological principle of hepatic resection, the tumour negative 

margin should be achieved along with the preservation of adequate functioning liver. 

A number of devices have been evolved to facilitate hepatic tumour resection whilst 

preserving maximum residual liver volume and ensuring negative oncological margins 

to improve postoperative outcomes. The most notable ones’ are CUSA (Cavitron 

Ultrasonic Surgical Aspirator), radiofrequency (RF) based liver resection device 

Habib-4X (Angiodynamics Inc., Latham, NY, USA), Harmonic Scalpel (Ethicon 

Endo-Surgery, Cincinnati, OH, USA), Ligasure (Valley Lab, Tyco Healthcare, 

Boulder, CO, USA), TissueLink (Salient Surgical Technologies, Portsmouth, NH, 

USA), water-jet dissection device, microwave-based resection devices and vascular 

staplers [82]. However, the questions related to the clinical benefits of one device over 

another are still outstanding.  

2.4.1 Principle of RF-based liver resection device and understanding of surgical 

technique: 

RF-based devices utilize radiofrequency energy to generate heat which produces 

coagulative necrosis over normal liver parenchyma and creates a resection margin 

around the tumour. The zone of coagulative necrosis helps in sealing the blood vessels 

feeding tumour/s and bile ducts, hence minimizing the blood loss and limiting the 

requisite for the Pringle manoeuvre and transfusion. This principle was the foundation 

for the invention of an RF-based liver resection device [83,84]. 
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2.5 Requirement for studies: 

The wealth of literature available on the liver resection devices and techniques 

suggests that haemorrhage and the necessity of blood transfusions are the matter of 

prime concern during liver surgery. Moreover, they are the foremost in influencing the 

incidence and magnitude of postoperative morbidity, recurrences, survival and 

mortality [40,85,86]. The 5-yr recurrence of HCC has been observed in up to 70% of 

cases following curative resection and 5-yr survival for early, small tumours of size 

<3 cm has been reported between 47% to 53% [87–89]. In the last two decades, several 

liver resection devices have been brought into the surgical practice to target the 

Achilles’ heel of post liver resection complications and ease the technical challenges 

faced during surgery. However, the choice of device that curtails the blood loss, 

diminishes transfusion requirement and reduce postoperative complication has 

remained an issue of debate until now.  

 

First paper included in the index thesis was a single-arm study assessing clinical 

outcomes following RF-based liver resection and had been compared with the 

contemporary literature [90]. The role of RF-based liver resection was further 

evaluated in a second paper; here meta-analysis was performed with available 

literature comparing with the gold standard liver resection technique Clamp-Crush 

[91]. Further, the third paper compared the survival and recurrences between the two 

contemporary devices RF-based device with Cavitron Ultrasonic Surgical Aspirator 

(CUSA) in addition to other outcomes following liver resection through [92].  

 

Recent studies have demonstrated befitting immunological changes following RF 

energy application which aids in reinstating the anti-tumour immunity back to 

normalcy in addition to the destruction of tumour cells [93,94]. The above knowledge 

has helped in contemplating the fourth paper to comprehend changes in the serum 

inflammatory and immunological parameters following RFA or non RF-based liver 

resection [95]. Additionally, more evidence for radiofrequency induced 

immunomodulation has been obtained through the direct comparison of RF-based 

liver resection device with another modern liver resection technique using CUSA [96].  
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Chapter 3 Evaluation of surgical devices and techniques in hepatic cancer 

Post liver resection outcomes are determined by tumour negative margin and FLR. 

Additionally, survival and recurrence are also influenced by intraoperative blood loss, 

transfusion and need for inflow occlusion. The modern surgical practice is bestowed 

with several liver resection devices; however, data to support the usefulness of one 

device over other is limited.  

 3.1.1 Study 1 (Appendix 1): Reccia I, Kumar J, Kussano T, Giakoustidis A, 

Zanellato A, Retsas P, Habib N, Jiao L, Duncan S, Pai M. Radiofrequency-

assisted liver resection: technique and results Surgical Oncology. 2018:27(3):415-

20 [90]. 

The index study was conducted at Hammersmith Hospital, Imperial College London, 

through analysis of retrospective data of liver cancer patients following liver resection 

by RF-based device. 

3.1.2 Material and methods: 

Data of 857 patients following hepatic resection for different liver tumour was 

analyzed to assess the incidence of perioperative outcomes including amount of blood 

loss, transfusion requirement, post- hepatectomy liver failure (PHLF), bile leak, 

symptomatic collection, pleural effusion necessitating intervention, thoracic 

empyema, hospital-acquired pneumonia, intensive therapeutic unit (ITU) admission 

and mortality.  

 

The term PHLF refers to one of the most serious complications occurring in 10% of 

major liver resections. The International Study Group of Liver Surgery (ISGLS) 

defines PHLF as “a post hepatic resection deterioration in the ability of the liver to 

maintain its synthetic, excretory, and detoxifying functions, which is characterized by 

an increased INR and concomitant hyperbilirubinemia on or after postoperative day 

5” [97].  

 

Symptomatic intra-abdominal collection is defined as any postoperative collection 

which needs radiological intervention or surgical drain placement onto which patient 
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is discharged from hospital [98,99]. Bile leakage is one of the frequent complications 

encountered following liver resections, with a reported incidence ranging between 

3.6% to 12%. The ISGLS defines bile leak based on the concentration of bile in the 

intraabdominal fluid, which should be ≥ 3 times the serum bilirubin concentration at 

or after postoperative day two [100].  Postoperative, 30-day mortality is used to report 

death directly related to hepatic resection [101–103].  

 

3.1.3 Results and implications: 

The resection phase of hepatic parenchyma plays a pivotal role in liver surgery and 

directly influences outcomes, such as bleeding, bile leak, and survival. In the majority 

of the cases, 93.1%, (n=798), intraoperative blood loss was <150mL. The need for 

transfusion was 9.8% (84 patients) whilst re-laparotomy for bleeding was required in 

0.6% (5 patients). The reduced requirement for blood transfusions and Pringle's 

manoeuvre not only minimises the degree of ischemic injury to the compromised 

hepatic parenchyma but also enhances the chances of early recovery.  

 

Patients with cirrhosis, steatohepatitis and prolonged chemotherapy are disposed to 

PHLF, sepsis, extended ITU stays and mortality. PHLF occurred in 1.5% (13 patients) 

with a direct association in single death. Among these, four patients were with limited 

liver function owing to cirrhosis and nine had extended hepatectomy. Further, if we 

classify them as per ISGLS classification, five cases were categorised Grade A; three 

were Grade B; and the remaining five (including one death) were Grade C. Our 

findings were congruous to the contemporary published literature, where PHLF ranges 

between 2.0% - 18.9%, with a mortality of 0.6%–2.3% [104–107]. In addition, the 

preservation of hepatic parenchyma whilst achieving tumours free margin also aid in 

limiting PHLF as they are mostly encountered with major hepatectomy. Symptomatic 

intra-abdominal collections were found in 10.6% (91 patients); of these 75 (82.4%) 

required percutaneous drainage. The remaining 16 were managed by delaying the 

removal of the surgical drain placed during surgery and/or antibiotics. Bile leak was 

reported in 4.3% (37 patients), of which 24 were from parenchymal transection margin 

and 13 due to the leak from the area of bile duct anastomosis. This was in line with 



 
 

28 

recently published articles, which outlined bile leak incidence between 2.2-15.6% 

[108-111].  

Re-laparotomy was required in four patients because of jejunal perforation, small 

bowel obstruction, colonic perforation and biliary leak from anastomosis site. The 

most frequently encountered postoperative complication was pleural effusions in 22% 

(189 patients) for which chest drain placement was required in 27 patients (3.1%) and 

thoracic surgery was entailed for five patients as they developed thoracic empyema. 

About 3.5% (30 patients) had hospital-acquired pneumonia. Among the serious 

complications, the postoperative mortality was 1.5% (13 patients), including PHLF 

(1); bleeding from splenic bed varices (1); severe sepsis (3); pulmonary embolism (2); 

cardiovascular complications (4); right heart failure due to pulmonary hypertension 

(1) and mediastinitis secondary to Boerhaave's syndrome (1). About 4.2% (36 patients) 

patients required ITU admission whilst rest of patients were moved to the routine ward 

from postoperative recovery unit, which not only helped in minimizing the unexpected 

cancellation of the surgery owing to non-availability of ITU beds but also in limiting 

the National Health Service’s (NHS) expenditure on ITU stay.  

 

3.1.4 Conclusion:  

The incidence of outcomes observed in the above study were compared favourably 

with those reported in the literature, supporting the view that RF-based device is 

suitable for ‘bloodless’ liver resection. However, the index study has got certain 

limitations, being a single centre retrospective study with no comparative group; 

hence, a meta-analysis was performed to compare RF-based liver resection device 

with standard technique, Crush-Clamp (CC).  
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3.2.1 Study 2 (Appendix 2) Jayant K, Sodergren M, Reccia I, Kusano T, 

Zacharoulis D, Spalding D, Pai M, Jiao L, Huang KW. A systematic review and 

meta-analysis comparing liver resection with RF-based device Habib™-4X with 

clamp-crush technique. Cancer 2018;8:10(11) [91]. 

The index study was possible because multitude of literature have outlined the benefits 

of various hepatic resection devices and techniques; however, no meta-analysis was 

undertaken to date to compare an RF-based liver resection device (Habib™-4X) with 

the standard clamp-crush (CC) technique. Hence, following an extensive literature 

search all the available data on the clinical effectiveness of mentioned liver resection 

technique were combined together and analyzed to deduce a better conclusion.  

 3.2.2 Material and methods: 

The aim was to compare the perioperative outcomes of ‘RF-based device HabibTM- 4X’ 

with the standard CC technique through a meta-analysis. It was envisaged that the 

results of this meta-analysis would help in resolving the ongoing contention, about the 

safest and most efficient technique for liver resection. The outcomes of interest were 

blood loss, transfusion necessity, operative time and incidence of adverse events 

including bile leak, PHLF, intra-abdominal collection, pleural effusion, length of 

hospital stay, morbidity and 30-day mortality.  

3.2.3 Results and implications: 

The literature search yielded four studies for review and data extraction [112–115]. 

The data encompassed 543 patients in the CC group and 491 patients in RF-based 

group. The blood loss (mL) and blood transfusion requirement were significantly 

lower in the RF-based device group [(MD = 162.12 mL, 95% CI 45.34 to 278.90, P = 

0.007, I2 = 53%), (MD = 1.93 times, 95% CI 1.43 to 2.61, P < 0.0001, I2 = 0%) 

respectively]; however, there were no significant difference in terms of operative time 

and complications such as PHLF, bike leak, pleural effusion, length of hospital stay, 

total morbidity and mortality.  

 

 

 



 
 

30 

3.2.4 Conclusion: 

To the best of our knowledge, this was the first meta-analysis performed to compare 

the outcomes after hepatic resection using RF-based device HabibTM-4X and the clamp-

crush technique. The study has outlined the benefits of RF-based liver resection device 

in terms of reduced blood loss and decreased need for transfusion (Figure 2). 

However, as this meta-analysis was based on only four identifiable studies, future 

trials are warranted to determine wider benefits of device. Nevertheless, study has 

demonstrated the safety and benefits of the RF-based device HabibTM-4X in hepatic 

resection. 

Based on these observations further study was performed where two contemporary 

liver resection devices, RF-based device and CUSA were compared to understand 

their implications in modern liver surgeries.  

 

 

Figure 2: Summary of the outcomes comparing clamp crush technique with RF-based 
liver resection device  
Abbreviations: RF: Radiofrequency 
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3.3 Assessing short and long term roles of RF-based liver resection device and 

CUSA in HCC 

3.3.1 Study 3 (Appendix 3): Huang K, Lee P, Reccia I, Kusano T, Jayant K, 

Habib N. Impact of Cavitron Ultrasonic Surgical Aspirator (CUSA) and 

Bipolar Radiofrequency Device (Habib-4X) based hepatectomy for 

hepatocellular Carcinoma on tumour recurrence and disease-free survival. 

Oncotarget 2017;8(55):93644-54 [92]. 

Cavitron Ultrasonic Surgical Aspirator (CUSA), operates with ultrasonic waves to 

generate energy to fragment hepatocytes. The approach has advantage that blood 

vessels and bile ducts are spared owing to sparse water content. However, as it doesn’t 

coagulate blood vessels or bile duct, hence ties or clip are used where required 

[116,117]. On the contrary RF-based device creates a line of coagulation around 

tumour margins and facilitates bloodless liver resection [118]. Both devices are 

routinely practiced to facilitate liver resection, which gave us an opportunity to 

compare the short and long term outcomes through retrospective data analysis.  

3.3.2 Material and methods:  

In index paper, 280 patients were assessed following liver resection with CUSA or 

RF-based device Habib-4X for HCC [92].  The data was collected between January 

2010 to August 2016, allowing a follow-up period of 5 years. The primary endpoints 

of the study were the quantification of blood loss, transfusion required, need for 

vascular control, whilst secondary endpoints included PHLF, length of stay, 

complication within 30 days, overall recurrences, local recurrences, interventions 

needed following recurrences, disease-free survival (DFS) and overall survival (OS).  

 

Differences in continuous variables between the groups (CUSA or RF-based device) 

were evaluated with Student’s t-test, and differences in categorical variables were 

evaluated with chi-square or Fisher’s Exact test. The date of surgery was considered 

as a landmark to determine period of overall survival (OS) and disease-free survival 

(DFS). Survival analysis was performed using the Kaplan-Meier method and groups 

compared using the log-rank test. A P- value of < 0.05 was considered significant. 



 
 

32 

Data were stored in a Microsoft Excel worksheet and analysis performed through the 

IBM-SPSS version 24 (SPSS Inc, Chicago, IL, USA).  

3.3.3 Results and implications: 

The study groups were comparable in respect of demographics, tumour characteristics, 

tumour stage, cirrhosis, serum bilirubin, serum albumin, serum alpha-fetoprotein 

(AFP), ICG clearance, HCV status, HBsAg status. 

 

The blood loss was significantly greater in the CUSA group compared to RF-based 

device group (271.47 ± 214.5 mL vs 150.93 ± 103.6), P <0.01; Student’s t-test) (Table 

3). Understandably, the requirement for transfusion was also significantly higher in 

CUSA group than RF-based device group; 21 and 3 cases respectively (P <0.01; c2). 

Additionally, vascular inflow control was required only once with RF-based device 

group compared to 139 times whilst using CUSA (P <0.01; c2). Major complications 

including PHLF, bile leakage and postoperative haemorrhage were also more frequent 

in CUSA group than RF-based device group; however, difference was not significant 

(P = 0.36; c2).  

 

The observed outcomes in RF-based device group were secondary to coagulation of 

blood vessels at the tumour margins. Coagulation limits the requirement of hepatic 

inflow occlusion and minimizes the risk of I/R; thus, improves DFS and OS [73,119–

121].  On the contrary, liver resection with CUSA has remained operator dependent 

owing to the need to ligate the blood vessels and the requirement for inflow occlusion 

to minimize blood loss during liver parenchyma resection [122,123].  

 

The five-year data revealed a significantly lower recurrence in the RF-based liver 

resection group (44 patients) compared to CUSA (85 patients, P <0.01; c2). This 

seems comprehensible as an area of 20 mm beyond tumour margins already gets 

coagulated and ablated during resection with RF-based device, which creates an extra 

layer of protection in addition to surgical resection of HCC tumour [82]. Studies have 

outlined that micrometastasis and satellitosis are mostly present within 18-20 mm 

beyond tumour margin [124,125] which remain unattended in conventional liver 
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resection surgery; however, get included within ablation margin whilst using RF-based 

liver resection device, owing to its capabilities to ablate 20 mm area beyond tumour 

margin [82]. Likewise, significantly higher number of patients needed post recurrence 

palliative interventions in the CUSA group, i.e. 81.1% compared to 62.4% RF-based 

group (P <0.01; c2). The most common modality for palliation in the event of 

recurrence in the CUSA group was RF-ablation (47/85; 55.3%), whilst TACE (21/44; 

47.7%) was the preferred method of palliation in the RF-based liver resection group. 

Median DFS in RF-based group was significantly better than CUSA group (50.80 vs 

45.87 months; P = 0.03), whilst the median overall survival was also found to be better 

in RF-based group than CUSA group, however did not reach statistical significance 

(60.57 vs 57.17 months, P = 0.12). The observations were akin to the previous 

literature by Qiu et al. (2017) [112] reporting better DFS and significant other benefits 

following resection of HCC with the RF-based device over the clamp-crush technique, 

notably due to minimal blood loss, less requirement of blood transfusion and HCC 

tumoural characteristics like micrometastasis and satellite nodules.  

Table 3: Comparing perioperative attributes following liver resection with CUSA 

and RF-based liver resection device 

Attributes CUSA   (163) RF-based 
device (117) 

P value 

Blood loss (mL) (Mean ± SD)  271.47±214.5  150.93±103.6 0.00* 
Blood transfusion required 21 3 0.00# 
Requirement of vascular inflow 
control 

139 1 0.00# 

Major complications 9 3 0.36 
Recurrence (+/-) 85/78 44/73 0.01# 
Intervention required following 
recurrence 

85 (81.1%) 44 (62.4%) 0.00# 

Disease free survival (Median) 
(months) 

45.87 50.80 0.03$ 

Overall survival (Median) 
(months) 

57.17 60.57 0.11$ 

• *#$ marks significant P value. 
• *Difference between group was analyzed by the Student’s t-test. 
• #Difference between group was analyzed by the chi-square test. 
• $Difference between group was analyzed by the Kaplan-Meier survival plot. 
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Recent research has demonstrated that RF ablation of HCC nodules generates 

neoantigens to instigate immunomodulatory changes towards the anti-tumour state to 

combat micrometastatic disease and recurrences [126–128]. Likewise, the survival 

benefits outlined in the present paper could be because of the reinstatement of anti-

tumour immune cells through RF based liver resection, which does not occur in 

conventional hepatic resection; however, further randomized trials are required 

considering the retrospective nature of this study (Figure 3).  

 

 

Figure 3: Summary of the outcomes comparing CUSA with RF-based liver resection 
device  
Abbreviations: CUSA: Cavitron Ultrasonic Surgical Aspirator; DFS: Disease free 
survival: RF: Radiofrequency 
 

3.3.4 Conclusion: 

The given paper demonstrated a significant improvement in DFS and tumour 

recurrence with RF-based device in comparison to CUSA along with reduction in all 

other parameters including blood loss, blood transfusion and need for inflow occlusion 

during liver resection surgeries with the RF-based device Habib-4X. Thus, RF-based 
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device offers excellent short-term outcomes, which get translated into improved long-

term outcomes.  

In light of notable findings present in recent literature that induction of positive 

immunomodulatory changes have been implicated as contributing factors for the 

observed improved survival following radiofrequency ablation (RFA) of liver tumour 

[93,94]. Further research was conducted to comprehend the implications of RFA 

induced changes in immunological parameters in comparison to non-RF-based liver 

resection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

36 

Chapter 4 Changes in immunological parameters and their implications 

Evasions on the instinctive and connate anti-tumour immune response are essential 

prerequisites for the genesis of liver cancer. Liver cancer evolves on the framework of 

chronic inflammation; proinflammatory cells along with cytokines and other 

molecules present within the tumour microenvironment not only influence the natural 

course of the disease but also determine the survival and recurrence following surgical 

resection [129].  

4.1.1 Study 4 (Appendix 4 ): Mazmishvili K, Kumar J, Janikashvili N, Kikodze 

N, Mizandari M, Pantasulaia I, Paksashvili N, Sodergren MH, Reccia I, Pai M, 

Habib N, Chikovani T. Study to evaluate the immunomodulatory effects of 

radiofrequency ablation compared to surgical resection for liver cancer. Journal 

of Cancer 2018;9(17):3187-95 [95]. 

Liver cancer is a state of generalized immunosuppression; thus oncogenesis is not only 

dependent on the genetics of tumoural cells but is also regulated by the 

microenvironment. Considerable evidence supports the theory that tumour site 

inflammatory state fosters malignant growth and progression of liver cancer 

[130,131]. Studies have outlined that increased neutrophilic and platelet infiltration 

within the tumour microenvironment contribute towards genesis, proliferation, 

metastasis and recurrences of liver cancers. The peritumoural accumulation of 

neutrophils and platelet and the relative increase in neutrophil-lymphocyte-ration 

(NLR) and platelet-lymphocyte-ration (PLR) are the signature of underlying state of 

chronic inflammation [132–135].  These ratios typically reflect the balance between 

neutrophils and platelet-associated pro-tumour systemic inflammation and 

lymphocyte dependent anti-tumour immune function. A tip in the balance towards 

increased NLR and PLR provides a nidus for tumour growth whilst, dysregulation of 

immune system helps cancer cells to elude immune surveillance. 

 

The increase in NLR is associated with tumour invasion and metastasis of liver cancers 

through paracrine-mediated hepatocyte growth factor and consequently is 

contemplated as an independent predictor of survival following resection of tumour.  

Qi et al. [136] (2016) conducted a meta-analysis following review of 90 articles and 
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20,475 HCC patients, describing not only the role of NLR in recurrence, DFS and OS 

of HCC patients but also outlining the advantages following reduction in its level 

during the course of the disease. 

 

Platelets induce an epithelial-mesenchymal-like transition and generate platelet-

derived nucleotides which stimulate transendothelial migration and metastasis of 

tumour cells. One of the best predictors of the inflammatory and thrombotic state is 

PLR, which also acts as an inflammatory biomarker for liver tumours [137,138]. 

Lately, Zhao et al. [139] (2017) published a meta-analysis involving 10 articles and 

concluded that high PLR is an unfavourable predictor of overall survival. 

 

In addition, ectonucleotidase CD39 (nucleoside triphosphate diphosphohydrolase-1 

present on Tregs cells) upregulation is poorly associated with the outcome of HCC 

patients. CD39 overexpression in Tregs cells limits the NK cell activity and promotes 

the growth of metastatic liver tumours [140–142]. 

 

Thus, both of these inflammation based markers (NLR and PLR) and increased 

expression of CD 39 on CD4+ T lymphocytes influence the onset, proliferation and 

post-treatment recurrence of liver tumours with higher levels being associated with 

poor prognosis.  

 

Based on the evidence that decrease in NLR, PLR and reduction in expression of 

ectonucleotidase CD39 on circulating CD4+ T lymphocytes might lead to improved 

survival in liver cancer patients. Herein, a prospective study was conducted to 

determine the extent of change in NLR, PLR and expressions of CD39 on circulating 

CD4+ T cells following radiofrequency ablation (RFA) and non-RF based liver 

resection device. 

  

4.1.2 Material and methods: 

In given paper, 17 liver cancer patients were prospectively distributed among two 

groups. RFA was performed in seven patients (RFA group) whilst the remaining 10 
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had hepatectomy by non-RF based liver resection device (non RF based liver resection 

group).  

 a) Pre and post-procedure blood samples were collected a month before and after the 

intervention to obtain the NLR, PLR ratio. Flow cytometry was used to quantify 

expression of CD39 on CD4+ T lymphocytes. 

 

b) The NLR and PLR were calculated by dividing the absolute neutrophil and platelet 

count with absolute lymphocyte count.  

 

Peripheral blood mononuclear cells (PBMCs) were isolated and CD39+ CD4+ subsets 

were detected using lineage-specific antibodies anti-CD39+. The data were assessed 

using the software BD FACSArray system. 

 

c) All data were fed into a Microsoft Excel worksheet and analysis was performed 

with Graph Pad software. The differences between the groups were evaluated with 

Mann-Whitney U test and Mc Nemar test.  

 

d) A P value of < 0.05 was considered statistically significant. 

 

4.1.3 Results and implications: 

The two groups were comparable in terms of tumours number, tumour type, size and 

stage, HBsAg status and anti-HCV status.  

 

Levels of NLR and PLR were significantly reduced following RFA with respect to 

pre-ablative levels; however, no such observation was made in liver resection group. 

Contemporary evidence has marked higher NLR and PLR as predictors of recurrence 

and indicative of poor survival, likewise post treatment decline is associated with 

reduced recurrence and improved survival [143–146]. In addition, a significant decline 

was noted in CD4+CD39+ lymphocytes levels in RFA group, whilst in contrast to the 

increment in values after liver resection (Table 4). A reduction in CD4+CD39+ 

lymphocytes act as a marker for improved survival and declined tumour recurrence 

[147]. 



 
 

39 

 

Table 4: Observed changes in respective groups before and after interventions 

Parameters Prior to 

RFA 

Following 

RFA 

P value Prior to 

LR 

Following 

LR 

P value 

NLR 4.7±3.3 3.8±1.8 0.283 3.5±2.8 4.5±3.2 0.183 

PLR 140.5±79.5 137±69.2 0.386 116±42.2 120.8±29 0.391 

CD39+ 
CD4+ 

55.8±13.8 24.6±21.1 0.030* 47.6±8.8 55.7±33.2 0.380 

Difference between groups were analyzed by Wilcoxon’s matched pairs signed rank 
test; * marks significant P value 

Abbreviations: CD: Cluster of differentiation; LR: Liver resection; NLR: Neutrophil-
lymphocyte-ration; PLR: Platelet-lymphocyte-ration; RFA: Radiofrequency ablation 
 
 

 

Figure 4: Summary of the immunological changes following RF ablation and liver 
resection using non RF-based device   
Abbreviations: CD: Cluster of differentiation; NLR: Neutrophil-lymphocyte-ration; 
PLR: Platelet-lymphocyte-ration; RF: Radiofrequency 
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4.1.4 Conclusion: 

Based on the above observations and  taking into account of other published literature 

[146,148–151], the present study highlights that decrease in NLR, PLR and 

CD39+CD4+ T cells expression not only reciprocates with systemic inflammation, 

anti-tumour status immunity but also act as explicit markers to envisage better survival 

in liver cancer patients (Figure 4). However, considering the small population size 

further studies with large sample size is much warranted. 

Considering these observations, further study was conducted to understand the 

immunological changes in terms of circulating immune cells and serum cytokines 

following liver resection with RF-based device in comparison to the contemporary 

device, CUSA. 
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4.2  Immunoediting hypothesis for the genesis of the hepatocellular carcinoma 

The immunoediting hypothesis for the genesis of hepatocellular carcinoma points 

towards the development of malignant cells over the inflammatory framework with 

ability to circumvent an anti-tumour immune system. Literature suggests various 

possible mechanisms, of which the foremost is the mitigation in the presentation of 

tumour associated antigens or class I major histocompatibility complex (MHC) 

molecules to CD8+ T cells. Along with, enhanced expression of immunosuppressive 

Tregs cells and accumulation of various immunosuppressive checkpoint factors 

programmed death 1 (PD-1), programmed death ligand-1 (PD-L1) and cytotoxic T 

lymphocytes-associated antigen-4 (CTLA-4) [150,152,153]. Hence, the malignant 

cells induce the genesis of an extremely complicated matrix of immunosuppressive 

cells and cytokines to outmanoeuvre the anti-tumour immune response (Figure 5).  

 

The dysregulated inflammatory microenvironment of liver includes changes in various 

immune cells and cytokines, which are worth mentioning here. The dysregulation 

comprise enhanced expression of Tregs cells, increase in TGF-β (Transforming 

growth factor beta) and IL-10 levels, debacle of CD8+ T cells and presence of immune 

checkpoints. The subset of CD4+ T cells, Tregs cells exhibit CD 25 & Foxp3 and have 

potential to repress anti-tumour immune reaction of host and might initiate the 

progression of tumour [140,154]. 

 

The increased serum Tregs cells levels and the Tregs/CD4+ T cell ratio are linked with 

poor prognosis and regarded as independent prognostic marker for DFS and OS 

[155,156]. Tumour associated macrophages (TAMs) pose a pivotal role in tumour 

microenvironment and along with Interleukin 10 (IL-10), Interleukin 13 (IL-13) and 

Toll like receptor ligands, get transformed into a subtype which can ensue tumour 

genesis and growth [157,158]. IL-10 is one of the important cytokines involved in the 

pathogenesis of HCC through the induction of immunosuppression [159,160]. 

Enhanced expression of IL-10 vitiates CD8+ T cells functioning and engenders Tregs 

cells differentiation via Foxp3 [160,161].  
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Similarly, increased levels of TGF-β in serum and tumour tissue of HCC patients are 

associated with poor survival [162]. TGF-β has an immunosuppressive property and 

along with IL-10 is involved in the genesis of Tregs cells and activation of hepatic 

stellate cells leading to growth and progression of tumour [163]. Considering the 

molecular pathogenesis of lowered anti-tumour immunity behind the development of 

HCC, the reinstatement of the anti-tumour immune response could provide better 

disease control [164,165].  

 

Figure 5: Immunoediting hypothesis for development of hepatocellular carcinoma 
Abbreviations- CD: cluster of differentiation; CTLA-4: cytotoxic T lymphocytes-
associated antigen-4; HCC: hepatocellular carcinoma; IFN-γ: interferon gamma; IL: 
interleukin; PD-1: programmed death 1; PD-L1: ligand of programmed death 1; TAA: 
tumour associated antigen; TGF-β: Transforming growth factor beta 
 

The application of RF waves to HCC nodules heats (150 °C) the tissues and triggers 

ionic agitation and coagulative necrosis, causing irreparable cellular damage and 

releasing tumour debris or antigens; which in turn induces the systemic and 

peritumoural immune responses in an effort to control the development, growth and 

spread of malignancy [166–168]. Research has deduced that RF induced ablation of  

HCC nodules not only destroys tumour cells but also induces significant local and 

systemic immunological changes in the body to limit recurrence and improves survival 
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[169,170]. A meta-analysis conducted by Xu et al. [171] (2014) involving 31 studies 

and 16,103 HCC patients (≤2 cm tumours) reported a significantly improved DFS and 

OS following RFA in contrast to conventional liver resection. Moreover, enlisted 

following notable independent attributes such as microvascular invasion, blood loss, 

blood transfusion, micrometastasis beyond tumour margin, and satellitosis, which 

influence the patient survival after resection of HCC tumours [172,173]. 

 

The cellular infiltrates in the zone of coagulative necrosis following RFA of liver 

tumour include macrophages, neutrophils, dendritic cells (DCs), and NK cells. DCs 

induce CD8+ and CD4+ T lymphocytes to bring about a systemic and peritumoural 

immune response otherwise called as “in-vivo dendritic cell vaccine effect” [174–

176]. The theory of anti-tumour response following RF waves application is further 

supported from literature with spontaneous regression of distant metastatic lesions 

after ablation of primary lesions [177,178].  
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4.3.1 Study 5 (Appendix 5): Huang K, Jayant K, Lee PH, Yang PC, Hsiao CY, 

Habib N, Sodergren MH. Positive immuno-modulation following radio-

frequency assisted liver resection in hepatocellular carcinoma. Journal of 

Clinical Medicine 2019;8(3) [96]. 

 

Herein, the change in pre and post-liver resection levels of immunological parameters 

(cellular subtypes and cytokines) were determined in HCC patients. The liver resection 

was performed either with RF-based device or CUSA and further implications were 

drawn through comparison with contemporary literature. 

 

4.3.2 Material and methods:   

Here, 11 HCC patients were divided into two groups; 5 liver resections were 

performed with CUSA whilst in the remaining six patients procedure was 

accomplished by the RF-based device. 

 

Blood samples were collected on day 0 (pre-procedure) and at day 7 following 

resection to allow analysis of immunological parameters: circulating cell populations 

(Panel 1) and serum cytokines (Panel 2).  

 

Panel 1: Tregs cells, CD8+, CD4+, CD3+, CD4+CD45RO+/CD4+, 

CD4+CD39+/CD4+, NK, NKT cells. 

 

The cell surface markers were detected with fluorescent-labelled antibodies: anti-

CD39-FITC, FITC-CD45, PerCP-CD3, PE-CD8, CD161-DX12, anti-CD45RO-ECD, 

anti-CD45RA-ECD, PE-CD127, APC-CD25 and APC.Cy7-CD4 manufactured by 

BD Biosciences (San Jose, California). The flow cytometry was carried out using 

FACSVerse (Becton Dickinson, Mountain View, California). Data were processed 

utilizing FlowJo software (Ashland, Orlando).  

 

Panel 2: IFN-γ, TGF-α, TGF-β, IL-1b, IL-6, IL-17, IL-10.  
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Cytokines levels were quantified through enzyme-linked immunosorbent assays 

(ELISA, R&D Systems, Abingdon, England). The assays did not assess the activity of 

the cytokines. All the observations were made twice to corroborate findings.  

 

All the data were fed into a Microsoft Excel worksheet and analysed by IBM-SPSS 

version 24 (Chicago, IL, USA). Difference in continuous variables was assessed using 

a Student’s t-test. Categorical variables were compared using a chi-square or Fisher’s 

Exact Test, as appropriate. Pre- and post-hepatic resection immunomodulatory 

changes were determined with the paired Student’s t-test. P values under 0.05 were 

considered statistically significant.  

 

4.3.3 Results and implications: 

Both intervention groups were comparable in terms of tumour numbers, tumour size, 

tumour stage, cirrhosis, serum albumin, serum bilirubin, serum AFP, HBsAg, HCV  

and ICG clearances. 

 

Modulation in Circulating Immune Cells  

Pre- and post-intervention levels of various T cells subtypes including CD8+ T cells, 

helper T cells (CD4 T cells), regulatory T cells (Tregs cells), and natural killer (NK) 

T cells were assessed and compared utilizing paired Student’s t-test (Table 5a). There 

was a significant increase in  CD8+ (P value = 0.050), CD4+ CD45RO+/CD4+ (P 

value = 0.002) and NKT cells (P value = 0.002) following liver resection in the RF-

based device group; however, no such changes were discernible in the CUSA group. 

A significant decline in Tregs cells (P value = 0.002) and CD4+CD39+/CD4+ cells (P 

value = 0.002) in the RF-based liver resection group in comparison to the CUSA 

group. No statistically significant alteration was observed for cellular subtypes, NK 

cells and CD4+ cells in either group.  

 

Modulation in circulating cytokine levels: 

The RF-based liver resection device led to wanted changes in the concentration of 

cytokines, interleukins and chemokines IFN-γ, TGF-ß, interleukin (IL)-10, and IL-17 

in contrast to CUSA group (Table 5b).  
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Table 5a: Pre & post interventions changes in circulating immune cells  

Attributes                      CUSA                     RF-based device 

 Prior to 

surgery 

Following 

surgery 

P value Prior  to 

surgery 

Following 

surgery  

P value 

CD3+ 1681.57 ± 

384.25 

1565.71 ± 

459.78 

0.819 1632.00 ± 

392.68      

1700.00 ± 

445.35 

0.721 

CD8+ 515.71 ± 

255.46 

401.42 ± 

98.39 

0.291 580.0 ± 

216.18 

732.00 ± 

188.31 

0.050* 

CD4+ 1085.71 ± 

278.91 

1095.71 ± 

384.48 

0.956 1008.00 ± 

283.50 

1028.00 ± 

331.86    

0.886 

Tregs 24.57 ± 

4.83             

25.00 ± 

3.36 

0.850 27.20 ± 

6.17 

17.90 ± 5.26 0.002* 

CD4+ CD45RO+ / 

CD4+ 

44.71 ± 

1.98 

45.00 ± 

4.43 

0.879 44.60 ± 

1.78 

49.50 ± 4.03 0.002* 

CD4+ CD39+ / 

CD4+ 

36.29 ± 

4.92 

35.86 ± 

4.38 

0.866 36.90 ± 

4.23 

23.70 ± 8.49 0.000* 

NKT 7.43 ± 

1.90             

8.14 ± 

2.12 

0.519 6.80 ± 

1.62             

10.60 ± 3.50 0.006* 

NK 11.86 ± 

3.02             

11.57 ± 

3.64 

0.876 11.60 ± 

2.32             

10.90 ± 2.51 0.526 

All variables represented (Mean ± SD)  
Post intervention level of each variable within respective group, was compared with 
baseline value using paired Student’s t-test to determine statistical significance  
* marks significant P value  
Abbreviations: CUSA: Cavitron Ultrasonic Surgical Aspirator; CD: Cluster of 
differentiation 
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Table 5b: Pre & post interventions changes in circulating cytokines 

Attributes                                CUSA                     RF-based device 

 Prior to 

surgery 

Following 

surgery 

P value Prior  to 

surgery 

Following 

surgery  

P value 

IL-17 58.00 ± 

16.54 

63.00 ± 

15.35 

0.569 52.6 ± 

13.92 

36.10 ± 

13.55            

0.010* 

IL-1b 7.92 ± 1.47 7.90 ± 1.05 0.970 7.28 ± 1.69 9.39 ± 4.51 0.180 

IL-10 7.47 ± 0.69 7.47 ± 0.50 1.000 7.93 ± 0.58 4.47 ± 1.47 0.000* 

IFN-¡ 45.57 ± 

9.65 

45.28 ± 

10.73 

0.959 48.20 ± 

11.82             

57.30 ± 7.41 0.027* 

TGF-ß 2191.42 ± 

400.43 

1978.57 ± 

478.83 

0.385 2378.00 ± 
382.35 

1490.00 ± 

366.60 

0.000* 

All variables represented (Mean ± SD)  
Post intervention level of each variable within respective group, was compared with 
baseline value using paired Student’s t-test to determine statistical significance  
* marks significant P value  
Abbreviations:   CUSA: Cavitron Ultrasonic Surgical Aspirator;   IFN-γ: interferon 
gamma; IL: interleukin; RF: Radio frequency; TGF-β: Transforming growth factor 
beta; Tregs: T regulatory cells 

 

The positive changes in immunomodulatory cellular subsets and cytokines levels 

could be the plausible explanations for the better survival reported in the earlier study 

where RF-based liver resection was compared to CUSA. The immunomodulation is 

achieved through generation of neo-antigens following coagulation of resection 

margin; which are presented by DCs via MHC molecules to CD8+ and CD4+ T cells 

to engender an anti-tumour immune response [174,176,179].  

 

In the present paper analysis was performed to determine absolute number of several 

immune cell populations. Statistically significant beneficial changes were observed in 

Tregs cells, CD4+CD39+/CD4+, cytotoxic CD8+ T cells, CD4+CD45RO+/CD4+ and 

NKT cells following the liver resection with the RF-based resection device in contrast 
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to CUSA. The T-cells infiltration on post-surgery day 07 was marked by significant 

increase in CD8+ T and CD4+CD45RO+/CD4+ cells, significant decline in Tregs 

cells and CD4+CD39+/CD4+ cells. These changes have been considered to move the 

scale toward anti-tumour immune response following the RF application [128, 

153,155].  

 

Additionally, high levels of TGF-ß and IL-10 have been associated with progressive 

disease [160,180] and the observed decline in their levels (P value <0.000 & <0.000; 

paired Student’s t-test) not only halts the progress of inflammatory state but also has 

stifled the induction of Tregs cells and the functioning of NKT cell [181,182].  

 

Cytokine IL-17 is a crucial determinant for the genesis of inflammatory background 

for HCC growth. The data of the index study reported a significant decline in IL-17 

level whereupon liver resection RF based device in juxtapose to CUSA (P value = 

0.010). Literature suggests expression of IL-17 acts as a marker to predict disease 

progression and survival and high levels are associated with worse outcomes [183–

185]. 

 

CD45RO+ T cells are memory T cells engendered upon the cell-mediated immune 

response. These cells persist for considerable duration (months to years) and in the 

ensuing antigen exposure cause an enhanced immune response [186]. Recent studies 

have reported improved survival in colorectal, pancreatic and gastric cancer in 

association with increased infiltration of CD45RO+ T cells and marked them as an 

independent prognostic factor  [187–189]. The meta-analysis has outlined increased 

intra-tumoural CD45RO+ T cells density with improved 5 years DFS [190]; 

Moreover, studies outlined that the observations such as increased serum CD45RO+ 

T cells, heightened CD4+CD45RO+/CD4+ ration and IFN-γ release not only lowered 

the threshold of T cells response to tumour antigens but also contribute towards 

prolonged anti-tumour immune response and better survival [150,152-154].  
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Figure 6: Summary of the immunological changes after CUSA and RF-based liver 
resection device  
 
4.3.4 Conclusion: 

The prognosis and risk of recurrence following resection of HCC tumour are 

determined by micrometastasis, satellite nodules, blood loss and blood transfusion. 

Based upon the observed significant changes in anti-tumour immune cells and 

cytokine levels following liver resection with RF-based device and increased 

understanding of the immune profile, there are significant positive implication on the 

survival (Figure 6). Improved DFS and reduced recurrences discerned following liver 

resection with RF-based device could be because of reinstatement of anti-tumour 

immunity, minimal blood loss and reduced transfusion requirement. Hence, the 

evidence is suggestive of  the need for modification in BCLC guidelines and 

incorporation of RF-based liver resection as the primary surgical technique for the 

management of very early and early HCC cancers (Figure 7). However, further studies 

on a larger scale are much needed, to confirm the findings from the current study. 
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Figure 7: Barcelona Clinic Liver Cancer staging system with proposed changes in 

management of very early and early HCC tumour 
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5 Future Directives 

The papers included in the index thesis suggest that RF-based liver resection should 

be offered to liver cancer patients needing hepatic resection as it is not only remove 

the tumour but also produces positive immunomodulatory changes that helps 

reinstating anti-tumour immunity towards the pristine state.  

 

Additionally, a better understanding of mechanisms of immunomodulatory cells and 

cytokines in the genesis of liver cancer and advancement in immunotherapeutic drugs 

have led to the applicability RF-based liver resection with checkpoint inhibitors. Both 

CD8+ T cells and Tregs cells are primary regulators of the tumour microenvironment 

and are amenable to modification with RF-based therapies. RF increases CD8+ T cells 

infiltration towards tumour nodule and checkpoint inhibitors augment their activity, 

thus act in synergy to produce superlative effects [191,192]. 

 

Checkpoint molecules, CTLA-4, PD-1, and PD-L1 are important attributes involved 

in the suppression of T cell activation in the tumour microenvironment of liver 

carcinoma [152]. The expression of CTLA-4 is enhanced following activation of T 

cells and consequently, the coupling of CTLA-4 and its ligand not only inflict anergy 

in T cells but also increase the population of inhibitory Tregs cells. The clinical trials 

with anti-CTLA-4 monoclonal antibodies (Tremelimumab and Ipilimumab) have 

demonstrated their potential to deplete Tregs cells and reverse the exhaustion of T cells 

with intent to reinstituting the anti-tumour immune state [191–193].   

 

Similarly, tumour microenvironment induce expression of PD-1 on reactive T 

lymphocytes and PD-L1 on tumour cells or tumour associated macrophages. The 

coupling of PD-1 with PD-L1 leads to inactivity of T cells and NK cells functioning. 

The development of anti-PD-1 (nivolumab and pembrolizumab) and anti-PD-L1 

(atezolimumab and avelumab) can reactivate these cells [194,195].  PD-1 and PD-L1 

are expressed in up to 30%-60% of HCCs [196,197] and recently published study by 

Farha et al. [196] have observed 20 months longer survival in this group of patients. 

Likewise, checkpoint inhibitors are also expressed in metastatic liver cancers 

secondary to primaries from colorectal, melanoma, lung, oesophageal and breast 
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carcinoma [198–200]. Pembrolizumab, tremelimumab, nivolumab, durvalumab, and 

avelumab are few notable anti-PD-1 drugs, currently in various stages of trials for the 

management of melanoma, Hodgkins lymphoma and various solid tumours such as 

HCC [201,202].  

 

Combining radiofrequency ablation with checkpoint inhibitors seems a pragmatic 

approach to invigorate an anti-tumour immune response in HCC cells. Duffy et al. 

assessed clinical response of combining ablation with anti-CTLA-4 (tremelimumab) 

in 19 advanced HCC patients and outlined partial response in five patients (26.3%) 

(95% confidence interval, 9.1%–51.2%) with improved median overall survival of 

12.3 months (95% confidence interval, 9.3–15.4months) [203]. Similarly, 

radiofrequency ablation with checkpoint inhibitors is also being tested presently in 

clinical trial for advanced CRLM [204].  

 

Moreover, as HCC forms an intricate immunosuppressive network to evade anti-

tumour immunity through CD8+ T cells; the proof of concept suggest that synergism 

of RF-based liver resection and checkpoint inhibitors can not only remove tumour 

tissue but also help in reinstating anti-tumour immunity to aid in improving survival 

and preventing recurrences. However, future studies are required to better understand 

the applicability of RF-based liver resection with checkpoint inhibitors in very early 

and early stage of HCC and metastatic liver cancers. 
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A B S T R A C T

Background: Radiofrequency (RF)-assisted liver resection allows non-anatomical liver resection with reduced
blood loss and o!ers the opportunity for a combination of resection and ablation. However, there are still
concerns with regard to postoperative complications related to this technique. In the present study, we discuss
the technical aspects of RF-assisted liver resections and analyse the rate of perioperative complications, focusing
on post-hepatectomy liver failure (PLF), bile leak and abscess, and mortality.
Methods: Between 2001 and 2015, 857 consecutive open and laparoscopic elective RF-assisted liver resections
for benign and malignant liver tumours were reviewed retrospectively to assess perioperative outcomes.
Results: Median intraoperative blood loss was 130mL, with 9.8% of patients requiring blood transfusion. Intra-
abdominal collections requiring percutaneous drainage developed in 8.7% of all patients, while bile leak at
resection margin developed in 2.8% of the cases. Major liver resection was performed in 34% of patients and the
incidence of PLF was 1.5% with one directly related mortality (0.1%).
Conclusion: RF-assisted liver resection has evolved into a feasible and safe technique of liver resection with an
acceptable incidence of perioperative morbidity and a low incidence of PLF and related mortality.

1. Introduction

Despite technical advances, liver resection remains a complex sur-
gical procedure requiring great expertise and excellent clinical judg-
ment [1]. Liver resection is associated with perioperative complica-
tions, which negatively a!ects disease-speci"c survival [1].

Post-hepatectomy liver failure (PLF) remains one of the most serious
complications, occurring in up to 10% of cases, with subsequent mor-
tality rate as high as 10% [1]. Post-hepatectomy liver failure is the
principal cause of mortality after major hepatectomy and correlates
with size and quality of the future liver remnant [2].

As major hepatectomies are still associated with higher morbidity
and mortality, parenchymal-sparing liver resection has gained accep-
tance worldwide, as demonstrated by the large evidence available in
the literature particularly for colorectal liver metastases [3–5]. Par-
enchymal-sparing liver resection can achieve comparable oncological
outcomes with fewer perioperative complications and can enhance the
chance of future resection [4]. Di!erent techniques have been devel-
oped to preserve residual liver volume, whilst maintaining adequate

surgical margins [6]. Among them, radiofrequency (RF) assisted liver
resection induces coagulative necrosis of the liver parenchyma, redu-
cing the risk of intraoperative bleeding and allowing a combination of
resection and ablation during the same procedure [7]. However, con-
cerns about the risk of perioperative complications after RF-assisted
liver resection still remains in the surgical community [8].

Since 2001, we have been successfully using RF for open and la-
paroscopic liver resections [7,9]. RF-assisted hepatectomy requires
meticulous application, excellent knowledge of liver anatomy and ac-
curate performance of intraoperative ultrasound. This technique has
evolved and improved over the years. The aim of this study was to
highlight the incidence of postoperative complications, especially liver-
related complications, after RF-based liver resection in our tertiary care
centre and to review the resection technique for hepatic tumours lo-
cated in di!erent lobes of the liver.
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Appendix 2 Study 2 

A systematic review and meta-analysis comparing liver resection with the Rf-based 

device habibTM-4X with the clamp-crush technique [91]. 
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Appendix 3 Study 3 

Impact of cavitron ultrasonic surgical aspirator (CUSA) and bipolar radiofrequency 

device (Habib-4X) based hepatectomy for hepatocellular carcinoma on tumour 

recurrence and diseasefree survival [92]. 
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Appendix 4 Study 4 

Study to evaluate the immunomodulatory effects of radiofrequency ablation compared 

to surgical resection for liver cancer [95]. 
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Appendix 5 Study 5 

Positive immuno-modulation following radiofrequency assisted liver resection in 

hepatocellular carcinoma [96]. 
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