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General introduction
Liver resection is the most effective treatment for primary or metastatic liver tumors.1,2 

In patients with malignant hepatic tumors, fewer than 15-20% are suitable for surgical 

resection. Whereas extended liver resections are increasingly indicated because of 

advanced tumor in these patients, the extent of liver resection is restricted by the minimum 

volume of the liver remnant required to provide sufficient postoperative liver function. 

When patients are considered unresectable because of too small future remnant liver 

(FRL), neoadjuvant therapy or the combination of resection with local ablative techniques 

such as RFA may be applied. Alternatively, preoperative portal vein embolization (PVE) is 

an option to increase FRL volume through induction of regeneration of the hepatocellular 

mass of the non-embolized FRL.3,4 Following occlusion of the right or left branch of 

the portal vein, atrophy of the embolized liver segments occurs, while hypertrophy of 

the contralateral, non-embolized liver lobe is induced.5,6 Liver regeneration is set off 

in the contralateral liver lobe via a complex interaction of cytokines, growth factors 

and metabolic networks.7 The degree of hypertrophy after PVE is variable, especially in 

patients with compromised livers.4 PVE is a relatively new intervention and is mostly used 

in specialized centres. Numbers reported in clinical studies are relatively limited for this 

reason. PVE has shown to reduce the risk of liver failure3 and consequently increases the 

number of patients who are able to undergo liver resection. 

There is increasing evidence that PVE not only stimulates growth of the FRL but also 

accelerates tumor proliferation.7 Tumor progression after PVE creates a dilemma in terms 

of optimal waiting time until resection.4 Surgery is usually performed 3-6 weeks after PVE 

when sufficient increase of the FRL is considered to have occurred to allow a safe liver 

resection.8-10 Several studies reported tumor growth after PVE in the embolized and non-

embolized liver segments11-14 within the waiting time for resection under the influence 

of the above mentioned cytokines and growth factors. In addition, since the liver has 

a dual blood supply by the portal vein and the hepatic artery, PVE will also result in a 

compensatory increase in hepatic arterial flow15 which further enhances tumor growth. 

The challenge for future use of PVE is to limit the growth of tumor while efficiently 

inducing hypertrophy of the non-embolized liver lobe. Several strategies can be devised to 

limit post-PVE tumor progression, as are discussed in this thesis.

The numbers of hepatic resections have increased as tumors initially considered 

unresectable have become potentially resectable after preoperative or intraoperative 

interventions. Strategies such as PVE or two-stage resection16 rely heavily on the 

tremendous regenerative ability of the normal liver. However, many of the patients who 

are candidates for resection also have impaired liver function due to fibrosis/cirrhosis, 

steatosis or chemotherapy induced parenchymal injury. These patients in particular, are 

at risk when undergoing extensive liver resection and all efforts should be directed to 

reducing postoperative complications.
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This thesis deals with the available options to perform safer liver resections. In part 1, 

several clinical questions regarding PVE, are adressed in an experimental model of PVE in 

the rabbit. Clinical studies mainly focus on liver regeneration markers, and the influence of 

PVE on tumor growth. In part 2, the aim is to assess complications after liver resection and 

to discuss methods and surgical approaches to prevent the most common complications. 

Outline of the thesis

Part I
Postoperative liver failure is the major cause of mortality and morbidity after liver 

resection, and develops as a result of insufficient remnant liver function.17 Assessment 

of liver function is therefore crucial in the preoperative work-up of patients who require 

(extensive) liver resection. Chapter 2 describes the physiological basis of the most 

frequently employed clinical liver function tests. 

The extent of liver resection is restricted by the volume of the future remnant liver. 

Patients are considered resectable when the FRL is larger than 25-30% in patients with 

normal liver parenchyma, whereas a limit of 40% is taken into account in patients with 

diseased livers.4,7,18,19 One way to increase the FRL preoperatively is the use of PVE, which 

has been clinically introduced in 1990 by Makuuchi et al.20 In chapter 3, the experiences 

and outcomes of PVE and extensive resection in predamaged livers in our center are 

reported. 

Although PVE is largely applied worldwide, many questions concerning the 

hypertrophy response and liver regeneration still need to be elucidated.4 Since liver 

regeneration after PVE is variable, we evaluated several possible predictors of liver growth. 

In chapter 4 and 5, plasma bile salt levels, triglycerides, and ApoA-V were investigated 

in the prediction of the hypertrophy response after PVE in a rabbit PVE-model, as well as 

in a series of patients undergoing PVE. Chapter 6 deals with the role of thrombocytes in 

volumetric regeneration after portal vein embolization in a series of patients undergoing 

subsequent liver resection.

There is increasing evidence that PVE not only stimulates growth of the FRL but also 

increases tumor size as a result of cytokines, growth factors and an increased arterial 

blood supply to the tumor4,7,11,13,14,21-24, but the exact mechanisms of this phenomenon 

are largely unknown. Growth of tumor may be accelerated, while micrometastases in the 

non-embolized remnant liver may also develop or progress. The rate of tumor growth 

after PVE had been examined in a series of patients in chapter 7. 

Another strategy in conjunction with PVE is to selectively embolize the hepatic artery 

(HAE) branches to the tumor-bearing liver segments prior to PVE. HAE alone does not 

result in the desired atrophy-hypertrophy response. The combination of HAE and PVE, 

however, will result in hypertrophy of the non-embolized lobe, at the same time limiting 

further tumor growth induced by compensatory hyperperfusion of the hepatic artery. 

12



Simultaneous embolization of the portal vein and hepatic artery obviously carries a high 

risk of parenchymal necrosis as a result of complete occlusion of the dual blood supply.25,26 

The risk of necrosis is diminished when the hepatic artery and portal vein are embolized 

in sequential order. The optimal time-interval between embolization of the portal vein 

and hepatic artery is, however, unknown. Therefore, the optimal timing of portal vein 

embolization and transarterial (chemo)embolization is examined in a review presented in 

chapter 8. 

Besides clinical studies that reported tumor growth acceleration after PVE, there is a 

need for optimization of treatment strategies to prevent tumor progression after portal 

vein embolization. Experimental studies are necessary to unravel several important clinical 

questions. We have developed a rabbit model in which PVE can be assessed using the 

same imaging methods used to evaluate patients after PVE.27 The combination of a VX2 

liver tumor in this rabbit model allowed us to investigate tumor growth after PVE in a 

rabbit VX2 tumor model (chapter 9). 

Ascites is a common complication after liver resection.28 It may contribute to liver 

failure when large intra-abdominal ascitic fluid collections develop. Because little has been 

published about this troublesome complication after liver resection, we investigated in 

chapter 10, the incidence of ascites after hepatectomy with or without preoperative 

portal vein embolization, in addition to predictive factors for the development of post-

resectional ascites. 

Part II
Excessive blood loss during transection of the liver parenchyma is associated with adverse 

postoperative outcomes, which may culminate into liver failure especially when a small 

liver remnant is involved.29 To combat blood loss during liver resection, various methods 

of hepatic inflow or simultaneous in- and outflow occlusion techniques have been 

introduced. A systematic literature search was conducted to update the effects of liver 

in- and outflow occlusion techniques during liver resection in chapter 11, focusing on 

blood loss and hepatic ischemia-reperfusion injury.

Biliary leakage after liver resection continues to be reported.30,31 Management of 

bile leakage has changed in recent years, with to date, non-surgical procedures as the 

preferred treatment. The outcomes of biliary leakage and management were assessed in 

381 patients who had undergone liver resection between 2005 and 2011, and the results 

are presented in chapter 12. 

Within the field of liver surgery, the use of laparoscopy has increased substantially 

in recent years.32 Laparoscopic operations require insufflation of the abdominal cavity 

(pneumoperitoneum, PP) with carbon dioxide gas to achieve adequate surgical exposure 

for instrumentation and surgical manoeuvres. Pneumoperitoneum obviously produces 

elevated intra-abdominal pressure with continuous compression of intra-abdominal organs 

which potentially influences hepatic microcirculatory perfusion. The study in chapter 13 

was undertaken to investigate the influence of prolonged PP on liver function and hepatic 
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microcirculatory parameters in a clinically relevant, porcine model of extended abdominal 

insufflation. 

There is a prominent increase in laparoscopic approaches for primary colorectal 

carcinoma in recent years. Laparoscopy however, is only used in a selected group of 

patients with colorectal liver metastases in the Netherlands. There is much discussion in 

performing colonic and liver resections simultaneously. The aim of the study reported in 

chapter 14 was to evaluate our initial experiences of combined laparoscopic resection of 

colorectal cancer and synchronic hepatic metastases. 

Staging laparoscopy (SL) has been found useful in determining appropriate 

treatment in several malignant tumors33-39, but is not regularly performed in patients 

with hepatocellular carcinoma (HCC). SL may change treatment strategy, preventing 

unnecessary open exploration. The aim of the study in chapter 15 was to assess the value 

and outcomes of diagnostic laparoscopy in the treatment strategy for HCC. 

Finally, in chapter 16 the results of the studies performed in this thesis are summarized 

and discussed. 
14
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Mini-abstract
The focus of this review is on the physiological and biochemical basis, and clinical application 

of the most commonly used quantitative tests for the preoperative measurement of liver 

function. 

Abstract
Objective To review the literature on the most clinically relevant and novel liver function 

tests used for the assessment of hepatic function before liver surgery.

Background Postoperative liver failure is the major cause of mortality and morbidity 

after partial liver resection, and develops as a result of insufficient remnant liver function. 

Therefore, accurate preoperative assessment of the future remnant liver function is 

mandatory in the selection of candidates for safe partial liver resection.

Methods A MEDLINE search was performed using the key words “liver function 

tests,” “functional studies in the liver,” “compromised liver,” “physiological basis,” and 

“mechanistic background,” with and without Boolean operators. 

Results Passive liver function tests, including biochemical parameters and clinical grading 

systems, are not accurate enough in predicting outcome after liver surgery. Dynamic 

quantitative liver function tests such as the ICG test and galactose elimination capacity 

are more accurate as they measure the elimination process of a substance that is cleared 

and/or metabolized almost exclusively by the liver. However, these tests only measure 

global liver function. Nuclear imaging techniques (99mTc-galactosyl serum albumin 

scintigraphy and 99mTc-mebrofenin hepatobiliary scintigraphy) can measure both total 

and future remnant liver function, and potentially identify patients at risk for post-

resectional liver failure. 

Conclusions Because of the complexity of liver function, one single test does not 

represent overall liver function. In addition to CT volumetry, quantitative liver function 

tests should be used to determine whether a safe resection can be performed. Presently, 
99mTc-mebrofenin HBS seems to be the most valuable quantitative liver function test, as 

it can measure multiple aspects of liver function in specifically the future remnant liver.
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1. Introduction
Liver failure is the major cause of mortality and morbidity after partial liver resection, and 

develops as a result of insufficient functional remnant liver (FRL) mass.1 Post-resectional 

liver function largely depends on the quantity and quality of the remnant liver, the latter 

being inversely proportional to underlying liver disease such as steatosis, cirrhosis, and 

cholestasis. Assessment of liver function is therefore crucial in the preoperative work-up 

of patients who require (extensive) liver resection. 

CT volumetry is currently the standard method to determine whether a patient can 

safely undergo liver resection. When using CT volumetry, a liver resection can be safely 

performed when FRL volume is larger than 25-30% of total liver volume in case of normal 

liver parenchyma.2,3 In patients with underlying liver disease, a margin of 40% is taken 

into account.4 However, liver volume does not necessarily reflect liver function, especially 

in patients with a compromised liver.5,6 Therefore, it is important to reliably assess hepatic 

function before liver surgery in addition to CT volumetry. 

Several liver function tests have been developed in the last decade, including passive 

liver function tests (biochemical parameters and clinical grading systems), dynamic 

quantitative liver function tests (time-based uptake or metabolic capacity of infused 

compounds), molecular nuclear imaging techniques, and bioenergetic tests. This review 

will primarily focus on dynamic tests for the measurement of hepatic function before liver 

surgery. In addition, the application of quantitative liver function tests is discussed from 

the perspective of preoperative risk assessment in patients with diseased liver parenchyma.

2. Definition of liver function and clinical 
implications

The liver is responsible for a spectrum of functions including the uptake, metabolism, 

conjugation, and excretion of various endogenous and foreign substances, in which 

transporters play an important role (Figure 1). The liver also provides an immunological 

function, as the reticuloendothelial capacity of the liver plays a role in phagocytosis, and 

clearance of micro-organisms and endotoxins from the portal blood.7 The secretion of 

bile is an important end-point of liver function and the production of bile immediately 

ceases when perfusion of the liver is arrested. The complexity of liver function is best 

reflected by our inability to restore full liver function during liver failure, insofar as liver 

assist devices and bioartificial livers have not proven to fully substitute all the components 

of liver function yet.8,9 In addition, there is no liver function test available that measures 

all components of liver function.

Whereas the definition of liver function is comprehensive, a unanimous definition 

of posthepatectomy liver failure is currently lacking.10 This not only makes comparison 

between study outcomes difficult, but the assessment of the patient’s status quo before 

and after liver surgery becomes arduous, and in part sensitive to the clinician’s subjective 

 C
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input and experience. Consequently, liver surgery starts and ends with restricted 

information on the functionality of the organ with insufficient objective means to gauge 

whether the liver is failing postoperatively. Moreover, liver failure depends on whether the 

preoperative remnant liver function has been preserved during the surgical procedure.  

There are many variations in surgical techniques, and possibilities of technical errors that 

may lead to deterioration of remnant liver function.  Consequently, none of the available 

tests is completely accurate in predicting postoperative function of the remnant liver.11 

3. Passive liver function tests
3.1. Bilirubin 

Plasma bilirubin concentration provides indirect information on the uptake, conjugation, 

and excretion function of the liver. Elevated plasma concentrations of bilirubin are 

specific markers for serious liver injury, and therefore liver function loss. After formation 

of unconjugated (‘indirect’) bilirubin, it is bound to albumin for transport to the liver. 

Bilirubin is taken up by hepatocytes, where it is bound by a group of cytosolic proteins, 

mainly glutathione S-transferases (GST), to prevent efflux from the cell.12 Bilirubin is 

conjugated to glucuronic acid (‘direct bilirubin’) under the catalytic activity of UDP-

glucuronosyltransferase 1-1 (UGT-1A), which converts conjugated bilirubin from a highly 

Figure 1. Schematic overview of two 
prominent features of liver function, 
basolateral and canalicular transport 
of compounds and protein synthesis, 
that are pertinent to this review. The 
anatomical features are identified 
and the arrows indicate the direction 
of transport. Hepatic transporters 
located at the basolateral side of 
hepatocytes (white structures) are 
responsible for the transport of 
compounds from the circulation 
into the cell (sodium-taurocholate 
co-transporting polypeptide (NTCP) 
and the organic cation transporter 

(OCT) family, comprising the OCT1, OCT2, and OCT3 isoforms), out of the cell (two isoforms of the ATP-
binding cassette (ABC) family: multidrug resistance-associated protein (MRP)3 and MRP4), or bidirectionally 
(the organic anion transporting polypeptide (OATP) family, comprising the OATP1A2, OATP1B1, and 
OATP1B3 isoforms, and the organic transporter (OAT) family, comprising the OAT2 and OAT3 isoforms). 
The asialoglycoprotein receptor (ASGP-R) removes asialoglycoproteins from the circulation. Intracellularly 
transported compounds may undergo biotransformation (e.g., glucoronidation) or be metabolized (these 
liver function aspects are not shown), after which they may be transported back into the circulation or 
excreted into bile. All canalicular transporters (grey structures) are unidirectional and include several 
members of the ABC family (MRP2, ATP-binding cassette sub-family B member (ABCG) 1 (also called 
multidrug resistance (MDR)1), MDR3 P-glycoprotein, and ATP-binding cassette sub-family G members 
(ABCG) 2, 5, and 8), the bile salt export pump (BSEP), and probable phospholipid-transporting ATPase IC 
(ATP8B1). The protein synthesis function is indicated by the DNA helix → protein crystal structure. 
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hydrophobic molecule to a relatively hydrophilic molecule.12 Conjugated bilirubin is then 

excreted into the bile across the canalicular membrane as bilirubin diglucuronide by the 

conjugate export pump multidrug resistance protein 2 (MRP2, ABCC2).13,14

The specific organic anion transporting polypeptide (OATP) transporter for bilirubin 

remains controversial.15 Bilirubin is transported into the cell more effectively by OATP1B1 

than by OATP1B3, which was demonstrated in uptake studies using OATP1B1- or OATP1B3-

transfected X. laevis oocytes.16 Contrastingly, Cui et al14 reported that the transport of 

bilirubin into human embryonic kidney cells (HEK293) is facilitated by OATP1B1 but not 

OATP1B315, whereas Wang et al showed that a role for OATP1B1 in bilirubin transport 

is unlikely.17 However, recent pharmacogenetic studies have linked polymorphisms in the 

SLCO1B1 and SLCO1B3 genes, which encode the OATP1B1 and 1B3 isoforms, to elevated 

serum levels of unconjugated and conjugated bilirubin.18-20 Similarly, mice lacking the 

Sclo1a and Slco1b genes exhibit a >40-fold increase in total serum bilirubin levels 

(predominantly conjugated bilirubin), and a 2.5-fold increase in unconjugated bilirubin, 

while conjugated bilirubin in serum is undetectable in the parent strain.21 Moreover, 

inactivation or disruption of Slco1b2 in mice leads to mild hyperbilrubinemia.22,23 

Given the relevance of the OATP1B1 and 1B3 isoforms in the uptake of unconjugated 

and conjugated bilirubin, any liver pathology that affects OATP expression automatically 

alters bilirubin kinetics. For example, cytokines released by Kupffer cells during liver 

inflammation (e.g., during cholestasis, steatosis/steatohepatitis) and ischemia/

reperfusion24 can influence the expression of different OATP isoforms independently25,26, 

and hence skew bilirubin-related test outcomes. 

Additionally, bilirubin levels may also be influenced by non-hepatic factors such as an 

increased production as results of e.g., hemolysis during sepsis.27 Hemoglobin and lactic 

acid dehydrogenase (LDH) are released during hemolysis, which result in an increase in 

indirect bilirubin and urobilinogen, a product of bilirubin reduction that becomes elevated 

in certain liver diseases such as hepatitis. Therefore, plasma bilirubin concentration is not 

a parameter of liver function per se in these instances. The plasma bilirubin concentration 

is often used in combination with other laboratory markers of hepatopathology (e.g., liver 

aminotransaminase levels, albumin levels), and/or clinical grading systems such as the 

Child-Pugh (see sections 4.1) and MELD (model for end-stage liver disease) scores.

3.2. Albumin and coagulation factor synthesis 

Albumin and proteins involved in secondary hemostasis and fibrinolysis, including vitamin 

K-dependent coagulation proteins (factors II, VII, IX, X, protein C, protein S, and protein Z), 

as well as factor V, XIII, fibrinogen, antithrombin, α2-plasmin inhibitor, and plasminogen, 

are exclusively synthesized by the liver, and their plasma concentrations are therefore used 

as indirect indicators of liver synthesis function. Albumin, clotting factors, and coagulation 

parameters such as the international normalized ratio (INR) are measured by routine 

clinical chemistry. In liver disease there is a decrease in the synthesis of albumin and 

coagulation factors, resulting in an increase in prothrombin time (PT) and INR.
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4. Clinical grading systems 
Clinical grading systems such as the Child-Pugh, and MELD scores combine several 

biochemical parameters with clinical symptoms of insufficient liver function. For liver 

resections, the Child-Pugh score is deemed more relevant inasmuch as the MELD score is 

very narrow in patients undergoing liver resection.

4.1. Child-Pugh score

The Child-Pugh score, a widely used clinical scoring system, includes total plasma bilirubin 

level, plasma albumin level, and PT together with the presence or absence of encephalopathy 

and ascites. The Child-Pugh scoring system is particularly useful in selecting patients with 

HCC and cirrhosis for resection or transplantation. In Western clinical practice, most class 

Child B and class Child C patients are candidates for transplantation, leaving class Child 

A patients eligible for resection. In these Child A patients, the Child-Pugh score has been 

shown to be quite variable and may be unreliable for predicting the outcome of liver 

resections.28-30 

5. Dynamic quantitative liver function tests 
Dynamic quantitative liver function tests measure the elimination of a substance in 

time. Since the substances used for these tests are cleared and/or metabolized almost 

exclusively by the liver, the dynamic quantitative liver function tests constitute a more 

accurate measure of the specific aspects of liver function.

5.1. Indocyanine green (ICG) clearance test

The ICG clearance test was initially devised for the measurement of blood flow, and later 

employed for the assessment of liver function by measuring functional hepatocyte mass. It 

is now the most widely used quantitative liver function test in the clinical setting.31 ICG is a 

tricarbocyanine dye that binds to albumin32,33, alpha-1lipoproteins28, and β-lipoproteins.32 

It distributes uniformly in the blood within 2-3 minutes after intravenous injection of 

25 mg or 50 mg ICG (dissolved in 5 mL or 10 mL sterile water, respectively). ICG is 

exclusively cleared by hepatocytes via OATP1B3 and sodium-taurocholate co-transporting 

polypeptide (NTCP)15, and excreted into the bile without biotransformation32,34,35 by the 

ATP-dependent export pump multidrug-resistance-associated protein 2 (MRP 2).36 Under 

normal conditions, ICG has a high hepatic extraction rate, and its uptake is rate-limited 

by blood flow.15,33 Additionally, the clearance of ICG from the blood is similar to that of 

various endogenous and exogenous substances such as bilirubin, hormones, drugs, and 

toxins. The ICG clearance test therefore reflects several important functional parameters 

of the liver, including blood flow-dependent clearance and transporter capacity.15

Elimination of ICG from the blood is dependent on hepatic blood flow, cellular uptake, 

and biliary excretion.35,37 Following administration, the blood level falls exponentially for 
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about 20 minutes, by which time approximately 97% of the dye is excreted into the bile.34 

ICG clearance is determined by serum sampling or pulse dye densitometry using an optical 

sensor placed on the finger.38-40 The results of ICG tests can be expressed in several ways, 

including the plasma disappearance rate (ICG-PDR), the ICG elimination rate constant 

(ICG-k), and the ICG-R15, which describes the percent of clearance of ICG at 15 minutes 

or, conversely, circulatory retention of ICG during the first 15 minutes following bolus 

injection.41 ICG-PDR is the most commonly used parameter, with normal ranges between 

16-25%/min.32,37,42

The ICG clearance test has been widely used in critically ill patients, and in patients 

with chronically reduced hepatic function.32,37 For example, it has been reported that the 

ICG-R15 value is a better indicator of liver function than the Child-Pugh classification in 

patients who had undergone cardiac surgery. In these patients a high ICG retention rate 

at 15 minutes correlated with a high rate of mortality.43 Furthermore, the ICG clearance 

test was found to be a better discriminating preoperative test for evaluating hepatic 

functional reserve in patients with HCC than the aminopyrine breath test, and the amino 

acid clearance test.44 Monitoring of ICG elimination is also indicated for the evaluation of 

liver function in organ donors and recipients in the liver transplantation setting. Several 

cut-off values for a safe resection have been described in the literature. The ICG-PDR is an 

important prognostic factor for postoperative recovery and survival, and has to be higher 

than 5%/min.45 Another study reported a safety limit of ICG-R15 of 14% for a major 

hepatectomy.44 

However, under certain conditions ICG clearance test results may be misrepresentative 

of the underlying liver disease, as confirmed by several studies that found no significant 

correlations between ICG-15 clearance rates and liver histology as well as clinical 

outcome.46,47 Mortality has been noted in patients with normal ICG-15 values, and survival 

has been observed in patients with predicted poor outcome on the basis of preoperative 

ICG-15 values.46,48,49 Moreover, factors such as hepatic hemodynamics may influence 

test outcomes. Variations in hepatic blood flow caused by e.g., intrahepatic shunting 

or thrombosis will influence ICG clearance rate, rendering the test less predictive.47 

Under pathophysiological circumstances, the transport capacity may be reduced due 

to downregulation of OATP transporters50 or by competitive inhibition by excessively 

present bilirubin.14 With respect to the former, cytokines such as TNF-α and IL-6, which 

are released by Kupffer cells in patients with e.g., steatosis and hepatitis, can affect the 

expression of OATP isoforms and NTCP, thereby affecting ICG uptake by the liver.15 

Consequently, the ICG test may be of limited value during liver diseases in which the 

parenchyma is compromised, and is improper for cholestatic patients. Another aspect 

of the ICG clearance test is that it reflects global liver function but does not take into 

account regional variations that may occur in the liver, particularly under pathological 

conditions, thereby obscuring a possible functional disadvantage of the segments to be 

preserved. However, this applies to every clearance test that is performed without an 

imaging component.

 C
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5.2. Galactose elimination capacity (GEC) test

The galactose elimination test determines the metabolic capacity of the liver. Galactose 

is phosphorylated intracellularly to galactose-1-phosphate by galactokinase. Galactose-1-

phosphate is then converted to glucose-1-phosphate by the action of four enzymes in the 

Leloir pathway.51,52 Galactose is administered intravenously, and the GEC is calculated 

from serial serum samples from 20 to 50 min postinjection, making the test somewhat 

time-consuming. The GEC has shown prognostic significance in chronic liver disease53,54, 

such as fulminant hepatic failure55, primary biliary cirrhosis56-58, and chronic active 

hepatitis.54,57,59 Abnormal clearance has also been frequently observed in patients with 

metastatic liver neoplasms.57 A low GEC-value can predict postoperative complications 

and death, whereas a high GEC-value is associated with longer survival.54 As is the case 

with most liver function tests, alterations in environmental conditions or liver metabolism 

will affect test outcomes. Galactose is an essential component of membrane glycoproteins, 

and glycolipids. During liver regeneration, an increased membrane synthesis can lead 

to an augmented galactose demand.24 Furthermore, galactose can be converted into 

glucose, which is used as an energy source during anaerobic respiration, especially 

during fasting.24 As a result, altered galactose kinetics during e.g., liver regeneration and 

fasting24,60 may provide false positive results with respect to liver function. In addition, 

GEC only measures total liver function.

6. Molecular nuclear imaging techniques
6.1. 99mTc-galactosyl serum albumin (GSA) scintigraphy
99mTc-diethylenetriamine-pentaacetic acid-galactosyl human serum albumin (99mTc-GSA) 

is an analogue ligand of asialoglycoprotein (ASGP) that binds to ASGP receptors (ASGP-R) 

on the hepatocyte cell membrane.61,62 The ASGP-R consists of 2 subunits, hepatic lectins 

1 and 2, and is expressed only on the hepatocyte sinusoidal surface facing the space of 

Disse.61-66 ASGPs are taken up by the ASGP-R via receptor-mediated endocytosis. The 

liver is the only uptake site for 99mTc-GSA, and it is therefore an ideal agent for receptor-

targeted, functional liver scintigraphy. A significant decrease in ASGP-R expression has 

been observed in patients with chronic liver problems30, coinciding with the accumulation 

of ASGPs in the circulation.67,68

Planar 99mTc-GSA scintigraphy has proven valuable for the assessment of liver function 

in cirrhotic patients, and demonstrated a good relationship with conventional liver 

function tests such as antithrombin, total and direct bilirubin, PT, ICG clearance69, Child-

Pugh classification, and histology (hepatic activity index (HAI) score).47,70 A discrepancy 

between the ICG clearance test and 99mTc-GSA scintigraphy has been described in 9-20% 

of the patients, in whom the histological severity of disease was better reflected by 99mTc-

GSA scintigraphy.71,72 Since bilirubin does not bind to ASGP-R, 99mTc-GSA scintigraphy is 

not influenced by hyperbilirubinemia.73 Also, as there is practically no biliary excretion of 
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99mTc-GSA, the radiocompound is perfectly suited for SPECT. On the other hand, the test 

is not suitable for the evaluation of biliary obstruction as a possible cause of secondary 

hepatocellular failure, as can be seen in cholangiocarcinoma patients. 

In dynamic 99mTc-GSA scintigraphy, images are obtained after an intravenous bolus 

of 99mTc-GSA using a gamma camera positioned over the heart, and liver region. The 

blood clearance and hepatic uptake are obtained by probing regions of interest (ROIs) 

in the heart and liver, respectively, for the accumulation of radiolabel in time. For the 

actual kinetics of 99mTc-GSA receptor binding, several complex kinetic models have been 

developed. Although many different parameters can be calculated from different kinetic 

models, these are often too complex and therefore not widely used in the context of 

liver surgery.74 The hepatic uptake ratio of 99mTc-GSA (LHL15) and the blood clearance 

ratio (HH15) are the most commonly used parameters in planar dynamic 99mTc-GSA 

scintigraphy (Figure 2). The HH15 is calculated by dividing the radioactivity of the heart 

ROI at 15 minutes after 99mTc-GSA injection by that at 3 minutes after injection. LHL15 

is calculated by dividing the radioactivity of the liver ROI by the radioactivity of the liver 

plus heart ROIs at 15 minutes after injection.71,75,76 The modified receptor index (MRI), 

which represents a quantitative measurement of hepatic function, can subsequently be 

determined by dividing the LHL15 by the HH15, calculated from the radioactivity of the 

liver and heart.71

Figure 2. Planar 99mTc-GSA scintigraphy. The hepatic uptake ratio (LHL15) and blood disappearance ratio 
(HH15) is calculated from the 99mTc-GSA time-activity curves from the heart (grey) and the liver (black) (left 
panel). The HH15 is calculated by dividing the radioactivity of the heart ROI at 15 minutes after 99mTc-GSA 
injection by that at 3 minutes after injection. LHL15 is calculated by dividing the radioactivity of the liver ROI 
by the radioactivity of the liver plus heart ROIs at 15 minutes after injection.75The subscript values designate 
time, the capitalized letters indicate the organ according to the legend. The blood disappearance constant 
(KL) is calculated from the liver uptake curve using the disappearance halftime (T1/2) (right panel). Images 
adapted from [74].
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Multiple studies have addressed the use of preoperative planar dynamic 99mTc-GSA 

scintigraphy for predicting postoperative complications.61,72,77,78 The preoperative hepatic 

uptake ratio of 99mTc-GSA (LHL15) proved a reliable indicator for predicting postoperative 

complications in patients with HCC and chronic liver disease, showing significantly lower 

values in patients with major postoperative complications.47,78 Specific cut-off values for 

LHL15 (0.900 and 0.875)72,77,78 have been used to select patients with a high risk for 

complications. However, these cut-off values were mostly not based on robust risk analysis 

but rather set arbitrarily. Postoperative liver failure was also observed in patients with a 

relatively normal liver function (LHL15 >0.875). This can be explained by the fact that LHL15 

only measures preoperative total liver function, and not the function of the FRL per se.
99mTc-GSA scintigraphy can be combined with CT to add anatomical detail to the liver 

function test. Static 99mTc-GSA single photon emission computed tomography (SPECT) 

has the ability to measure segmental liver function, and functional liver volume.79,80 The 

outline extraction method is a simple technique to calculate the functional liver volume 

using a specific cut-off value to automatically outline the liver.79 Typically, a cut-off value 

of 35-39% is employed for delineating the liver.79,81 Although static SPECT has the ability 

to visualize regional differences in liver function,  functional liver volume measured by the 

outline extraction method, does not take into account the regional functional differences 

within the delineated liver volume.74 As an alternative to static SPECT, dynamic SPECT has 

been employed to measure the uptake dynamics of 99mTc-GSA in a 3-dimensional manner 

using a rapidly rotating, multidetector gamma camera. 
99mTc-GSA SPECT provides the opportunity to specifically assess FRL function.80,82 

Preoperative functional volume measured by static 99mTc-GSA SPECT has proven more 

suitable for predicting remnant liver function than CT volumetry in a study group 

with predominantly cirrhotic patients.79,80 In cirrhotic patients, advanced fibrosis is 

accompanied by a reduction in functional hepatocytes. The superiority of static 99mTc-GSA 

SPECT over CT volumetry can, in this respect, be explained by the fact that 99mTc-GSA 

SPECT measures the functional hepatocyte mass82, whereas CT volumetry cannot 

distinguish between functional and non-functional liver tissue. In addition, tumor-induced 

compression of surrounding liver tissue, bile ducts79, and/or blood vessels83 can impact 

regional liver function, while liver volume is sustained over a longer time period. However, 

the aforementioned outline extraction method for static SPECT images is based on the 

assumption that liver function is uniformly distributed in the tissue included within the 

cut-off value. Especially in tumor-bearing but also compromised livers, function can be 

distributed heterogeneously.5,74,84 Therefore, total functional liver volume as measured 

by static 99mTc-GSA SPECT does not necessarily correlate with the intrinsic liver function. 

This potential shortcoming may be circumvented by using dynamic planar 99mTc-GSA 

SPECT76,82 in a 3-dimensional manner (i.e., by using a rapidly rotating, multidetector 

gamma camera74,76,82) with which the intrinsic FRL function can be measured. In addition, 

dynamic planar 99mTc-GSA SPECT can be used to predict postoperative complications with 

a high level of accuracy.82,85  
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6.2. 99mTc-mebrofenin hepatobiliary scintigraphy 
99mTc-mebrofenin (99mTc-N-(3-bromo-2,4,6-trimethyacetanilide) iminodiacetic acid) 

is an iminodiacetic acid (IDA) analogue that circulates in albumin-bound form.44,86,87 

Dissociation of mebrofenin from albumin occurs in the space of Disse, after which 

mebrofenin is taken up by hepatocytes via human OATP1B1, and OATP1B3.15 Similar to 

ICG, 99mTc-mebrofenin undergoes biliary excretion without undergoing biotransformation, 

and is therefore an ideal tracer for the biliary tract as well.15,88 The canalicular transporter 

includes multidrug resistance protein-2.89 Although 99mTc-mebrofenin is not metabolized, 

the transport mechanism resembles the transport of various endogenous, and exogenous 

substances such as bilirubin, hormones, drugs, and toxins. 99mTc-mebrofenin hepatobiliary 

scintigraphy (HBS) therefore measures a physiologically representative function of the liver.
99mTc-labeled IDA analogues were first used for the diagnosis of multiple biliary 

diseases.86,90,91 More recently, the application of 99mTc-labeled IDA agents have been 

proposed for the assessment of liver function.92 Measurement of hepatic uptake function 

by the clearance rate of the IDA analogue Iodida was first described by Ekman et al.93 

The hepatic uptake of mebrofenin is calculated in a similar manner as that of Iodida. Due 

to the rapid biliary excretion of mebrofenin, 99mTc-mebrofenin HBS is primarily used for 

dynamic rather than static assessment of liver function. After intravenous injection of 
99mTc-mebrofenin, dynamic HBS is performed with a gamma camera74 as addressed in 

the previous section on 99mTc-GSA scintigraphy. To determine global liver function, the 

hepatic uptake of 99mTc mebrofenin is determined by assigning a ROI around the liver, 

the heart (serving as blood pool), and the total field of view, as is illustrated in Figure 3 

(top row). 

Three different time-activity curves are generated based on these ROIs with which the 

uptake rate (%/min) can be calculated. Radioactivity values acquired between 150 and 

350 seconds post-injection are used to ensure that the calculations are made during a 

phase of homogenous distribution of the agent in the blood pool, before biliary excretion 

takes place.94,95 FRL function can then be calculated by dividing the summed counts (150-

350s post injection) within the delineated FRL by the total liver counts within the same 

time frame, and multiplying this factor with total liver 99mTc-mebrofenin uptake rate. 

Finally, total liver 99mTc-mebrofenin uptake rate (%/min/m2) can be calculated by dividing 

the time-activity curve(s) by the patient’s body surface area which therefore individualizes 

the assessment according to patient characteristics.94,95

A clinical study compared the ICG clearance test with 99mTc-mebrofenin HBS in 

patients undergoing liver resection, and showed a good correlation between the two 

tests.95 In a subsequent study, HBS was validated as a tool to measure total liver function 

as well as FRL function before liver surgery.94 The latter was validated by comparing 

preoperative FRL function with actual postoperative remnant liver function immediately 

after surgery. A strong positive correlation (r=0.95) was found between FRL function 

determined preoperatively and the actually measured value 24 hours after resection. Also, 
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3 months after the resection, there was a strong positive correlation (r=0.81) between liver 

function assessed by 99mTc-mebrofenin HBS and the ICG clearance test. A slightly weaker 

relationship (r=0.61) was found between functional liver regeneration and liver volume 

increase after 3 months, which may account for some of the discrepancies between 

volumetric regeneration of the remnant liver and clinical (i.e., functional) outcome after 

liver resection.94

Two clinical studies further validated the utility of 99mTc-mebrofenin HBS in the 

preoperative prediction of postoperative liver failure. A study by Dinant et al87 encompassed 

Figure 3. 99mTc-mebrofenin hepatobiliary scintigraphy (HBS, top row) and 99mTc-mebrofenin SPECT 
(bottom row). The upper left panel shows superimposed images of dynamic planar HBS scans from 150-
350 sec after intravenous injection of 99mTc-mebrofenin, which ensures that hepatic uptake calculations are 
performed during a phase of homogenous distribution of 99mTc-mebrofenin. A region of interest is drawn 
around the entire liver (black line), the mediastinum (blood pool, white line), the total field of view ( not 
shown) and the future remnant liver (FRL, grey line). The respective, color-coded time-activity curves are 
depicted in the upper right panel. The time-activity curves of the liver (segments) are typically corrected for 
background, i.e., the blood pool time-activity curve, by subtraction. The uptake of 99mTc-mebrofenin (D) by 
the liver is calculated as an increase in blood pool-corrected 99mTc-mebrofenin uptake (y) over a predefined 
time interval (x), usually 200 seconds.
The bottom left and right panels depict an example of 99mTc-mebrofenin SPECT with a matching CT scan. 
An inhomogeneous distribution of 99mTc-mebrofenin is seen in liver segments 7 and 8 (arrows) due to 
regional cholestasis in a patient with hilar cholangiocarcinoma. The matching CT scan shows dilated bile 
ducts (arrowheads) in the same liver segments.
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46 patients with and without parenchymal disease. Preoperative measurement of 

FRL function by planar dynamic 99mTc-mebrofenin HBS proved more valuable than 

measurement of FRL volume by CT volumetry for risk assessment of postoperative liver 

failure and liver failure-related mortality.87 A safe resection could be performed in patients 

with an FRL uptake above 2.5 %/min/m2 body surface area (BSA), with a 3% chance 

of developing postoperative liver failure and liver failure-related mortality. However, in 

patients with a FRL uptake below 2.5 %/min/m2 BSA, the risk of postoperative liver failure 

increased to 56%. A study by de Graaf et al6 addressed a population of high-risk patients 

requiring major hepatic resections (≥3 liver segments), where accurate measurement of 

FRL function is critical in the assessment of potential resectability. For this population, ROC 

curve analysis yielded an almost similar FRL function cut-off of 2.7 %/min/m2 BSA. We 

now use 2.7 %/min/m2 BSA as the advised cut-off for FRL function.

Owing to technical advances, new rotating gamma cameras have been developed 

that enable fast 99mTc-mebrofenin SPECT, thereby accounting for the rapid hepatic 

uptake and biliary excretion kinetics of mebrofenin. Dual-head gamma cameras now 

enable simultaneous data acquisition in the anterior and posterior projections, from 

which a geometric mean activity can be calculated, thereby reducing the attenuation 

bias. Additionally, these gamma cameras can be used in conjunction with CT scanners to 

combine the functional data from 99mTc-mebrofenin SPECT with the anatomic information 

from the CT scan, enabling 3-dimensional measurement of segmental liver function and 

liver functional volume (Figure 3, bottom row). The FRL can be outlined manually on 

the low-dose CT scan and linked to the SPECT images. The delineated FRL on contrast-

enhanced CT scans can subsequently be used as a constant reference. A recent study, 

in which FRL function was assessed by 99mTc-mebrofenin SPECT with low-dose CT, 

demonstrated that the combination of SPECT with the dynamic uptake data from planar 

HBS (geometric mean data) allowed complete and accurate prediction of postoperative 

remnant liver function5, whereby the SPECT and CT image overlays provided valuable 

visual information on liver function distribution.

The timing of the SPECT is a challenge when a dynamic tracer such as 99mTc-

mebrofenin is used, which is first taken up by the liver, and subsequently excreted in the 

bile. The SPECT acquisition is therefore centered around the peak of the hepatic time-

activity curve, since the amount of radioactivity within the liver is relatively stable during 

this phase. In patients with fast hepatic uptake, biliary excretion is already visible during 

the SPECT phase. Accumulation of radioactivity in the small bile ducts results in voxels 

with relatively high counts, disturbing calculation of total and regional liver function, and 

volume. Consequently, the activity within the extrahepatic bile ducts must be masked out, 

and the intrahepatic bile ducts must be replaced by the average counts of the normal 

surrounding liver tissue. The outline extraction method can subsequently be used to 

automatically outline the liver, and calculate total functional liver volume. 

Furthermore, ROIs can be drawn around parts of the liver to calculate regional 

differences in 99mTc-mebrofenin uptake rate. Segmental liver function, such as that of 
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the FRL, can be measured by dividing the counts within the delineated segment by the 

total counts within the entire liver. For calculation of the FRL function, this count ratio 

is multiplied by total liver 99mTc-mebrofenin uptake as measured by dynamic HBS. The 

regional uptake of 99mTc-mebrofenin can be assessed with small intra- and interobserver 

variation.87,94

Because 99mTc-mebrofenin HBS has the ability to selectively measure FRL function, 

it is one of the few liver function tests that can be used to measure the increase in FRL 

function after PVE. A recent study showed that functional increase of the FRL measured 

by 99mTc-mebrofenin HBS exceeds the volumetric increase of the FRL, suggesting that the 

waiting time until resection may be shorter than indicated by volumetric data.96

Liver uptake of IDA agents can be affected by high plasma levels of bilirubin because 

of the competitive affinity of bilirubin for the respective transporters. Of all IDA analogues, 

however, 99mTc-mebrofenin shows the highest hepatic uptake, minimal urinary excretion, 

and a strong resistance against displacement by high plasma bilirubin concentration.97 

Therefore, 99mTc-mebrofenin is considered the most suitable IDA analogue for hepatic, 

and biliary diagnostic procedures. In addition, 99mTc-mebrofenin uptake can be hindered 

by hypoalbuminemia, as albumin is the main plasma carrier of mebrofenin. Nevertheless, 

hypoalbuminemia and hyperbilirubinemia can be a sign of impaired liver function during 

liver disease, and therefore a decreased uptake of 99mTc-mebrofenin in patients with 

hypoalbuminemia can still provide an accurate reflection of liver function under these 

circumstances.

Discussion
Accurate measurement of liver function before liver resection is crucial in the assessment 

of hepatic functional reserve and resectability, especially in patients who require major 

resection and patients with underlying parenchymal disease. For liver surgery, CT 

volumetry is currently the gold standard method to decide on resectability. Several 

quantitative liver function tests can complement CT volumetry, and may even replace CT 

volumetry in the future.

In patients with liver-specific diseases, accurate assessment of liver function is critical 

for the selection of treatment options. Liver steatosis and steatohepatitis, for example, 

are associated with an increased risk of liver failure after partial liver resection, especially 

after neo-adjuvant chemotherapy, or in living donor liver transplantation.98 When CT 

volumetry is used as a prognostic tool for surgical outcome, a functional overestimation 

can be made in patients with steatosis. The accumulation of triacylglycerols in hepatocytes 

leads to hepatocyte enlargement in combination with steatosis-induced perfusion defects; 

i.e., phenomena that distort the actual liver function when deduced from CT scans. ICG 

clearance and 99mTc-mebrofenin HBS therefore possess the potential to assess hepatic 

function in steatotic livers because of the combination of impaired parenchymal perfusion, 

and liver dysfunction.99 
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The same principles apply to cirrhotic livers, where fibrosis is accompanied by a 

reduction in functional hepatocytes that concurs with the formation of fibrous tissue 

septa that separate hepatocyte nodules, leading to altered resistance to hepatic blood 

flow, and portal hypertension.100,101 The most commonly used liver function tests in 

cirrhotic patients include hyaluronic acid uptake, the Child-Pugh classification, 99mTc-GSA 

scintigraphy, and the ICG test, albeit any liver function test is capable of detecting a 

reduced number of functional hepatocytes in combination with impaired hepatic blood 

flow. In any case, liver function tests provide more accurate information on the functional 

status of the liver than CT volumetry.

Prolonged cholestasis produces hepatocellular injury, and fibrosis. The uptake of 
99mTc-mebrofenin and ICG is impaired under these conditions due to competitive uptake 

of bilirubin and ICG/mebrofenin by the same cellular transporter systems. Although this 

impaired uptake is indicative of the uptake function of the liver at that specific time, it 

does not reflect the function of the liver after surgery once the biliairy obstruction has 

been resolved. Preoperative assessment of liver function using the ICG clearance test 

or 99mTc-mebrofenin HBS therefore requires complete biliary drainage of at least the 

FRL in patients with concomitant obstruction of (part of) the biliary tree, as seen in hilar 

cholangiocarcinomas. 

The major disadvantage of most quantitative liver function tests such as the ICG 

clearance test and the GEC is the fact that they only measure global liver function, and not 

specifically the function of the FRL. Both 99mTc-GSA scintigraphy and 99mTc-mebrofenin 

HBS have the unique ability to measure FRL function non-invasively. These tests are 

therefore also suitable for assessing the increase in FRL function after PVE. In addition, 

they allow for the simultaneous acquisition of morphological (visual), and physiological 

(functional) information of the liver, especially when SPECT-CT cameras are used. It has 

been demonstrated in patients that the functional capacity may vary within the liver or 

even the FRL. With molecular imaging techniques, such regional differences in hepatic 

function can be detected. In addition, when radiopharmaceutical agents are used that are 

excreted into the bile, two dynamic phases can be examined, i.e., hepatic uptake of the 

agent and secretion into the biliary system.

Both preoperative 99mTc-GSA and 99mTc-mebrofenin scintigraphy are validated 

and accurate methods for preoperative assessment of liver function and prediction of 

postoperative complications.72,87,95 Both tests are especially suitable for evaluation 

of liver function in patients with parenchymal liver disease. Unfortunately, the clinical 

implementation of 99mTc-GSA scintigraphy has been restricted as to date it has not been 

approved in Europe and the US, but only in Japan.

In the final analysis, the most suitable liver function test for clinical use is yet to 

be determined. However, recent studies have provided useful insights into the proper 

approach towards assessing preoperative liver function. De Graaf et al24 compared 

several quantitative liver function tests in a standardized rat model of liver regeneration, 

including liver volume (CT volumetry), 99mTc-GSA scintigraphy, 99mTc-mebrofenin HBS, 
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the ICG clearance test, and the GEC test. It was clearly demonstrated that volumetric 

assessment of the liver should in any case be complemented by liver function-specific tests. 

Due to the functional complexity of the liver, and because each test reflects a different 

component of liver function, one single liver function test cannot measure liver function 

comprehensively.102,103 It is therefore recommended to employ a liver function test that 

(1) can be combined with imaging (e.g., SPECT) to provide regional functional information, 

(2) measures a maximum number of components of liver function, and (3) is not restricted 

in its clinical implementation by regulatory agencies. These selection criteria automatically 

yield 99mTc-mebrofenin HBS as the most suitable liver function tests, given that this test 

(1) can be combined with SPECT, (2) measures the uptake (by two transporters) and 

excretory function of the liver, and (3) does not face regulatory restrictions such as e.g., 
99mTc-GSA scintigraphy. 
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Abstract
Objectives: To assess efficacy and safety of portal vein embolization (PVE) in relation to 

pre-existing liver cirrhosis, steatosis, cholestasis, chemotherapy, and clinical outcomes.

Methods: Between January 2005 and July 2011, 56 consecutive patients underwent 

PVE, at least three weeks before extensive liver resection. Volumes of total liver, tumour 

and future remnant liver (FRL) were analyzed. Outcomes were assessed in relation to 

pre-existing liver cirrhosis, cholestasis and chemotherapy.

Results: All patients underwent successful embolization. A serious adverse event 

occurred in one patient (1.7%), consisting of contralateral portal vein thrombosis, 

rendering the patient unresectable. The mean increase of the FRL was 51% (0-305%). 

Insufficient hypertrophy response precluding surgical resection was seen in only one 

patient (1.7%). There were no significant differences in hypertrophy response of FRL 

after PVE between patients with and without chemotherapy (p=0.51), fibrosis/steatosis 

(p=0.43) or patients with and without cholestasis (p=0.58) and there are no significant 

differences in regeneration three months after liver resection.

Conclusions: PVE is a safe and efficient technique in patients with compromised liver 

function due to fibrosis, cholestasis or liver damage after chemotherapy. There were 

no significant differences in post-PVE hypertrophy response nor in post-resectional liver 

regeneration between patients with predamaged and normal livers.

42



Introduction
In patients with metastatic liver disease or with primary hepatic or biliary malignancy, 

surgical resection is the only option to achieve long-term survival. As almost half of these 

patients need at least a hemihepatectomy to ensure margin-negative resection, many 

patients are found unresectable because of an anticipated, small future remnant liver 

(FRL). The function and volume of the FRL are important determinants for predicting 

postoperative liver failure, which is a life-threatening complication after resection.[1] 

Makuuchi et al. clinically introduced in 1990 the technique of portal vein embolization 

(PVE) to induce liver hypertrophy, rendering patients with a small FRL resectable.[2] 

Since then, many studies have demonstrated the augmenting effect and safety of this 

procedure. In patients with normal liver parenchyma, the minimum volume of the FRL is 

considered to be at least 25% to avoid liver failure after major liver resection. However, 

in predamaged livers (fibrosis/cirrhosis, steatosis, cholestasis, post-chemotherapy), the 

minimum volume of the FRL is rather chosen at 40%.[3]

PVE increases the opportunities for patients to undergo resection and allows surgeons 

to perform more extensive liver resections, exploring the limits of what is technically 

possible. Since patients are increasingly included in neoadjuvant chemotherapy regimens, 

the influence of chemotherapy on the hypertrophy response of the FRL is under debate.

[4,5] Some authors reported that chemotherapy does not affect the hypertrophy response 

at all [4,5,6,7], whereas others concluded that chemotherapy negatively influenced the 

rate of hypertrophy.[8,9]

The role of cholestasis in regeneration of the FRL after PVE also remains controversial. 

It is stated by some authors that longstanding cholestasis, as is often encountered in 

patients with cholangiocarcinoma, impedes the hypertrophy response of the FRL, 

emphasizing the need for pre-procedural biliary drainage.[10,11] This notion however, 

has not been confirmed in other studies.[6,12]

The aim of this study was to assess our results of PVE in patients with compromised 

liver function and to compare these with the results in patients with normal liver function, 

including regeneration of the liver remnant 3 months after resection.

Materials and methods
Patients

Between January 2005 and July 2011, 56 consecutive patients underwent PVE prior to liver 

resection. Patient characteristics, indications for PVE, volumetric changes, hypertrophy 

response, complications after PVE, surgical outcome and surgical complications were 

evaluated.

The influence of pre-existing liver cirrhosis/fibrosis, steatosis, cholestasis and 

chemotherapy on the hypertrophy response was examined in particular. Data concerning 

cirrhosis, fibrosis and steatosis were extracted from pathology reports, radiology reports 
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and patient records. All patients with extensive intrahepatic cholestasis caused by 

cholangiocarcinoma or colorectal liver metastasis (CRLM) were evaluated separately. More 

than half of the patients with CRLM, received pre-operative chemotherapy according 

to locale treatment strategies (mostly 5-FU/Leucovorin combined with Oxaliplatin or 

Irinotecan). As data concerning interruption of chemotherapy between PVE and resection 

were inconsistent, these were not taken into account.

PVE
All procedures were performed using the percutaneous, ipsilateral approach as described 

by Madoff[12] to prevent complications of the contralateral, usually the left portal vein 

and left liver lobe. The procedure was performed under conscious sedation by midazolam 

(Midazolam, Actavis 5mg/ml, Actavisgroup PTC ehf, Iceland), fentanyl (Fentanyl 50 

microgram/ml, Bifarma pharmaceuticals, Hameln, Germany) and local infiltration of 

the skin with lidocaine (Lidocaine HCL 2%, B.Braun AG, Melsungen, Germany). After 

ultrasound-guided puncture of an anterior branch of the right portal vein, a 5 French 

sheath was inserted. Following portography, all right branches of the portal vein were 

selectively catheterized using a reverse curved catheter, and embolized with PVA particles 

(300-500 μg, Cook Incorporated, Bloomington, United States of America) and multiple 6 

to 12 mm platinum coils (Tornado Embolization Coils, Cook Incorporated, Bloomington, 

USA). The procedure was completed with a check portogram to confirm total occlusion 

of the right portal system and normal flow through the left, future remnant portal 

system. Finally, the puncture tract was closed with a gelfoam plug (Spongostan Standard, 

Ferrosan A/S, Soeborg, Denmark). In patients with cholestasis, complete percutaneous 

or endoscopic drainage of the obstructed bile ducts was performed prior to PVE. 

Technical success was defined as complete occlusion of the right portal venous system 

at the end of the embolization procedure. Clinical success was defined as an uncomplicated 

procedure and adequate hypertrophy response after a minimum of 3 weeks after PVE, 

making resection possible. 

Biochemical follow-up after PVE

Biochemical tests including aspartate aminotransferase (AST), alanine aminotransferase 

(ALT), alkaline phosphatase (AF), γ-glutamyltransferase (γGT) and total bilirubin were 

performed before PVE, immediately following PVE, and 1, 2 and 21 days after PVE. These 

tests were repeated 6 hrs after surgery, and on day 1, 2, 3, 4, 5, 6, 7, 8 and 14 after 

resection.

Measurement of liver volume

A multiphase computed tomography (Mx 8000 or Brilliance, Philips, Eindhoven, the 

Netherlands) with intravenous injection of contrast medium (Ultravist-300, Bayer Schering 

Pharma, Bayer BV, Mijdrecht, the Netherlands) was performed in all patients before PVE, 
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approximately three weeks after PVE and three months after surgery, to calculate the 

maximum hypertrophy response after PVE and after resection. The portal phase or the 

4-minutes late enhancement phase of the CT-scan was used to visualize the right, middle 

and left branches of the hepatic vein, as well as the portal vein, to delineate the individual 

liver segments according to Couinaud. 

CT-data were post-processed and evaluated on a MxView – Independent Multi-

Modality Diagnostic Workstation (Version 3.52 B2, August 2002, Philips Medical Systems, 

Eindhoven, the Netherlands). Five millimetre Multi Planar Reconstructions were made. 

Segmental anatomy of the left and right liver segments, as well as the tumour were 

manually delineated after which total liver volume (TLV), future remnant liver volume 

(FRLV) and tumour volume (TV) were calculated. 

The percentage FRL before and three weeks after PVE were calculated, using the 

following equation: % 100% x 
TV TLV

FRLV FRL − =

Liver hypertrophy after PVE was defined as % 100x  
FRL prePVE

 1
FRL postPVE

The same calculation was made with the FRL volumes after surgery: 

% 100x  
FRL  3months  after  surgery

 1
FRL postPVE

. 

Measurement of liver function using hepatobiliairy scintigraphy 

Hepatobiliary scintigraphy (HBS) was performed with 99mTc-labeled 2,4,6 trimethyl-3-bromo 

aminodiacetic acid (99mTc-mebrofenin [Bridatec]; GE Healthcare) to evaluate liver function 

and to calculate function of the FRL, as described previously.[13] Images are obtained in 

supine position, with a large-field-of-view (FOV) SPECT/CT camera (Infinia II; GE Healthcare), 

equipped with low-energy high-resolution collimators, positioned over the liver and heart 

region. Firstly, a dynamic acquisition (36 frames of 10 s/frame, 128 matrix) immediately 

after the intravenous administration of 200 MBq of 99mTc-mebrofenin was obtained for 

calculation of the hepatic uptake function. Subsequently, a fast SPECT acquisition was 

performed (60 projections of 8 s/projection, 12 8 matrix) centered on the peak of the hepatic 

time–activity curve, which was used for the 3-dimensional assessment of liver function and 

calculation of functional liver volume. Immediately after SPECT, a low-dose non–contrast-

enhanced CT scan was obtained for attenuation correction and anatomic mapping on the 

same gantry, without moving the patient. Finally, a second dynamic acquisition (15 frames 

of 60 s/frame, 128 matrix) was obtained to evaluate biliary excretion. Data were processed 

on a workstation (MultiModality; Hermes Medical Solutions). 

The scintigraphy was performed approximately 14 days before and three weeks after 

PVE. It was also performed, three months after surgery. Scintigraphy, combined with 

CT-volumetry, was used to determine the volumetric and functional reserve of the liver. 

Patients were considered to have sufficient residual liverfunction with an uptake of at least 

2.7%/min./m2 and a functional FRL of 25-40%.
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Liver resection

All patients elected for PVE were scheduled for either hemihepatectomy (3 or 4 Couinaud 

segments) or extended hemihepatectomy (4 or 5 Couinaud segments). Surgery was 

performed if the FRL was at least 25% in patients with normal liver parenchyma and 

40% in patients with predamaged livers.

Time of surgery, postoperative course and complications were assessed. The Clavien 

classification was used for evaluation of complications.[14] Morbidity and mortality were 

compared in 56 patients who had undergone liver resection without PVE in the same 

period.

Statistic analysis

SPSS Statistics version 17.0 and GraphPad Prism Version 5.0 was used for statistical 

analysis. Increase of FRL-volume for each diagnosis was analyzed using the Wilcoxon 

signed rank test. To compare FRL growth in patients with and without compromised 

liver, as well as in patients with and without chemotherapy, the Wilcoxon Mann-Whitney 

U-test was used. A difference with a P value < 0.05 was considered significant.  

Results
PVE was performed in 56 patients, 36 men and 20 women, with a mean age of 60 ± 12 

yrs (range 31-78). The majority of patients (n=40) were diagnosed with CRLM, in which 

18 patients had bilobar disease. A compromised liver, defined by pre-existing fibrosis, 

steatosis, previous chemotherapy or long-standing cholestasis, was documented in 22 

patients. A detailed description of the patient characteristics is given in Table 1.

Table 1: patient characteristics.

Patient characteristics

Male/female 36/20

Age at PVE (yr) 60 (31-78)

Diagnosis

Colorectal metastasis 40

Cholangiocarcinoma 8

Hepatocellular adenoma 4

Hepatocellular carcinoma 2

Neuroendocrine tumour 1

Gallbladder carcinoma 1

Compromised liver 22/56

Previous Chemotherapy 26/56

46



Technical and clinical success of PVE

The technical success rate of the procedure was 100%. Clinical success was achieved in 

54 of 56 patients (96.3%). In one patient, portal vein thrombosis of the (left) FRL was 

found at surgery 4 weeks after PVE, causing unresectability despite exploration of the left 

portal vein and thrombectomy. This was the only patient in whom a contralateral portal 

venous access was chosen. After this event, all subsequent patients were managed by 

ipsilateral right portal access. In one patient PVE was considered to have failed because 

there was no hypertrophy response at all, despite technical success of the procedure. 

Therefore, resection in this patient was deferred.

PVE related complications

One patient developed skin rash during the procedure, caused either by the contrast 

medium or by pre-procedural antibiotics. Embolization of the portal vein could be 

continued after administration of an antihistamine drug, clemestine (Tavegyl, Novartis 

Consumer Health BV, Breda, Netherlands) and subsequently was successful. Except for 

some self-limiting, mild abdominal discomfort, no other complications were seen in the 

remaining 54 patients. There was no PVE related mortality.

Follow-up of liver function after PVE

An initial elevation in levels of AST, ALT, AF, γGT and total bilirubin was seen, which 

returned to almost normal in two days. No significant differences in liver enzymes were 

observed between any of the groups.   

Liver volume

In all 56 patients, CT-scans were performed to calculate liver volumes pre and post PVE.

The CT-scans were made with a mean of 34 ± 29 days before PVE and a mean of 24 ± 

10 days after PVE.

Increase of FRL
As shown in table 2, FRL-volumes significantly increased after PVE as well as after resection 

(both p<0.0001), compared to pre-PVE volumes. Also the percentage FRL significantly 

increased from 28.4 ± 8 % to 41.0 ± 9 % (p<0.0001). The FRL volume increased with a 

mean of 51 ± 50 %. 

Table 2: liver volumes before PVE, after PVE and after surgery. 

Mean volumes  
(± sd)

TLV-tumour 
(ml) 

Tumour volume
(ml)

FRL volume 
(ml)

FRL 
(%)

RLV 
(ml)

RLV 
(%)

Before PVE 1943 ± 713 224 ± 457 507 ± 238 28 ± 8 1263 ± 332 72 ± 9

After PVE 2009 ± 747 274 ± 534 741 ± 316 41 ± 9 1060 ± 321 59 ± 9

After surgery 1487 ± 495 - - - -

TLV: Total liver volume; RLV: right liver volume (total liver volume – tumour volume – FRL) 

Portal vein em
bolization in predam

aged livers

47

C
hapter 3



The volume of the embolized segments to be resected (RLV) corresponding with the 

right liver lobe, decreased significantly after PVE showing a mean decrease of 16% (range 

0 - 66%), as well as the percentage of right liver volume (both p<0.05). Total liver volume 

did not change significantly (p=0.17).  

Cholestasis
Comparison of patients with cholestasis (n=7) and without cholestasis (n= 33) showed no 

significant differences in FRL-volumes before PVE (p=0.74) and after PVE (p=0.76; Table 

3). Neither were there any significant differences in increase of FRL after PVE (p=0.58). 

Table 3: increase of FRL-V in patients with and without cholestasis. 

No cholestasis Cholestasis

FRL volume (ml) before PVE 473 ± 180 454 ± 104

Percentage FRL (%) before PVE 28 ± 8 25 ± 8

FRL volume (mL) after PVE 716 ± 290 717 ± 222

Percentage FRL (%) after PVE 41 ± 9 36 ± 8

Increase after PVE (%) 55 ± 54 63± 57

Table 4: increase of FRL-V in patients with and without chemotherapy. 

No chemotherapy Chemotherapy

FRL volume (ml) before PVE 590 ± 307 467 ± 159

Percentage FRL (%) before PVE 30 ± 9 28 ± 8

FRL volume (ml) after PVE 816 ± 387 698 ± 249

Percentage FRL (%) after PVE 41 ± 11 41 ± 8

Increase after PVE (%) 45 ± 47 54 ± 60

Chemotherapy
Comparison of patients receiving (n=26) or not receiving (n=30) chemotherapy before 

PVE, showed no significant differences in FRL-V before PVE (p=0.12) nor after PVE 

(p=0.46). The increase of FRL in mL/days was also not significantly different (p=0.51 ; 

Table 4).

Compromised liver
There were no significant differences between patients with a compromised liver 

(consisting of steatosis, fibrosis/cirrhosis or a combination) and patients with a non-

compromised liver as regards FRL-volumes before PVE (p=0.33); FRL-volumes after PVE 

(p=0.53) and increase of the FRL in time after resection (p=0.57 ; Table 5). 
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Hepatobiliary scintigraphy
Hepatobiliary scintigraphy was performed in 51 patients, approximately 14 ± 21 days 

before and at least three weeks after PVE (mean of 21 ± 5 days). Before PVE, total liver 

uptake was 16 ± 9.5 % per minute. The FRL showed an uptake of 27 ± 7 % , representing 

the functional fraction of this part of the liver. A control scintigraphy was performed at 

least three weeks after PVE in 51 patients. Total liver uptake was then 14 ± 3 % per 

minute whereas the functional contribution of the FRL had significantly increased to 42 

± 14 % (p=0.027). 

Total liver uptake did not change significantly (p=0.27). The uptake by the left liver 

segments did increase significantly after right PVE, showing a mean of 4.21 ± 3 % per 

minute before PVE, and a mean of 5.66 ± 2 % per minute after PVE (p<0.0001). Hence, 

PVE resulted in a significant increase in function of the hypertrophic FRL, three weeks 

after PVE.

Patients with cholestasis, showed a significantly lower total liver uptake pre- and post-

PVE as compared to patients with normal livers (p=0.002), but there were no significant 

differences in liver function of the FRL pre- (p=0.37) and post-PVE (p=0.63).

There were also no significant differences in uptake of the non-embolized, left liver 

segments before PVE (p=0.96) or after PVE (p=0.46) in patients after chemotherapy as 

compared to normal livers. HBS showed a lower increase in uptake of the FRL three weeks 

after PVE in patients with a compromised liver (9.7%) as compared to patients with a 

normal liver (54.9%), but this difference is not statistically significant.

Surgery 

Of the initial 56 patients, six patients were deemed unresectable on the post-PVE CT-scan. 

Five patients because of tumor progression (two of them also developed metastases 

in the future remnant, left liver) and one patient showed insufficient hypertrophy of 

the FRL. Of the remaining 50 patients, 5 patients were found to be unresectable at 

laparotomy because of portal vein thrombosis in the left portal vein (n=1, as described 

above), metastases discovered in the FRL, not detected on preoperative CT-scan (n=1), 

gross tumor invasion in the bifurcation of the portal vein and segment four (n=1) 

and extrahepatic metastases found during exploration (n=2). A sixth patient, with a 

Table 5: increase of FRL-V in patients with and without compromised liver. 

Non-compromised liver Compromised liver

FRL volume (ml) before PVE 478 ± 186 588 ± 303

Percentage FRL (%) before PVE 29 ± 8 29 ± 9

FRL volume (ml) after PVE 711 ± 294 808 ± 353

Percentage FRL (%) after PVE 42 ± 9 42 ± 9

Increase after PVE (%) 52 ± 59 44 ± 47
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gallbladder carcinoma, proved to have no liver metastasis at laparotomy, and therefore 

a cholecystectomy sufficed. 

The types of resection in the 44 patients undergoing resection is summarized in 

table 6. The mean duration of the operation was 327 ± 123 minutes. Postoperative 

complications were seen in 23 patients (46%). Most patients showed minor complications 

(Clavien grade II-IIIa), such as self-limiting bile leakage, hypertension, pulmonary embolism, 

intra-abdominal abscess, or urinary tract infection. Major complications (Clavien grade IIIb-

IVb) occurred in 4 patients (leakage of the hepatico-jejunostomy (n=1), abdominal wound 

dehiscence (n=1), transient liver failure (n=2)). 

Three patients died of liver failure within 30 days after surgery (mortality 6.8%). 

One patient with CRLM had an uncompromised liver but developed liver failure despite 

pre-operative FRL of 37.5% after right PVE. A specific cause for the postoperative liver 

failure and encephalopathy was not found. The second patient who had undergone a 

right hemihepatectomy including segment 1 for hilar cholangiocarcinoma developed 

postoperative portal vein thrombosis of the liver remnant, causing liver failure. This patient 

had a pre-operative FRL of 29.7% on CT scan and a functional FRL of 53% (uptake of 10.5%/

min./m2). The third patient had undergone a right hemihepatectomy for CRLM, leaving 

a FRL of 29.3% after PVE. The procedure was complicated by massive intraoperative and 

postoperative bleeding, and the patient died two weeks later of multiple organ failure. 

In the same period 56 patients underwent liver resection without pre-operative PVE. 

The procedures consisted of 8 right hemihepatectomies, 2 left hemihepatectomies, 1 right 

extended hemihepatectomy, 1 left extended hemihepatectomy, 28 multiple segment 

resections, 13 metastasectomies and 3 hilar resections. The 30 days mortality in this group 

was 3.6%.

Table 6: overview of liver resections.

Type of resection Number of patients

Right hemihepatectomy 16

Extended right hemihepatectomy 10

Right hemihepatectomy + metastatectomy 12

Extended right hemihepatectomy + metastasectomy 4

Segment/metastasis/hilar resection 2

No resection possible 12

Follow-up after surgery
AST levels in the blood initially increased after surgery with peak concentrations on day 

1 until day 2 (NS). After three days, these values returned to normal. ALT levels also 

increased after surgery (NS). In one patient, the AST levels progressively increased up 

to 3000 U/L in the first days after resection with concomitant  liver failure, which finally 

became fatal (Figure 1,2).
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Postoperative liver enzyme levels were not significantly correlated with FRL-V. There 

were no significant differences in levels of AST, ALT, AF, γGT and total bilirubin within 14 

days after surgery. 

Growth of the remnant liver after surgery

CT-scans 3 months after resection were available in 30 of the 44 resected patients. The 

mean volume of the remnant liver had increased to 1487±495ml which was significantly 

larger than the volume of FRL after PVE (741±315 (p<0.0001)). Table 7 and Figure 3 

show the future remnant liver volumes and percentages before and after PVE, and the 

eventual liver volumes 3 months after resection. 
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Figure 1: Concentration of AST after surgery. Figure 2: Concentration of ALT after surgery.

Table 7: volumes and increase of FRL before and after PVE, and after resection.

FRL volume (mL) FRL (%) Increase of FRL (%)

Before PVE 509 ± 238 28.5 ± 8

After PVE 741 ± 315 41 ± 9 51 ± 51

After surgery 1487 ± 495 100 105 ± 67

[compared to volume after PVE]

After surgery 207 ± 124

[compared to volume before PVE]
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Figure 3: Regeneration of the FRL, after PVE 
and after resection.
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There were no significant differences in the remnant liver volumes three months after 

surgery in patients with or without cholestasis (mean volume of 1844 ± 456 ml versus 

1333± 285 ml, p=0.11), in patients with or without chemotherapy (mean volume 1429 

± 367 ml versus 1546 ± 398 ml, p=0.66) and in patients with or without a compromised 

liver (mean volume 1334 ± 368 ml versus 1605 ± 465 ml, p=0.23). 

HBS after surgery
14 patients underwent hepatobiliary scintigraphy approximately three months after 

surgery (87 ± 8 days), in conjunction with CT-volumetric assessment. The mean 

percentage uptake of the FRL per minute was 11.3 ± 4%, compared to 5.7 ± 2%  three 

weeks after PVE. The total liver uptake and function of the liver remnant after surgery 

was significantly increased compared to the uptake of the FRL before PVE (p=0.001) and 

after PVE (p=0.002). Differences in regeneration of the liver remnant three months after 

surgery between normal and compromised livers could not be established because of the 

small number of patients. 

Table 8: overview of total liver uptake during HBS.

% uptake per minute

Total liver uptake before PVE 16 ± 9.4

Total liver uptake after PVE 14 ± 3.1

Total liver uptake after surgery 11 ± 3.7 

Discussion
Our findings that PVE proved to be a safe and efficient procedure to induce hypertrophy 

of the FRL is in line with many previous studies. [11,15,16,17,18,19] In literature, many 

techniques have been described and many types of embolization materials are used. In 

our experience, an ipsilateral puncture and the use of PVA particles and coils is a safe 

technique. The only patient in our study treated by contralateral approach unfortunately 

became unresectable because of subtotal portal vein thrombosis in the FRL. Giraudo [7], 

de Baere [9] and Elias[20] all described large groups treated by contralateral access and 

only Giraudo [7] experienced this complication only once.

Post procedural fever was not seen in our patients as has been described many times 

in patients embolized with N-butyl-cyanoacrylate (NBCA). Elias[20] described such an 

inflammatory response in 90% of patients. Covey et al[5] also reported pyrexia in 45% of 

patients embolized with PVA particles. All cases were transient and self-limiting.

The influence of pre-existing compromised liver on regeneration and the hypertrophy 

response as in patients with cirrhosis, fibrosis or steatosis, is unclear. Previous studies 

reported a significantly poorer response to PVE [21,22], although other reports showed 

no significant difference in regeneration compared to uncompromised livers. [7,6,23]  
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The same applies to patients who received chemotherapy. Some studies report an 

impaired hypertrophy response [8,9], whereas others mention no significant differences. 

[4,5,6,7,24,25] Our study shows no significant differences in increase of FRL volumes in 

patients with compromised livers (p=0.77) or in patients without cholestasis (p=0.19). 

In all patients with cholestasis, adequate drainage of the biliary system was performed 

prior to undertaking PVE, to facilitate post-PVE regeneration and to avoid infectious biliary 

complications as cholangitis. The regenerative responses after PVE and subsequently after 

liver resection were not significantly different compared to patients with uncompromised 

livers, probably owing to this policy. 

Many studies find no significant differences in growth of the FRL when comparing 

patients with and without chemotherapy. De Baere et al., however, reported a lesser 

hypertrophy response in patients who had received platin agents, whereas the use of other 

chemotherapeutic agents did not influence hypertrophy of the FRL. [9] No differences in 

hypertrophy response in patients with and without chemotherapy were reported by Nafidi 

[25]. Beal et al. [8] evaluated a group of 15 patients after PVE who all had received pre-

PVE chemotherapy, and compared patients who continued chemotherapy with patients 

who stopped chemotherapy in the regeneration period between PVE and resection. No 

significant growth of tumour volume was seen, but a significant reduction in hypertrophy 

response was observed in patients receiving chemotherapy after PVE. In our series, no 

significant differences in hypertrophy response or in post-operative liver regeneration were 

seen in patients with or without chemotherapy. It therefore seems that chemotherapy 

given before PVE does not affect the hypertrophy response of the FRL, nor has a limiting 

influence on surgical treatment options. Continuing chemotherapy after PVE therefore, 

potentially avoids PVE-related tumour progression without significantly influencing the 

hypertrophy response, although this notion awaits further clinical assessment.

We evaluated the results of PVE not by volumetric data only, but also by quantitative 

assessment of function of the FRL, obtained by 99mTc-mebrofenin hepatobiliary scintigraphy 

(HBS) as has been validated by de Graaf et al.[26] Functional uptake of the left liver 

segments did increase after PVE (p<0.0001) whereas the uptake rate of the embolized, 

right liver segments decreased. Three months after surgery, the functional uptake had 

increased with 194% compared to the uptake of the FRL before surgical resection, 

demonstrating the inexhaustive power of the liver cells to regenerate. The uptake function 

was ultimately almost 84% of total liver function before resection (mean 11.3 ± 3.6% per 

minute). In our experience, HBS is a valuable tool in the preoperative work-up to improve 

risk assessment in patients requiring extensive liver resection. De Graaf concludes that 

functional assessment using HBS is of more value than morphological evaluation using CT 

volumetry, especially in patients with a compromised liver. [26]

Major hepatectomies still have significant morbidity and mortality, ranging from 

4 to 8%, depending on the extensiveness and complexity of the procedure. [27,28] 

Postoperative liver failure is associated with increased morbidity and mortality and its 

pathogenesis is related to the amount of functional liver mass remaining after resection. 
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[1,29] Three patients died within 30 days after surgery because of progressive liver failure. 

One of them had an un-compromised liver with post-PVE FRL of even 37.5%. The other 

two patients, also with sufficient post-PVE FRL volume of almost 30%, developed liver 

failure because of septic complications culminating in multiple organ failure.

The high mortality rate (6.8%) reported in our study is in part explained by patient 

selection as all patients subjected to preoperative PVE had increased tumor burden, and 

required more complex procedures. A relatively high proportion of patients in our series 

had hilar cholangiocarcinoma requiring large resections in combination with biliary 

anastomoses, carrying an increased risk of postoperative morbidity, liver failure and 

mortality, the latter reported up to 10%. After introduction of PVE in our institution, an 

increased number of patients who would initially have been considered unresectable, 

did undergo resection in spite of extensive liver tumor(s). These patients obviously 

had an increased operative risk. For comparison, the overall postoperative mortality in 

patients undergoing liver resection without PVE in the same period in our institution 

(n=56), was 3.6%. 

PVE is safe and efficient in patients with normal livers, as well as patients with 

compromised livers or patients receiving preoperative chemotherapy. There were no 

significant differences in the hypertrophy response in patients with pre-existing liver 

cirrhosis/fibrosis, steatosis, cholestasis, or after chemotherapy. Also post-resectional liver 

regeneration was not influenced by these factors.
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Abstract
Introduction: Preoperative PVE is employed to increase future remnant liver (FRL) 

volume through induction of hepatocellular regeneration in the non-embolized liver lobe. 

The regenerative response is commonly determined by CT volumetry after PVE. The aim 

of the study was to examine plasma bile salts and triglycerides in the prediction of the 

regenerative response following PVE.

Methods: PVE of the cranial liver lobe was performed in fifteen rabbits, divided into 

3 groups: NaCl (control), gelatin sponge (short-term occlusion), and polyvinylalcohol 

particles with coils (PVAc, long-term occlusion). In all rabbits CT-volumetry and blood 

sampling were performed prior to PVE and on day 3 and 7 after PVE. Plasma bile salts and 

triglycerides were correlated with volume increase of the non-embolized, caudal liver lobe. 

Results: After three and seven days, FRL volume was increased in both embolized groups 

with the largest hypertrophy response observed in the PVAc group. Plasma bile salt levels 

were increased after PVE, especially in the PVAc group at day 3 (p<0.01 compared to 

gelatin sponge). Plasma bile salt levels at day three predicted volume increase of the FRL 

at day 7 showing a positive correlation of 0.838 (p<0.001). Unlike bile salts, levels of 

triglycerides were not significantly altered in either of the PVE procedures. 

Conclusions: Plasma bile salt levels early after PVE strongly correlated with the 

regenerative response in a rabbit model of PVE, showing more pronounced elevation 

with larger volume increase of the non-embolized lobe. Plasma bile salts therefore, but 

not triglycerides, can be used in the prediction of the regenerative response after PVE.
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Introduction
Resection of hepatic tumors is being performed with increasing frequency worldwide.1 

Complete resection of hepatic tumors remains the first choice for curative treatment of 

malignant liver tumors. The remnant liver however, is sometimes too small to meet the 

needs of liver function and volume, and for this reason, these patients are considered 

unresectable. Various procedures have been developed to increase the size and function 

of the future remnant liver (FRL) preoperatively.1,2

One way to increase the FRL in unresectable patients is portal vein embolization (PVE) 

of the lobe to be resected. PVE was first described in 1986 in Japan by Kinoshita.3 Today, 

PVE is increasingly used in the preoperative management of patients proposed for liver 

resection in whom FRL volume is deemed insufficient. The usual method to assess liver 

hypertrophy in the non-embolized lobe following PVE is CT volumetry, performed 3-6 

weeks after PVE. A drawback of PVE is concomitant enhancement of tumor growth as a 

result of the release of regenerative factors after PVE. Prediction of effective hypertrophy 

at an earlier time-point is therefore desirable, in order to minimize the waiting time 

between PVE and subsequent liver resection. 

In the present study we evaluated the suitability of serum levels of bile salts and 

triglycerides as predictors of the hypertrophic response in a rabbit model of PVE. An 

experimental study by Huang et al.14 showed increased serum bile salt levels during 

regeneration following partial hepatectomy in mice. In addition, this study showed that 

an elevation in serum bile salt levels accelerated liver regeneration, whereas a decrease in 

serum bile salts inhibited liver regrowth after partial liver resection.14 The latter effect was 

confirmed in rat studies by Ueda et al.15 and Dong et al.16 Another study demonstrated 

increased bile salt levels within the non-ligated lobes after portal vein ligation in rats.17 

Subsequently, Hayashi et al.18 showed a significant relation between increased bile salt 

levels and the degree of hypertrophy in the non-embolized lobe in humans.18 Apart 

from these studies, little is known about the relation between bile salts, PVE and the 

hypertrophy response of the liver.

Besides a relation between liver regeneration and bile salts19-21, triglycerides also 

accumulate during liver regeneration. Previous studies have shown that triglycerides 

accumulate in the rat liver 15-20 hrs after partial hepatectomy.22,23 Miyamura et al. also 

revealed an accumulation of triglycerides in regenerating mouse livers 24 hours after 

partial hepatectomy.24 The precise role of bile salts and triglycerides in liver hypertrophy 

and regeneration is still unknown. The aim of this study therefore, was to examine plasma 

bile salts and triglycerides in the prediction of the regenerative response following PVE in 

a rabbit model of PVE.

Plasm
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Methods
Animal study

Fifteen female New Zealand White Rabbits (Harlan, Gannat, France) with a mean weight 

of 3.0±0.5 kg were acclimatized for one week under standardized laboratory conditions 

in a temperature-controlled room. The animals were individually housed, had free access 

to standard laboratory food and water, and were subjected to a 12 h of light and dark 

cycle per day. Experimental protocols were approved by the Institutional Animal Ethics 

Committee.

Experimental design

The rabbit liver consists of four liver lobes, three of which are positioned cranially with the 

fourth located caudally.25 In our rabbit PVE-model the cranial liver lobes, which account 

for approximately 80% of the total liver volume, were embolized. The rabbits were 

divided into a control group receiving NaCl (n=5) and two groups in which the portal 

vein to the cranial liver lobes was embolized by either liquefied gelatin sponge (short-

term occlusion; n=5) or polyvinyl alcohol particles and coils (PVAc, long-term occlusion; 

n=5). The rabbit was placed in a supine position after subcutaneous injection of 0.03 mg/

kg buprenorphine (Temgesic, Reckitt Benckiser Healthcare Limited, Hull, Great-Britain) 

and 0.02 mg/kg enrofloxacin (Baytril, Bayer Healthcare, Berlin, Germany). Rabbits were 

given enrofloxacin 0.02 mg/kg subcutaneously once a day for 3 days postoperatively. 

Animals were anesthetized by intramuscular injection of 25.0 mg/kg ketamine (Nimatek, 

Eurovet, Bladel, the Netherlands) and 0.2 mg/kg dexmedetomidine (Dexdomitor, Orion 

Corporation, Espoo, Finland). Isoflurane 1-2% (Forene, Abbott Laboratories, Kent, UK) 

with O2/air (1:0.7 L/min) was used to maintain anaesthesia. Heart rate and arterial 

oxygen saturation were measured by pulse oximetry (Hewlett Packard M1165A model 

56S, Andover, MA) continuously throughout the procedure. 

To identify the individual portal branches a portography was made. After passing the 

portal branch to the caudal liver lobe, a microcatheter was positioned into the main portal 

branch supplying the cranial liver lobes. Control animals received 2.0 mL of NaCl via the 

microcatheter. In the short-term occlusion group, liquefied gelatin sponge (Spongostan, 

Ferrosan, Soeborg, Denmark) was delivered until flow ceased. Animals in the long-term 

occlusion group received an initial mixture of contrast (Visipaque, GE Healthcare, Waukesha, 

WI) and 90-180 μm PVA particles (Cook, Bloomington, IN), followed by injection of 300-

500 μm PVA particles until cessation of flow and placement of three platinum coils (6 

mm, Tornado Embolization Microcoil, Cook, Bloomington, IN). All embolizations were 

performed by an interventional radiologist (KPvL) with over 10 years experience. Further 

details of the embolization technique have been described elsewhere.26 

Portography directly after PVE confirmed total occlusion of the cranial portal blood 

flow in the embolization groups. The hypertrophy response of the caudal lobe was 

measured using CT-volumetry before embolization, and on day 3 and 7 post-embolization. 
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Serum bile salt and triglyceride levels were determined at baseline, at 3 hours, and at day 

1, 3 and 7 after PVE.

Liver volume 

Multiphase contrast-enhanced CT scans were carried out in rabbits using the multislice 

helical scanner (Philips Medical Systems, Eindhoven, The Netherlands). Total liver, 

tumour, and FRL were delineated manually, after which the total liver volume (TLV), 

tumour volume (TV) and FRL volume (FRLV) were calculated with integrated software 

(Mx-View 3•52; Philips Medical Systems). The percentage of FRL was then calculated by 

the following formula: %FRL = (FRLV x 100%) / (TLV–TV). A detailed description of CT 

volumetry in rabbits is described elsewhere.26 

Biochemical tests

In all blood samples, plasma aspartate aminotransferase (AST) and alanine amino-

transferase (ALT) were assessed to examine the degree of liver damage. Plasma bilirubin 

(bili) was determined as indirect measure of hepatic function (hepatic uptake and excretory 

function). Serum levels of triglycerides were also evaluated to examine liver regeneration. 

All above-mentioned parameters were determined by routine clinical chemistry. Total 

serum bile salts was assayed by an enzymatic method as per manufacturer’s instructions 

(Diazyme Laboratories, Poway, USA). 

Statistical analysis

Statistical analysis was performed with Statistical Package for Social Sciences (SPSS 

18.0), and GraphPad Prism (GraphPad Software, San Diego, CA). CT-volumetry data 

were compared using a mixed model analysis based on ranked data. Continuous, non-

parametric data were compared by the Mann-Whitney U test. The Wilcoxon signed rank 

test was used for non-parametric continuous data for different time points within groups. 

Correlation between variables was tested using the Pearson’s r correlation coefficient. All 

statistical tests were two-tailed and differences were considered significant at a p-value 

of ≤ 0.05. Data were expressed as means ± SD, unless stated otherwise.

Results 
Embolization with PVA particles and coils induces a strong hypertrophy 
response in rabbits

The PVE procedure was performed successfully in all rabbits. Before embolization, 

FRL volume, expressed as a percentage of total liver volume (%FRL), was 26.3±1.4%, 

25.7±3.6% and 22.4±1.2% for the control, gelatin sponge and PVAc groups, respectively, 

with a significant difference between the control group and PVAc (p=0.009). As 

expected, %FRL remained constant during the follow-up period in the control group 

(Figure 1). After three days, %FRL was increased in both embolized groups with the 
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largest hypertrophy response in the PVAc group. Further increase of %FRL at day 7 post-

PVE was most striking in the PVAc group with a near doubling of lobular volume (80%) 

induced by PVE. 

Both PVE procedures resulted in a transient elevation of transaminases that peaked 

after the first day with normalization of transaminases after 3-7 days (Figure 2A and 2B). 
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Figure 2. Liver damage following PVE. Plasma AST (A) and ALT (B) exhibited a transient increase with a 
peak concentration on day 1 (*p<0.05). 

Figure 1. Portal vein embolization induces liver hypertrophy in rabbits. FRL volume was determined by CT 
volumetry prior to and after embolization of the cranial portal vein with gelatin sponge (squares, short term 
occlusion) or PVAc (triangles, long-term occlusion). There was no change in increase in FRL volume in the 
control group (dots), whereas increased FRL volume was apparent at day3 and day7 in animals embolized 
with gelatin sponge or PVAc. Data are expressed in mean±SEM, * denotes p<0.05. 
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Bile salts -but not triglycerides- are elevated after PVE

Baseline bile salt levels were similar in the three groups, and remained constant throughout 

the follow-up period in the control group (Figure 3A). In contrast, a rapid increase in 

bile salt levels was apparent already after 3 hrs in the gelatin sponge group and levels 

remained elevated for at least three days before gradual return to baseline levels. The 

profile of bile salt levels in the PVAc group differed, peaking at a later time point (3 days) 

while remaining elevated after 7 days. Unlike bile salts, levels of triglycerides were not 

significantly changed by either of the PVE procedures (Figure 3B).
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Correlation of bile salts and triglycerides with FRL volume 

Correlation data of plasma bile salt levels and (increase in) %FRL are shown in Table 1. 

Analysis of the pooled results of all rabbits showed positive correlations of bile salt levels 

after PVE, and %FRL or increase in %FRL on day 3 and 7 following PVE. Furthermore, 

when comparing the increase in bile salts on day 3 with the increase of FRL% on day 7, a 

positive correlation was found (0.811, p<0.001; figure 4). For triglycerides, no significant 

correlations were observed with (increase of) %FRL (data not shown). 
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Figure 3. Serum bile salts are elevated following experimental PVE. Bile salts (A), but not triglycerides (B), 
are elevated after PVE and returned to baseline values within a week. Statistically significant differences 
(p<0.05) compared with pre-PVE baseline values are indicated by an asterisk. Means±SEM data are shown.

Table 1. Pearson correlation between bile salts and (change in) %FRL at day 3 and 7 after PVE, with x 
denoting non-significance. Remaining non significant data are not presented. 

Bile Salts %FRL
day 3

%FRL
day 7

Increase %FRL
day 3

Increase %FRL
day 7

All rabbits day 1 r=0.670, p=0.006 r=0.633, p=0.011 r=0.603, p=0.017 r=0.530, p=0.042

day 3 r=0.680, p=0.005 r=0.838, p<0.001 r=0.792, p<0.001 r=0.838, p<0.001

day 7 x r=0.621, p=0.013 r=0.668, p=0.006 r=0.693, p=0.004

Discussion
Plasma bile salts and triglycerides were examined as predictive factors of the regenerative 

response following PVE. An established rabbit model of PVE was used27 to study possible 

correlations between plasma bile salts and triglyceride levels, and FRL growth using two 

different embolization agents: gelatin sponge and PVAc. This analysis showed that plasma 

bile salts -but not triglycerides- significantly predicted the hypertrophy response after PVE. 

To our knowledge, a predictive correlation between bile salts and FRL growth has 

not been previously explored in an animal model of PVE, while only a single study has 

addressed this issue in patients.18 Several experimental studies showed an increase in 

serum bile salts or triglycerides during liver regeneration after partial hepatectomy.14-16 
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This is partly in line with our observations. Bile salts increased significantly in the rabbit 

model after PVE, and after clinical hepatectomy, suggesting that bile salt levels are a 

useful predictor of effective hypertrophy of the non-embolized liver lobe after PVE. 

However, we did not find significant changes in serum TG levels following PVE in the 

rabbit PVE-model, despite multiple studies reporting a significant increase in serum and 

hepatic triglycerides during the hypertrophy respons.22,23 The reason for the absence 

of a significant increase in triglycerides following PVE in our animal study could be two-

fold. Firstly, most studies have been performed in rat models while we chose a rabbit 

model, since this model is more compatible with the human situation, and the size 

of rats brings along surgical and technical limitations. Volumetric assessment of liver 

lobes in rats is more difficult, and introduction of the cannula in the portal vein for 

embolization is challenging. Secondly, the abovementioned studies in literature were 

performed in combination with partial hepatectomy. Therefore, several pathways were 

activated resulting in a hypertrophy response of FRL after liver resection, which could 

subsequently lead to elevated triglycerides levels. Thus, whereas hepatectomy in rats 

resulted in increased triglycerides, PVE in rabbits did not affect serum triglycerides levels.

Serum bile salts are increased after PVE, especially upon long-term embolization 

using PVA and coils (Figure 3A). Plasma bile salt levels at day three predicted FRL volume 

increase at day 7 with a positive correlation of 0.838. Also, the increase of plasma bile 

salts on day 3 is a good predictor of FRL growth on day 7 (r=0.811). Previous clinical 

studies showed considerable variation in plasma bile salt levels prior to PVE, based on 

underlying liver disease.18,28-30 To compensate for these pre-embolization variations, the 

increase of bile salt levels presumably is a better way to predict FRL growth, as compared 

to bile salt levels per se. Therefore, the increase in bile salt levels after PVE, is possibly a 

better predictor of FRL growth. 

Figure 4. Bile salt levels at day three predict the increase in %FRL at day 7 in rabbits. Correlations are shown 
between bile salts on day 3 (A) or the increase of plasma bile salt levels on day 3 (B) and the increase of 
FRL on day 7. FRL = future remnant liver. 64



Our study has a limitation. The initial FRL in the control group (26.3±1.4%) was 

significantly different compared to the PVAc group (22.4±1.2%) in the rabbit PVE-model, 

although no interventions had been performed. As expected, however, the increase in 

%FRL was significantly higher in the PVAc group 7 days after PVE, and therefore, did not 

seem to be influenced by baseline values. 

In conclusion, a positive correlation was found between the increase in %FRL on day 3 

and plasma bile salts in a rabbit PVE-model. In rabbits with a greater hypertrophy response 

after PVE, the increases in bile salts were also larger. Plasma bile salts therefore, have 

predictive value in the assessment of the hypertrophy response after PVE. 
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Abstract
Background: Preoperative portal vein embolization (PVE) is used to increase the future 

remnant liver (FRL) in patients requiring extensive liver resection. CT volumetry, performed 

not earlier than 3-6 weeks after PVE, is commonly employed to assess hypertrophy of 

the FRL following PVE. Early parameters to predict effective hypertrophy are therefore 

desirable. The aim of this study was to assess plasma bile salt levels, triglycerides (TG) and 

apoA-V in the prediction of the hypertrophy response during liver regeneration.

Methods: Serum bile salt, triglyceride and apoA-V levels were determined in 20 patients 

with colorectal metastases before PVE, and 5 hrs, 1 day, and 21 days after PVE, as well 

as prior to and after (day 1-7, and day 21) subsequent liver resection. These parameters 

were correlated with liver volume as measured by CT volumetry, and liver function 

determined by Tc-labled mebrofenin hepatobiliary scintigraphy using SPECT. 

Results: Both bile salts and TG 5 hours after PVE positively correlated with the increase 

in FRL volume (r=0.672, p=0.024; r=0.620, p=0.042 resp.) and liver function after 21 

days (for bile salts r=0.640, p=0.046). Following liver surgery, TG at 5h and one day 

after resection were associated with liver remnant volume after three months (r=0.921, 

p=0.026 and r=0.981, p=0.019 resp.). Plasma apoA-V was increased during liver 

regeneration. 

Conclusions: Bile salt and triglycerides levels at 5 hours after PVE/resection are 

significant, early predictors of liver volume and functional increase. It is suggested that 

these parameters can be used for early timing of volume assessment and resection after 

PVE. 
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Introduction
Portal vein embolization (PVE) first came to mind in the late 1980s in Japan after the 

publication of an article reporting atrophy of liver lobes in relation to tumor induced 

portal vein obstruction, showing an increase in size of the non-obstructed lobes.[1] This 

publication independently confirmed the experimental results of Rous and Larimore, 

obtained in the 1920s in a portal vein ligation model in rabbits.[2] Preoperative PVE is 

now a widely used technique to increase the future remnant liver (FRL) through induction 

of hepatocellular regeneration in the non-embolized liver lobe in order to perform a liver 

resection with less risk of postoperative liver failure.[3] The minimal volume for safe liver 

resection depends on pre-existing, parenchymal liver disease. A FRL of ≥25-30% of total 

liver volume is considered sufficient to perform a safe resection in patients with normal 

liver parenchyma, whereas in patients with diseased liver, a FRL of ≥40% is preferred.[4] 

The hypertrophy response after PVE has shown to correlate with outcome after 

resection. Liver resection is usually performed 3-6 weeks after PVE, but the exact time 

optimum remains controversial since the mechanisms of regeneration after PVE (or 

liver resection) are not fully understood.[5;6] Liver hypertrophy in the non-embolized 

lobe following PVE is determined by CT volumetry, performed 3-6 weeks following PVE. 

However, there is increasing evidence that PVE not only stimulates growth of the FRL but 

also increases tumor proliferation because of growth factors and cytokines released in the 

process of liver regeneration.[7] Therefore, additional parameters that can be applied at 

an early time-point to predict sufficient regeneration of the hypertrophic, non-embolized 

liver lobe are highly in need. In this study, we examined plasma bile salt levels, triglycerides 

(TG) and apoA-V as possible predictors of liver volume and function after PVE. 

Some recent experimental studies have demonstrated correlations between plasma 

bile salts and liver regeneration.[8-12] However, these associations may depend on the 

choice of the animal model used. In literature, only one clinical study demonstrated 

increased serum bile acid levels in patients with effective liver hypertrophy of the non-

embolized lobe post-PVE.[13] Apart from a relation between bile salt levels and the 

hypertrophy response after portal vein embolization or ligation, as well as liver resection, 

several experimental studies also reported the influence of TG within the regenerating 

liver.[14-16] In turn, apo-lipoprotein A-V (apoA-V) has been considered a potential factor 

in determining triglyceride levels, as was initially disclosed while screening genes involved 

in liver regeneration.[17-19] The underlying mechanisms of bile salts, TG and apoA-V in 

liver regeneration are not fully elucidated.

The aim of the present study is to examine applicability of bile salts, triglycerides 

and apoA-V as plasma markers for prediction of the hypertrophy response in patients 

undergoing PVE and subsequent liver resection.

Predictors of liver regeneration
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Methods
Twenty patients (male-female 16-4, median age 62 (range 31-78) years) considered 

unresectable because of small-for-size FRL and amenable for PVE were included on 

a consecutive basis. Patients received a single dose of antibiotic prophylaxis before 

undergoing PVE. All procedures involved the right portal vein and were performed using 

the percutaneous, ipsilateral approach as described by Avritscher et al.[20] to prevent 

complications of the left portal vein and liver parenchyma. The procedure is performed 

under conscious sedation by midazolam (Midazolam Actavis 5mg/ml, Actavisgroup PTC 

ehf, Iceland), fentanyl (Fentanyl 50 microgram/ml, Bipharma pharmaceuticals, Hameln, 

Germany), and local infiltration of the skin with lidocaine 2% (Lidocaine HCL 2% , B. 

Braun AG, Melsungen, Germany). 

After ultrasound-guided puncture of an anterior branch of the right portal vein, a 5 

French sheath was inserted. Following portography, all right branches of the portal vein 

were selectively catheterized using a Shepherd’s crook catheter, and embolized using 

PVA particles (300-500 μm, Cook Incorporated, Bloomington, United States of America) 

and multiple 6 to 10 mm platinum coils (Tornado Embolization Coils, Cook Incorporated, 

Bloomington, USA). The procedure was completed with a portogram to assure total 

occlusion of the right portal system and normal flow through the left, future remnant 

portal system. 

The hypertrophy response of the FRL was measured by CT-volumetry prior to 

embolization and 22 days (range 18-40) after PVE. Post-PVE CT volumetry and technetium-

99m (99mTc)-mebrofenin hepatobiliary scintigraphy (HBS) including SPECT to measure 

liver function, were performed on the same day. Plasma bile salts, TG and apoA-V were 

determined at baseline pre-PVE, and after PVE (5 hrs, day 1, day 21), as well as prior 

to and after (day 1-7, and day 21) subsequent liver resection. These parameters were 

correlated with liver volume as measured by CT volumetry, and liver function determined 

by HBS. We also compared the results between patients with a pre-PVE FRL of <25% 

(n=11) and those with a pre-PVE FRL of 25-40% (n=9). 

This study has been approved by the institutional review board of the Academic 

Medical Center, and written informed consent was obtained from each patient. 

Liver volume and function

Assessment of the FRL was based on imaging by CT volumetry as described by Shoup 

et al.[21] Multiphase contrast-enhanced CT scans were carried out using the multislice 

helical scanner (Philips Medical Systems, Eindhoven, The Netherlands). Integrated 

software (Mx-View 3•52; Philips Medical Systems) was used for calculation of the total 

liver volume (TLV), tumour volume (TV) and FRL volume (FRLV). The volume of the FRL 

is expressed as a percentage of TLV, determined by the formula %FRL = (FRLV x 100%) 

/ (TLV–TV). PVE was performed preoperatively if the %FRL was <30% in healthy liver 

parenchyma, or <40% in compromised liver parenchyma. 
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Liver function was evaluated in patients before PVE and 3 weeks after PVE by 

HBS assessing hepatic 99mTc-mebrofenin uptake, as reported previously.[22-24] Briefly, 

the hepatic uptake function was assessed on an InfiniaTM II SPECT/CT camera (GE 

Healthcare). A dynamic acquisition (36 frames of 10 s/frame, 128 matrix) directly after 

intravenous administration of 200 MBq 99mTcmebrofenin (Bridatec; GEHealthcare, 

Eindhoven,The Netherlands). Additionally, a low-dose non-contrast-enhanced CT was 

performed after a fast SPECT acquisition (60 projections at 8 s/projection, 128 matrix) 

to correct for attenuation and for anatomical mapping on the same gantry. Finally, an 

additional second dynamic acquisition was made to determine excretion of bile. A Hermes 

workstation (Hermes Medical Solutions, Stockholm, Sweden) was used for data analysis. 

The hepatic 99mTc-mebrofenin uptake rate expressed in %/min which represents the 

function of the total liver, was corrected for height and weight of the patient by dividing 

this parameter by the BSA (%/min/m2). The (uptake) fraction of the FRL was determined 

by dividing the summed counts (150–350 s after injection) within the delineated FRL by 

the total liver counts within the same time frame. This fraction was multiplied by total 

liver 99mTc-mebrofenin uptake rate to determine the future remnant liver function (FRL-F) 

expressed in %/min/m2. A cut-off value for FRL-F of 2.69 %/min/m2 identified patients 

at risk of developing postoperative liver failure.[22] FRL functional volume (FRL-FV) was 

subsequently calculated by dividing the remnant liver function (FRL-F) by the volume of 

the FRL (FRL-V). 

Biochemical parameters

Liver damage was determined by assessment of plasma aspartate aminotransferase 

(AST) and alanine aminotransferase (ALT) by routine clinical chemistry. Hepatic uptake 

and excretory function was evaluated by plasma bilirubin (bili). Liver regeneration was 

examined by measurement of plasma levels of triglycerides and bile salts, the latter 

being assayed by an enzymatic method as per manufacturer’s instructions (Diazyme 

Laboratories, Poway, USA). Human apoA-V levels were determined by ELISA as described 

elsewhere.[25] 

Statistical analysis

Statistical analysis was performed with Statistical Package for Social Sciences (SPSS 18.0), 

and GraphPad Prism (GraphPad Software, San Diego, CA). The Mann-Whitney U test 

was used to compare continuous, non-parametric data, with the Wilcoxon signed rank 

test for different time points within patient groups. Correlation between variables was 

tested using the Pearson’s r correlation coefficient. All statistical tests were two-tailed 

and differences were considered significant at a p-value of ≤ 0.05. Data were expressed 

as means ± SEM, unless stated otherwise.
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Results 
Liver volume and function are increased after PVE 

Patient characteristics are summarized in table 1. All patients (16 males, 4 females) 

were diagnosed with colorectal liver metastases, and underwent right PVE with the 

intention to subsequently perform a (extended) right hemihepatectomy. The results of 

CT-volumetry and HBS in patients before and after PVE are shown in table 2. Mean FRL-V 

significantly increased from 26.8±7.7 % to 39.5±7.4% after PVE (p<0.001). Comparison 

of results between patients with a FRL-V of <25% of TLV prior to PVE and those with a 

FRL-V between 25% and 40% revealed that the first group showed a greater increase in 

FRL-V post-PVE (mean 76.3±14.3% vs 32.0±8.2% respectively; p=0.018). Furthermore, 

a significant increase in FRL-F (pre-PVE mean 26.9±1.6%) was found after PVE (mean 

42.5±3.1%; p<0.001).

Table 1. Characteristics of 20 patients undergoing (right) PVE.

N (%)

Male 16 (80)

Female 4 (20)

Median age (range) 62 (31-78) years

Median BMI (range) 24.9 (19.5-28.3) kg/m2

Compromised liver parenchyma 0 (0)

Preoperative radiotherapy 4 (20)

Preoperative chemotherapy 15 (75)

Liver resection

Segmentectomy 1 (5)

Right hemihepatectomy 9 (45)

Extended right hemihepatectomy 9 (45)

Unresectable 1 (5)

Major/minor resection 18/1

Median operation time (min) 272 (185-624)

The positive correlation between pre-PVE FRL-F (%) and FRL-V (%) of the remnant 

liver was 0.881 (p=0.038). No correlation was observed between volume and functional 

increase post-PVE. The increase in FRL-F (mean 37.1±13.0%) was greater than the increase 

in FRL-V (mean 31.5±16.4%; p=0.219), although this did not reach statistical significance 

(Figure 1). 

The median time-interval between PVE and resection was 41 (range 25-74) days. One 

patient was found unresectable on exploration after PVE because of a distant lymphe 

node metastasis and was treated with radiofrequency ablation. One patient underwent 

segmental liver resections of segments 2 and 3, and 5 and 6 because of bilobar liver 
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metastases, in 9 patients a right hemihepatectomy was performed, and in the remaining 9 

patients an extended right hemihepatectomy. Complications after liver resection following 

PVE as described by Dindo and Clavien et al[26] are summarized in Table 3. Three months 

(range 61-109 days) after liver resection, the total volume of the liver remnant had 

increased to 1260 (range 901-1867)mL, and the median fractional increase of FRL was 

81.8 (range 8.9-145.9)%. 

Table 2. Liver volume and function prior to PVE and post-PVE. Values are expressed as median (range). 

pre-PVE post-PVE p-value

Time points of CT 15.5 (1-125) 22.0 (18-40)

Total liver volume (mL) 1725 (1122-2697) 1768 (1132-2871) 0.745

Tumor volume (mL) 48.0 (0.4-891.8) 56.6 (1.0-960.2) 0.467

%Tumor volume 2.7 (0.1-33.1) 2.9 (0.1-36.0) 0.509

FRL-volume (mL) 394 (294-825) 608 (368-1234) 0.002*

%FRL 26.8 ± 7.7 39.5 ± 7.4 <0.001*

Time points of HBS 4.0 (1-113) 21.0 (18-29)

Liver 99mTc-mebrofenin 8.5 (3.4-13.0) 8.1 (4.6-10.6) 0.619

uptake rate (%/min/m2)

FRL function (%/min/m2) 2.2 ± 0.8 3.3 ± 1.1 0.001*

*Significant difference.

0

20

40

60

80

[%
]

FRL-F increaseFRL-V increase 

Figure 1. Increases in FRL-V and FRL-F showed 
no significant differences (boxplots showing 
mean values, ranges).

Table 3. Complications after liver resection following PVE.

Postoperative complications N (%)

Grade I  2 (10)

Grade II 1 (5)

Grade IIIa 3 (15)

Grade IVb 1 (5)

Grade V 1 (5)
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Figure 2. Plasma bile salt and TG levels are not changed after PVE but increased following liver resection. A decrease 
in bile salts and triglycerides is observed directly after PVE, but these values returned to normal within three weeks 
(NS, except for bile salts ratio after PVE). The same trend is seen after liver resection (LR) . (Data are shown in 
mean±SEM; *p<0.05). 
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Bile salt and TG levels are unchanged during PVE 

Transaminases or bilirubin levels were not significantly altered at the respective time 

points after PVE (data not shown). Overall bile salt levels at any of the studied time 

points after PVE were not different from baseline bile salt levels (Figure 2A,B). Also in the 

sub-analysis (pre-FRL-V <25% or 25-40%), no significant changes were observed within 

groups over time. Also for overall TG after PVE, no differences were seen compared to 

baseline levels (Figure 2E,F). 

Bile salts are increased, and triglycerides are decreased after liver resection

Overall, no differences were seen between pre-PVE and pre-resection bile salt levels 

(p=0.173). Following LR after PVE, bile salts levels on postoperative day 4 (mean 

18.8±2.0μmol/L; p=0.037), day 5 (mean 20.7±1.4μmol/L; p=0.015), and day 7 (mean 

21.7±2.4μmol/L; p=0.013; Figure 2C,D) were significantly increased as compared to 

baseline bile salts (mean 9.2±2.4μmol/L). For patients with a FRL-V <25%, an increase in 

bile salt levels was found following liver surgery after 5 days (from mean 12.7±3.8μmol/L 

to 22.2±1.4μmol/L; p=0.046), and 7 days (mean 24.8±2.3μmol/L; p=0.028). For a FRL-V 

between 25-40%, only significant elevations were observed 4 and 5 days after surgery 

(p=0.040 and p=0.046 resp.). 

A rapid decrease in TG levels was apparent 5 hrs and 1 day after liver resection that 

gradually returned to baseline levels within a few weeks (Figure 2G,H), which was confirmed 

in both groups (FRL-V<25% and FRL-V 25-40%). Although TG levels were higher before 

liver resection (mean 1.28±0.19mmol/L) than prior to PVE (mean 1.02±0.14mmol/L), this 

difference did not reach statistical significance (p=0.214). 

ApoA-V was increased during liver regeneration

In all patients, the mean apoA-V level was 643±108ng/mL prior to PVE, and increased to 

976±677ng/mL at 1 day after PVE. After three weeks, apoAV levels gradually declined 

to 698±66ng/mL. Overall however, ApoAV levels were not significantly different from 

baseline levels at any of the examined time points (Figure 3A,B), or in any group. 

Following liver resection there was a transient increase in apoA-V levels in the first week 

(mean 951±160ng/mL  after 2 days compared to baseline 623±79ng/mL; p=0.046), that 

returned to normal levels after three weeks (Figure 3C,D). In patients with a FRL-V>25% 

a significant elevation was also found 2 days following surgery (p=0.028). 

Bile salts, triglycerides, and apoA-V in relation with liver volume and function 

Bile salts at 5 hours after PVE correlated positively with the increase in %FRL-V after 22 

days (r=0.672, p=0.024). In addition, plasma bile salt levels at 5 hours after PVE correlated 

with the hepatic 99mTc-mebrofenin uptake rate determined after 21 days (r=0.640, 

p=0.046). No associations were found between bile salts and volume or function of the 

liver remnant after surgery.
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TG at baseline (r=0.703, p=0.011), 5 hours (r=0.620, p=0.042) and 22 days after PVE 

(r=0.523, p=0.038) correlated positively with the increase in %FRL-V 22 days following 

PVE (figure 2). Also after liver resection, TG at 5h and one day after surgery were positively 

correlated with volume of the liver remnant after three months (r=0.921, p=0.026 and 

r=0.981, p=0.0019 resp.). No significant correlations were seen between TG and liver 

function as measured by HBS.      

There were no significant correlations between apoA-V levels at the evaluated time 

points and %FRL-V or increase in %FRL-V three weeks after PVE or remnant liver volume 

after surgery. Nor were any correlations observed between apoA-V and FRL-F. 

Discussion
We examined the applicability of bile salts, triglycerides, and apoA-V as predictive factors 

for remnant liver growth after PVE and liver surgery. The results of our study show that 

bile salt levels at 5 hours after PVE were positively associated with the increase in %FRL-V 

as well as with remnant liver function after 22 days determined by HBS. A correlation was 

also seen between TG 5h following PVE and increased FRL-V, and between TG 5h or 1 

Figure 3. ApoA-V was increased during liver regeneration. ApoA-V was elevated in the first hours after PVE 
(panel A and B) and liver resection (LR, panel C and D), however, only significant differences were observed 
in the first days after LR (*p<0.05). Data are expressed as mean±SEM.
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day after resection and the volume of the liver remnant 3 months following resection. 

Our results therefore, demonstrate that bile salts and TG can be used for early timing of 

volume assessment and resection after PVE. 

No non-invasive markers to assess liver regeneration in the early stages after PVE 

or liver resection are currently available. CT-volumetry, performed 3 to 6 weeks after 

embolization of the portal vein, results in a delay when examining liver regeneration during 

the early post-PVE period. Firstly, we determined bile salts after PVE and liver resection 

to assess a possible earlier predictor of liver regeneration. Experimental studies already 

demonstrated an association between bile salts and liver growth. In rats, increased bile 

salts were found during four days after portal vein ligation[10] or 24 hours after partial 

hepatectomy.[12] Furthermore, reduced bile acid levels were associated with a delay in 

liver regeneration[8;11] or even inhibited liver regrowth.[9] This is in line with our findings, 

showing a positive correlation between bile salts 5 hours after PVE and the increase in 

FRL volume and function. To our knowledge, only one  single study has addressed a 

predictive correlation between bile salts and FRL growth in patients undergoing right 

PVE. They concluded that the increase in bile acid levels on day 3 is a useful predictor of 

liver regeneration[13], although we showed this correlation was already obtained at 5h 

post-PVE.

Secondly, we examined the role of plasma TG as a liver regeneration marker. 

A previous study has shown that the level of hepatic TG continued to rise within 20 

hours following partial hepatectomy in rats[14], which was essential for proper liver 

regeneration. Newberry et al, using different murine genetic models with altered hepatic 

lipid metabolism showed that hepatic TG was elevated in the regenerating liver 12–24 

hours after 70% hepatectomy, while plasma TG decreased.[16] Overall, no correlations 

were observed between hepatocyte proliferation and the amount of TG within these mice 

models.[16] We showed in this study that plasma TG levels were significantly decreased 

directly following surgery, which is in agreement with the data described above. 

Finally, another possible, early regeneration predictor is apoA-V. A 5-fold elevation 

in plasma apoA-V levels was seen in early stages of liver regeneration after partial 

hepatectomy in rats.[27;28] These results are comparable with the outcomes of our study, 

showing a transient increased apoA-V level during early regeneration after liver resection. 

Our study has some limitations. We were able to analyze patient samples only shortly 

(5 hr, day 1) and 3 weeks after PVE. No intermediate time points were analyzed as 

patients usually leave hospital within one day after PVE, having been referred from other, 

distant hospitals. Therefore, we might have missed substantial information from the time 

period in between. On the other hand, the profiles of bile salts and TG examined after 

liver resection showed no differences between the data obtained within the first seven 

days of regeneration and the data found after 3 weeks. It would also be of interest 

to determine whether these predictive parameters are equally useful in patients with 

compromised livers, such as in cirrhosis, steatosis, or fibrosis, with an impaired capacity 

for liver regeneration.  
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Our study bears relevance from the clinical point of view. Although the mechanisms 

of liver regeneration are not completely understood, the process is mediated by cytokines 

and growth factors interacting with all liver cells. Several studies described enhancement 

of tumor growth after PVE as a result of above mentioned, growth inducing factors in 

addition to compensatory increased arterial blood supply.[29-37] Growth of the primary 

tumor may be accelerated, or micrometastases in the non-embolized remnant liver may 

be stimulated and progress. The potential boost of tumor proliferation therefore, creates 

a dilemma in terms of optimal waiting time until resection. Recently, we compared 

the increase in FRL-F after PVE as measured by HBS, with the increase in FRL volume 

as measured by CT volumetry.[38] We showed that 23±4.9 days following PVE, the 

increase in FRL function exceeded the increase in FRL volume. In the present series, we 

also observed a trend towards a greater increase in FRL-F (mean 37.1±13.0%) than the 

increase in FRL-V (mean 31.5±16.4%; ns) post-PVE. This difference was however, not 

significant, probably because in the present series, only patients with uncompromised 

livers were included. As the recommended waiting time until operation may be shorter 

than usually indicated by CT volumetry, additional parameters that can be applied at 

earlier time-points to predict sufficient regeneration of the FRL are helpful to shorten the 

waiting period before hepatectomy.

In conclusion, bile salts and triglycerides at 5 hours after PVE or resection are significant, 

early predictors of liver volume and functional increase during human liver regeneration. 

These parameters are associated with liver regeneration and therefore, we suggest that 

they can be used for early timing of volume assessment and resection after PVE. 
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Abstract   
Background: Thrombocytes have proved to be important for liver regeneration after 

liver resection in the experimental setting. The aim of our study is to examine the effects 

of thrombocytes on liver hypertrophy after portal vein embolization (PVE).

Methods: This retrospective cohort study comprised 75 patients with liver metastases 

from colorectal cancer subjected to PVE in preparation for major liver resection. Patients 

were divided into 2 groups depending on if chemotherapy was given within 6 weeks 

before PVE or not. 

Results: The chemotherapy group showed lower levels of thrombocytes (p=0.003) 

as well as lower degree of hypertrophy (p=0.030) as compared to the group without 

chemotherapy. No correlation within groups between level of thrombocytes and degree 

of hypertrophy was found. However, in the chemotherapy group, a positive linear 

correlation between the degree of hypertrophy and the difference in thrombocytes 

between the time points of PVE and 2 months preceding PVE was found (p=0.0006).

Conclusions:  The absolute number of thrombocytes does not influence liver regeneration 

after PVE. For patients receiving preprocedural chemotherapy, PVE performed at a time 

when thrombocytes are decreasing is associated with a reduced regeneration.  
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Introduction
The importance of thrombocytes for liver regeneration after liver resection has been 

demonstrated in animal studies, in which thrombocytopenia and thrombocytosis are 

associated with impaired or increased liver regeneration after resection, respectively.1,2 

The release of serotonin stored in thrombocytes seems to play a central role in liver 

regeneration.3 However, it has been proposed that only very low levels of serotonin are 

necessary for normal regeneration after liver resection.4 In humans, subnormal levels of 

thrombocytes after liver resection have been linked to an increased likelihood of post-

operative biochemical liver dysfunction,5 although liver regeneration was not investigated 

in that study.

In the context of portal vein embolization (PVE), only a limited number of studies 

have been published discussing the role of thrombocytes.  PVE is used in preparation for 

major liver resection when the future liver remnant is considered too small to allow safe, 

postresectional patient recovery.6 By occluding segmental portal vein vessels, the liver 

segments with patent portal vessels will hypertrophy in a few weeks. If there is a small 

left lateral section or left lobe as future liver remnant, PVE is most commonly indicated. 

Typically, the portal vein to the right lobe is then occluded via a percutaneous transhepatic 

route under fluoroscopic guidance by an interventional radiologist.7 

A number of factors have been proposed to limit liver growth after PVE, such as chronic 

liver disease8,9 and chemotherapy.10,11,12 Thrombocytes have been reported to correlate 

positively with regenerated volume after PVE in one study including a high percentage of 

patients with chronic liver disease prone to portal hypertension and thrombocytopenia.13 

In another study without any cirrhotic patients included, no influence of thrombocytes 

on regeneration was found.12 The present retrospective study was conducted to further 

investigate the effect of preprocedural chemotherapy on thrombocytes and the potential 

effect on liver regeneration after PVE. We also hypothesize that the dynamics in the levels 

of thrombocytes could play a role for regeneration after PVE.   

Methods 
76 consecutive patients subjected to PVE in preparation for major liver resection for 

colorectal liver metastases at the Academic Medical Center, Amsterdam, the Netherlands 

and Skane University Hospital, Lund, Sweden between 2001 and 2011, were identified. 

PVE was indicated when the future liver remnant was <25-30% for patients with 

assumed healthy livers, and <35-40% when the patients recently had been subjected to 

chemotherapy. All patients were anticipated to be subject to right (Couinaud’s segments 

5-8) or extended right hepatectomy (Couinaud’s segments 4-8) with or without local 

resections in the remnant liver. Excluded from analysis was one patient due to death 

before radiological follow-up, death occurring from cardiac arrest in close relationship 

to an otherwise uncomplicated PVE procedure, leaving 75 patients for further analysis. 
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Because chemotherapy commonly causes thrombocytopenia, patients were grouped 

according to if chemotherapy was administered within 6 weeks before PVE or not. 

Thrombocytes were measured the day before PVE. In order to investigate the potential 

importance of dynamics in thrombocyte levels, in patients administered chemotherapy, 

data concerning the levels of thrombocytes 2 months before PVE was examined. 

Radiological follow up imaging after PVE was made after approximately three weeks 

(median 22; range 6-157 days) in both groups.

Portal vein embolization

Patients received a single dose of antibiotic prophylaxis before the procedure. Under 

general or local anesthesia with intravenous sedation, percutaneous access to the right 

portal system was gained under sonographic and/or fluoroscopic guidance. Following 

portography, all right branches of the portal vein were selectively catheterized and 

embolized with PVA particles (250-750 μm, Cook Inc., Bloomington, USA) and, in 40 

patients, multiple 6 to 10 mm coils (Tornado Embolization Coils, Cook Inc., Bloomington, 

USA). The procedure was completed with a control portogram to assure total occlusion of 

the right portal system and normal flow through the left future remnant system. Finally, 

the puncture tract was closed with a gelfoam plug (Spongostan Standard, Ferrosan A/S, 

Soeborg, Denmark). 

Volume measurement

On magnetic resonance or computed tomography images with a slice thickness of 5 

mm or less, the total liver, tumor and left lateral section or left liver were delineated on 

each slice. The volumes were then given by multiplying the areas with slice thickness and 

adding the individual volumes. Tumor volume was subtracted from liver volume to obtain 

total functional liver volume (TFLV). The future liver remnant percentage, FLR%, was 

calculated as the quotient between the volume of FLR and TFLV before PVE. The degree 

of hypertrophy was defined as the difference in FLR% after and before PVE. 

Statistics

Comparisons between groups were made using Mann-Whitney U test for continuous 

data and Fischer’s exact test for categorical data. The Pearson correlation coefficient, r, 

was calculated for the association between thrombocytes and degree of hypertrophy. A 

p-value <0.05 was considered significant. Analysis was performed with IBM SPSS Statistics 

version 19. If not stated otherwise, data are expressed as mean (standard deviation).

Results
The groups with and without chemotherapy comprised 26 and 49 patients, respectively. 

Mean age of all patients was 62±10 years, the male: female ratio was 41:34 and no 

differences between the groups were found. Chemotherapy administered was oxaliplatin-
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based in 20 patients and irinotecan-based in 6 patients. Targeted therapies in combination 

with chemotherapy were used in 11 patients (bevacizumab in 5 patients, cetuximab 

in 4 patients and panitumumab in 2 patients). The median number of chemotherapy 

cycles was 6 (range 3-27). Thrombocyte levels prior to PVE were significantly lower in 

patients receiving chemotherapy before PVE (188±63x109/L) as compared to patients 

who had no chemotherapy administration (245±69x109/L; p=0.003). Only 2 patients 

had thrombocytes less than 100 x109/L. Two months before PVE, no difference between 

the groups with and without chemotherapy was observed concerning thrombocyte levels 

(203±99x109/L and 226±110x109/L respectively; p=0.545). There were no differences 

in FRL-volume before PVE between patients who were subjected to chemotherapy 

administration or not (363±144 ml, and 415±163 ml respectively; p=0.122). FRL-volume 

after PVE was significantly lower in patients with chemotherapy (484±166. ml vs. 

614±257 ml; p=0.017). We found that the degree of hypertrophy after PVE was also 

lower in patients with chemotherapy (7.7±4.4 %, vs. 11.1±6.9; p=0.030). Results are 

shown in Table 1. 

Table 1. Liver volumes and thrombocytes.
No chemotherapy n=49 Chemotherapy n=26 P

FLR before PVE (ml) 415 (163) 363 (144) 0.122

TFLV before PVE (ml) 1711 (446) 1636 (349) 0.462

FLR% before PVE (%) 24.5 (7.8) 21.8 (5.5) 0.189

FLR after PVE (ml) 614 (257) 484 (166) 0.017

FLR% after PVE (%) 35.6 (9.8) 29.5 (7.7) 0.013

Degree of hypertrophy (%) 11.1 (6.9) 7.7 (4.4) 0.030

Thrombocytes at time for PVE (x109/L) 245 (69) (n=30) 188 (63) (n=25) 0.003

Thrombocytes 2 months pre-PVE (x109/L) 226 (110) (n=12) 203 (99) (n=17) 0.545

FLR= future liver remnant, PVE= portal vein embolization, TFLV= total functional liver volume, FLR%= FLR/
TFLV. 

In Figure 1, the degree of hypertrophy as a function of thrombocyte levels is shown. 

No correlation between variables was found, neither when analyzing all patients together 

(p=0.468) nor when analyzing the groups with and without chemotherapy separately 

(p=0.984 and p=0.858, respectively).

In Figure 2, the degree of hypertrophy as a function of differences in thrombocytes 

between the day before PVE and 2 months earlier is shown. There was a linear correlation 

between variables (r=0.64, p=0.0006).
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Figure 1. Degree of hypertrophy as function of thrombocyte levels at the time of portal vein embolization. 
No correlation between variables was found. 
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Figure 2. Degree of hypertrophy as function of differences in thrombocytes measured at the time of 
portal vein embolization (PVE) and 2 months before PVE, for patients receiving chemotherapy. When the 
thrombocytes were higher at the time of PVE as compared to 2 months before PVE, liver regeneration 
increased. Pearson correlation coefficient r=0.64, p=0.0006.
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Discussion
In this study we found that thrombocyte levels did not directly influence liver regeneration 

after PVE. This is in accordance with results reported by de Baere et al12, although 

we believe it is more effective to analyze patients with and without preprocedural 

chemotherapy separately as done in the present study. The chemotherapy group 

had significantly lower levels of thrombocytes before PVE and also a lower degree of 

hypertrophy after PVE, as compared to the group without chemotherapy. As there 

was no correlation between thrombocyte levels and degree of hypertrophy seen within 

groups, the decreased liver hypertrophy in chemotherapy patients cannot be explained 

by the difference in thrombocyte levels. Instead, in chemotherapy patients regeneration 

depended on if there was a trend of increasing thrombocytes or not during the last 

2 months. To our knowledge, this is a new notion. Although highly speculative, this 

could indicate the importance of bone marrow related factors for liver regeneration.14,15 

Indeed, infusion of bone marrow derived stem cells into the patent portal branches after 

portal vein embolization have been shown to increase hepatic growth as compared to 

PVE alone.16 The 2-months time point was chosen as all patients that constituted the 

chemotherapy group were on treatment at this time. Both oxaliplatin- and irinotecan-

based chemotherapies can cause thrombocytopenia by bone marrow suppression, 

although it is more common with oxaliplatin.17 In addition, moderate but prolonged 

reduction in thrombocytes after oxaliplatin therapy has also been associated with 

sinusoidal obstruction syndrome (SOS).18 It is not known whether a decreasing trend in 

thrombocytes reflects the development of SOS.

As there were only a few patients with low thrombocyte levels (<100x109/L, see 

Fig. 1), it was not possible to conclude anything regarding a threshold beneath which 

regeneration is impaired as suggested by Alkozai et al.5  

One limitation of our study is that we could only retrieve thrombocyte levels 2 months 

before PVE in 17 of the 26 chemotherapy patients, of whom all but two had been treated 

with oxaliplatin. In addition, for the whole chemotherapy group, various combinations of 

chemotherapy and monoclonal antibodies were used. Subgroup analysis was not feasible 

because of the small patient numbers. However, what distinguishes the present study from 

most previous investigations is the inclusion of patients with colorectal metastases only.   

It is most probable that the concept of thrombocyte change as being important for 

regeneration is a surrogate parameter and it is not likely that increasing thrombocyte 

levels by e.g transfusion would result in any change in regeneration, as no correlation 

between the absolute number of thrombocytes and regenerated volume was found. The 

finding could have clinical implications if corroborated in larger studies, considering the 

weaknesses of the present study in its retrospective design and the relatively few patients 

included. The obvious clinical implication would be to postpone PVE when a decreasing 

trend in thrombocytes is observed while maximum regeneration is needed in order to 
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proceed with surgery, and to wait for a recovery of thrombocytes. By delaying PVE there is, 

though, a risk of tumor growth and the hazard for the patient to become unresectable.19 

Decreased regeneration after PVE in chemotherapy patients has been reported 

previously.10,11,12 The cause of this effect is not fully elucidated but there exists some 

evidence that chemotherapy-induced histological liver lesions are important.20  However, 

there are also investigations that report no impact of chemotherapy.21,22 There is convincing 

evidence that chemotherapy can induce liver parenchymal lesions, where oxaliplatin 

has been associated with the development of SOS and irinotecan with development 

of steatosis or steatohepatitis23,24, lesions that may increase both morbidity and even 

mortality after liver resection.23,25 In the study by Soubrane et al26, preoperative low 

levels of thrombocytes predicted the existence of SOS. The impact of histological lesions 

on regeneration is unclear, although there is some data showing that SOS impairs hepatic 

regeneration after resection and PVE.20,27 Also, steatosis induced by chemotherapy could 

limit regeneration after PVE.28 In patients subjected to PVE it is currently not possible 

to determine the existence or severity of these lesions before the procedure without 

performing liver biopsy, which therefore makes it difficult to analyze the impact of these 

lesions on regeneration. The majority of chemotherapy patients in the present study were 

treated with oxaliplatin-based regimens. Because chemotherapy-induced sinusoidal injury 

persists long after chemotherapy has been terminated24, histological examination of the 

resected liver could give an indication of the status of parenchyma at the time of PVE. 

However, in this study, no investigations regarding histology of the tumor-surrounding 

liver parenchyma were made. 

Conclusions
Absolute levels of thrombocytes do not influence the regenerative response after PVE, 

whereas in patients on chemotherapy, PVE performed at a time when thrombocytes are 

declining is associated with a decreased volumetric hypertrophy response. 
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Abstract
Objective: To evaluate tumor growth in a series of patients undergoing liver resection 

after portal vein embolization (PVE).

Background: The regenerative response after PVE leading to compensatory hypertrophy 

of the non-embolized liver segments, potentially enhances tumor growth. 

Methods: PVE was performed in 28 patients diagnosed with colorectal metastases (CRM) 

between 2004 and 2011. Tumor volume (TV) was measured by CT volumetry before and 

after PVE. Tumor growth rate (TGR) was measured by CT volumetry and compared with 

a non-PVE control group with CRM of whom 30 had two CT-scans preoperatively. Also, 

newly diagnosed tumors in the future remnant liver (FRL) after PVE and after resection 

were analyzed. 

Results: The median TGR of PVE patients was 0.53 mL/day (IQR 0.02; 1.88) vs 0.09mL/

day (IQR -0.04; 0.40; p=0.03) in non-PVE patients. TGR was 0.15 (IQR -0.52; 0.66)mL/day 

before PVE, and 0.85 (IQR -0.10; 1.62)mL/day after PVE in the same patients (p=0.03). 

Seven (25%) patients showed new tumor lesions in the FRL after PVE, of whom three 

patients (11%) were not resectable. Patients after PVE also showed a higher rate (8/19; 

42%) of recurrent metastases in the remnant liver at follow-up compared to non-PVE 

(1/28; 4%). Survival was significantly better for non-PVE patients with a 3-year survival 

rate of 77% versus 26% in patients undergoing PVE. 

Conclusions: PVE is associated with increased TGR and new tumor in the FRL and 

recurrent tumor after resection. Short intervals as well as interval chemotherapy between 

PVE and resection are therefore advised. 
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Introduction
The only curative treatment for malignant liver tumors is (partial) liver resection. Not all 

tumors are resectable, in many cases because the future remnant liver (FRL) is too small 

with a high risk of postoperative liver failure which is the major cause of mortality after 

extended liver resections, especially in patients with compromised liver, such as cirrhosis, 

steatosis, cholestasis, fibrosis, or after extensive chemotherapy.1 Portal vein embolization 

(PVE)2,3 is an accepted method worldwide, to increase the resectability rate of patients 

with liver tumors by inducing hypertrophy of the non-embolized FRL. Several studies 

describe the possibility of enhanced tumor growth after PVE4-9 as a result of cytokines, 

growth factors and an increased arterial blood supply, but the exact mechanisms 

of this phenomenon are still unknown. Growth of tumor may be accelerated, while 

micrometastases in the non-embolized remnant liver may also develop or progress. The 

potential boost of tumor proliferation, therefore, creates a dilemma in terms of optimal 

waiting time until resection. The aim of this study was to examine the consequences of 

preoperative PVE for tumor growth in a series of patients prepared for resection in our 

department. 

Methods
Study-characteristics

The results of patients with colorectal liver metastases (CRM; n=28) undergoing 

preoperative PVE (PVE group) from 2004 until 2011 were compared with a series of 

patients with CRM (n=30) who underwent liver resection without PVE (non-PVE-group), 

in whom two sequential CT-scans were performed before liver resection. The median 

follow-up was 6 (IQR 0; 27)months in the PVE-group, and 40 (IQR 26; 52)months in the 

non-PVE group. 

Management policy

The standard diagnostic work-up included a multiphase CT-scan, MR imaging, or dynamic 

ultrasound of the liver as required. A multidisciplinary team evaluated the imaging studies 

and came up with a proposal for treatment of patients with CRM. Of all PVE-patients, 

CT-scans were performed in the portal phase. The volumes of total liver (TLV), tumor 

(TV) in the embolized liver lobe, and future remnant liver (FRLV) were determined by 

CT-volumetry in the prePVE and postPVE scans. The percentage of FRL was calculated 

according to the following formula: FRLV*100/(TLV-TV). Tumor progression was also 

recorded if presenting in the future remnant liver after PVE. 28 patients with CRM were 

analyzed in the PVE-group. In all PVE-patients, CT-scans were made before PVE and three 

weeks later. However, two sequential scans were performed prior to PVE in ten patients. 

These scans were made to assess tumor response to chemotherapy or to check for new, 

extra-hepatic disease during therapy. Another reason for an extra CT scan was to perform 
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the CT-volumetry calculations, which can only be determined on our own work-station, 

indicating that scanning techniques and images were comparable. In these patients, 

tumor volumes and growth could be determined before PVE in the same patient group. 

Follow-up CT scans were made after liver resection to detect recurrent tumor.

In 30 patients of the non-PVE group, CT volumetric data (TLV, TV and FRLV) were 

assessed in two sequential CT-scans performed before liver resection. Firstly, the volumes 

were determined, after which the calculations were performed. The results of the 

volumes measured by CT-volumetry were determined by two independent, experienced 

investigators, showing no major variations and resulting in reproducible assessments. 

Calculations were made using established formulas. 

To assess tumor volume changes, tumor volumes were determined and the linear 

tumor growth rate (TGR) per day was calculated by the following formulas:
l	 For PVE patients: (TVafter PVE – TVbefore PVE)/daysbetween scans before surgery if only one scan 

was available before PVE, and 

 (TVsecond scan before PVE – TVfirst scan before PVE)/daysbetween scans before PVE for patients in 

whom two sequential scans were performed prior to PVE (n=10)    
l	 For non-PVE patients: (TVsecond scan before surgery – TVfirst scan before surgery)/daysbetween scans 

before surgery 

Whereas the abovementioned formulas to calculate tumor growth rate implies a 

linear growth, tumor growth of CRM is likely exponential. Therefore, we also calculated 

the exponential TGR (ETGR) for characterization of an exponentially growing tumor, by 

using the formula ETGR=ln(TV2/TV1)/(t2-t1) in which TV=tumor volume, and t=time, 

described as the “specific growth rate” by Mehrara.10 

New tumor lesions in the FRL after resection were also reported. Follow-up time was 

recorded as the period between resection date and the last date of follow-up. Survival was 

analyzed according to the date of liver resection until the date of death. 

Chemotherapy

The administered chemotherapy regimens (number of cycles) varied among patients 

and groups. In most patients, the combination of Oxaliplatin and/or Capecitabine with 

or without Bevacuzimab was given. Some patients received Capecitabine, Irinotecan, 

Panitumumab, or Oxaliplatin with 5-Fluorouracil/leucovorin. In view of the large variation, 

we only took into account the mere fact that patients received chemotherapy or not. 

Statistical analysis

The data were analyzed by statistical software (SPSS for Windows 18.0; SPSS, Chicago, 

Illinois, USA) and GraphPad Prism (Graph-Pad Software, San Diego, CA). The non-

parametric Mann Whitney U test was used for comparing unpaired data that was not 

normally distributed between the PVE-group and non-PVE group. For parametric, paired 

data the paired T-test was used. Normally distributed data was described as mean±SEM. 
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The Wilcoxon signed rank test was used for comparisons between pre-PVE and post-

PVE in the same patients undergoing PVE (n=10), for paired data that was not normally 

distributed. The chi-square test was used for comparing binary data for comparisons 

across the PVE-group and non-PVE group (unpaired). The Spearman correlation coefficient 

was calculated for the correlation between tumor growth rate or tumor volume increase 

and increased FRL, and between number of cyclus of chemotherapy and tumor growth 

rate or tumor size changes. Survival curves were generated by the Kaplan-Meier method. 

A p-value of <0.05 was considered statistically significant.

Results
PVE was successfully performed in all patients of the present series, without PVE-related 

complications. Following PVE, liver resection was carried out in the great majority of 

patients. Characteristics of patients with and without PVE are shown in table 1. 

Tumor volume (TV) 

In 28 PVE-patients, a mean TV of 131.4±44.3mL pre-PVE versus 180.0±55.2mL after PVE 

was seen following an overall time-interval of 51.4±5.4days (p=0.011). In this group, 

an increase of tumor volume after PVE was found in 23 patients, of whom 13 patients 

(57%) had received chemotherapy before PVE, whereas five patients showed a decrease 

in tumor size after embolization, in whom chemotherapy was administered in 4 patients 

(80%). There was a time-interval of 29.1±5.4 days between the first CT scan and PVE, 

compared to 22.2±0.7 days between PVE and the second scan (three weeks after PVE). 

Table 1. Patient characteristics of PVE patients and non-PVE patients with CRM. Values are shown in 
means±SEM. 

PVE Non-PVE p-value

Number of patients 28 30

Sex (M/F) 20:08 19:11 ns

Age (years) 62±1.98 58±2.1 ns

Compromised liver 7 10 ns

Chemotherapy 17 14 ns

Resection type 12 6 p<0.05

- Right hemihepatectomy 0 3

- Left hemihepatectomy 8 1

- Right extended hemihepatectomy 0 2

- Left extended hemihepatectomy 3 18

- Metastectomy 5 0

- Unresectable  

Tumor volume pre-PVE/resection (mL) 131.4±44.3 153.3±54.9 ns

PVE = portal vein embolization
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In a subgroup of 10 patients two sequential CT scans were made prior to PVE with a 

time-interval of 44.2±12.1days between scans. These patients showed a stable TV from 

176.3±87.3mL to 179.4±87.2mL (p=0.758) before PVE. 

In the non-PVE group (n=30), a mean TV of 153.2±54.9mL was seen on the first 

scan versus 118.2±36.5mL on the second scan. An increase in tumor volume was found 

in 19 patients (63%), with a mean time-interval of 107.85±19.15 days between the two 

scans performed prior to liver resection for all patients (n=30). The decrease in tumor size 

in 11 patients is probably related to the use of chemotherapy. In patients who received 

chemotherapy preoperatively in the non-PVE group (n=14), a decrease in tumor volume 

was seen from 267.5±108.8mL to 158.7±68.1mL (p=0.245). Conversely, patients who 

had no chemotherapy in the non-PVE group (n=16) showed an increase in tumor volume 

between the initial and second scans (from 53.3±22.9mL to 82.7±33.8mL), although not 

significantly different (p=0.099).

Tumor growth rate (TGR)

The TGR of the patients (n=28) who underwent PVE was significantly greater before 

surgery than that of the non-PVE patients, showing median TGR 0.53 (IQR 0.02; 1.88)mL/

day and 0.09 (IQR -0.04; 0.40)mL/day, respectively (p=0.03). No significant differences 

were seen in patients in whom chemotherapy was administered preoperatively (table 1). 

The median TGR in the ten PVE patients in whom two scans were performed before 

PVE was 0.15 (IQR -0.52; 0.66)mL/day, which increased to 0.85 (IQR -0.10; 1.62)mL/day 

after PVE in the same patients (p=0.03). Figure 1 summarizes the results of TGR. 
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Figure 1. Tumor growth rate (TGR) was 0.15 (range -3.79–1.00)ml before portal vein embolization (PVE), 
and 0.85 (range -1.46–4.67)mL/day after PVE in the same patients (n=10, p=0.08). The median overall TGR 
of PVE patients (n=28) was 0.53 mL/day (range -4.24–8.00) vs 0.09mL/day (range -5.01–8.74) in non-PVE 
patients (n=30, p=0.03). 
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Exponential tumor growth rate (ETGR) 

In the PVE-patients, a median ETGR of 0.0061 (IQR 0.0023; 0.0244)ln(ml)/day was 

found, compared to a median of 0.0040 (IQR -0.0039; 0.0099)ln(ml)/day in the non-PVE 

group (p=0.269). In the patients undergoing PVE (n=10), the median ETGR was 0.0004 

(IQR -0.0073; 0.0143)ln(ml)/day before PVE, and 0.0054 (IQR -0.00900.0186)ln(ml)/day 

following PVE, showing enhanced tumor proliferation after PVE compared to pre-PVE 

(p=0.139). These results did not reach statistical significance but are numerically in line 

with the outcomes of the linear tumor growth rates, showing tumor progression after 

PVE. 

Future remnant liver

The PVE-group (n=28) showed a significant increase in FRL volume after PVE. The mean 

FRL volume pre-PVE was 480.7±31.9mL versus 716.1±48.7mL post-PVE (p<0.001), 

which corresponds with a 28.5% FRL prior to PVE and 42.1% after PVE. No significant 

correlations between tumor volume increase and increased FRL were found (ρ=0.423).

Seven of 28 PVE-patients (25%) showed new tumor lesions in the FRL three weeks 

after PVE. Three of these patients (11%) were not deemed resectable after PVE for this 

reason. When examining the first follow-up imaging after resection, PVE-patients showed 

a higher proportion (8/19; 42%) of recurrent metastases in the remnant liver as compared 

to the non-PVE patients (1/28; 4%). The median time-interval between resection and first 

follow-up imaging was 82 (range 6-297) days in the PVE group and 102 (range 5-762) 

days in the non-PVE group (p=0.011).

Chemotherapy

Chemotherapy before PVE was administered in 17 out of 28 patients (61%), of whom 

one patient also received chemotherapy after PVE, before resection. Another patient 

received chemotherapy only in the time period between PVE and surgery (three cycles). 

No significant correlations were found between the changes in tumor volume after 

PVE in patients who received chemotherapy or not preceding PVE (r=0.262, p=0.178). 

Also no significant correlations were found between TGR and the number of cycles of 

chemotherapy (ρ=-0.075, p=0.703). In the non-PVE group (n=30), 14 patients received 

chemotherapy before surgery. Again, no significant correlations were seen between 

tumor size changes or TGR and (cycles of) chemotherapy (ρ=-0.081, p=0.782 and 

ρ=-0.024, p=0.935 respectively). 

Survival

We demonstrate a 3-year survival rate of 26% in our series of PVE-patients (figure 

2). These patients had otherwise not been resected on the basis of the initial results 

of CT volumetry. The three patients with CRM (11%) who proved unresectable after 

PVE survived 5, 10 and 20 months respectively, while palliative chemotherapy was 
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administered. These patients were considered unresectable, due to disease progression. 

Survival was better for non-PVE patients with a 3-year survival rate of 77% versus 26% in 

patients undergoing PVE.  

Figure 2. 5-year survival rates of PVE-patients who underwent resection versus PVE-patients who were not 
resected (p=0.04), and CRM patients who did or did not require preoperative PVE (p=0.02).

Discussion
A schematic overview of the literature results pertinent to PVE and tumor growth is shown 

in table 2. The literature review suggests that PVE potentially induces tumor proliferation 

after PVE but there are no solid data to corroborate this notion. An important point is the 

natural history of tumor growth over time. It has been reported that the mean doubling 

time of CRM found by the surgeon at laparotomy is 155±34 days, in comparison to 86±12 

days for CRM detected by the CT scan post-operatively.11 We assessed the outcomes of 

PVE in our department using a large sample size, with the main focus on tumor volume 

and growth changes after PVE. Furthermore, we paid special attention to potential tumor 

development in the future remnant liver after PVE, and the effects of chemotherapy. We 

showed a significant increase in mean tumor volume after PVE, although this increase 

cannot be ascribed to PVE alone. A control group was therefore included in this study 

to compare the outcomes with patients who did not undergo PVE. This is the first study 

comparing patients with and without PVE in which tumor growth before and after PVE 

are reported, allowing us to compare clinical tumor progression before and after PVE. 

The time period between the scans were different within and between groups, 

therefore, we calculated the TGR and ETGR per day which are better indicators of tumor 

proliferation. We found a higher TGR after PVE compared to pre-PVE (0.85 vs 0.15mL/

day) in the same patients in our series, which is consistent with the results of Hayashi et 
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al.6 Furthermore, our results show that PVE is associated with larger TGR in comparison 

to patients that do not require preoperative PVE, a similar finding as found in the study 

of Pamecha et al.9 

The effects of PVE on tumor progression are not always clinically relevant since the 

tumor is commonly located in the part of the liver that will be resected. However, when 

the tumor is located near the intended resection plane or liver hilum, increase of tumor 

may become troublesome. Besides that, if PVE also increases tumorigenesis, new tumors 

may develop in the FRL endangering resectability of the patient. We assume that PVE 

can lead to activation of dormant micrometastases in the FRL, while the presence of 

microtumors is not detectable by imaging studies prior to PVE or to liver resection. These 

Table 2. Summary of literature. Numbers are expressed as median values with range, unless otherwise 
stated. 

Authors Patients (n) Diagnosis (n) Conclusion Decrease/ 
Increase

Elias et al
Br J Surg 1999

PVE (5) CRM (3)
Carcinoid (1)
Sarcoma (1)

Increase TV, NEL (n=4), 60-970%
Slightly decrease TV, NEL (n=1), -30%

Increase TV
NEL

Azoulay et al
Ann Surg 2000

PVE (30)
Non-PVE (88)

CRM 10 patients (33%) no resection after PVE 
because of tumoral extension

Unclear

Kokudo et al
Hepatology 2001

PVE (18)
Non-PVE (29)

CRM PVE: TV increase EL (n=15): 20.8%
NEL+EL (n=3):
NEL: 9.7 (0.5-42.1)%
EL: 2.8 (2.5-6.3)%

Increase TV
EL

Barbaro et al
Acta Radiol 2003

PVE (9) CRM (6)
Carcinoid (3)

TV increase EL (n=6, CRM): 
84.4 (62.4-562)%
TV unchanged EL (n=3, carcinoid)

Increase TV
EL, CRM

Hayashi et al
Acta Radiol 2007

PVE (8) HCC (6)
CCC (2)

TGR increase EL:
0.59 (0.22-6.01) to 
2.37 (0.29-13.97)cm3/day

Increase TGR
EL, HCC

Ribero et al
Br J Surg 2007

PVE (112) CRM (50)
HCC (24)
CCC (14)
Galbladder carc (6) 
Other (18)

TV change (n=80):
5.3 (2.2-12.8) to 5.4 (1.9-15.2) cm
10 patients (8.9%) no resection after PVE 
because of tumoral extension

Unclear

Pamecha et al 
Br J Cancer 2009

PVE (22) 
Non-PVE (20)

CRM TGR increase:
PVE: mean 0.36±0.7mL/day
Non-PVE: mean 0.05±0.3mL/day

Increase TGR

Mailey et al
J Surg Oncol 2009

PVE (20) CRA (9)
HCC (4)
CCC (4)
Other (3)

Change in max diameter:
Unresected: mean 45±63%
Resected: mean -6±27%
8 patients (40%) no resection after PVE 
because of tumoral extension

Increase TV

Treska et al 
Rozhl Chir 2010

PVE (40) CRM (35)
Breast metast (2) 
Ovarian metast (1) 
HCC (2)

11 patients (28%) tumoral extension Unclear

PVE = portal vein embolization; CRM = colorectal metastases; TV = tumor volume; NEL= non-embolized liver 
lobe; EL = embolized liver lobe; HCC = hepatocellular carcinoma; CCC = cholangiocarcinoma; TGR = tumor 
growth rate; CRA = colorectal adenocarcinoma. 
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micrometastases are stimulated to grow by the process of liver regeneration triggered by 

PVE, comprising both cytokines and growth factors. It remains uncertain whether new 

tumors in the remnant liver are true new tumors or microtumors that were present but 

not detectable by imaging studies prior to PVE. Either way, PVE does provide a biological 

test to identify undetectable lesions before undertaking resection, which otherwise would 

obviously become apparent in the follow-up after resection (under the influence of post-

resectional regeneration). In this regard, these new findings are helpful in that they may 

prevent a futile liver resection. 

In literature, survival outcomes have been reported of patients resected after PVE 

compared to non-PVE patients. In the study of Wicherts et al, non-PVE-patients had a 

significantly better survival rate compared to PVE patients, with a 3-year survival rate of 

61% and 44%, respectively12, outcomes which compare reasonably well with the 3-year 

survival rates reported in our series, i.e. 77% and 26%, respectively. Remarkably, of the 

99 patients who received PVE in the study of Wicherts et al12, 32 (32%) patients were not 

resectable following PVE since tumor had spread (n=27), or an insufficient hypertrophy 

response had occurred. Of the latter patients, 10 patients survived for one year, 8 patients 

died within two years and finally, no patients survived longer than 3 years after PVE. In 

our study, only three patients (10.7%) were not able to undergo resection after PVE, and 

these patients showed a survival of 10.3±8.4 (range 5-20) months. One of the remaining 

questions is whether there are other reasons why survival should be different between 

patients that underwent PVE and non-PVE-patients. Survival could be influenced by 

chemotherapy, the size of the biggest lesion, the number of lesions, and synchronous 

or metachronous tumors (table 1). Ideally, independent predictors of poor long-term 

outcomes are determined by multivariate analysis; however, this was not possible in our 

study comprising 58 patients in total. 

Our study has some limitations. Firstly, a PVE-group was compared with a non-PVE 

group, although the tumor burden in patients requiring PVE is usually higher and prognosis 

worse, leading to a bias in selection. Furthermore, the volumes of liver metastases 

were different between both groups at presentation (i.e., non-PVE: 153.3±54.9, PVE: 

131.4±44.3), although not statistically significant (p=0.472). However, this is the first 

report of a series with a large sample size, primarily focusing on tumor changes in patients 

after PVE and development of new tumor in the future remnant liver. 

Many patients undergo both PVE and chemotherapy. The latter, because of its anti-

proliferative effect, may hamper regeneration and influence postoperative complications. 

In most patients of this study, chemotherapy was administered before PVE. Some studies 

showed excellent results of the combination of chemotherapy and PVE in relation to 

the liver hypertrophy response after PVE.13-15 Chemotherapy pre-PVE did not impair 

liver regeneration in response to PVE. Also, survival, morbidity and mortality rates were 

similar for patients undergoing a two-stage hepatectomy (chemotherapy first, then 

minor hepatectomy, followed by portal vein ligation or PVE if indicated, and finally 

major hepatectomy), compared to a single stage hepatectomy.14 Several studies favor 
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stopping chemoembolization 6 to 8 weeks before any intervention, such as PVE or liver 

resection.15,16 Key questions are whether chemotherapy administered post-PVE inhibits 

tumor progression, and which time interval should be observed between cessation of 

chemotherapy and resection after PVE. These are important issues to be studied in future 

research. Recently, de Graaf et al17 compared the increase in FRL function after PVE as 

measured by dynamic 99mTcmebrofenin hepatobiliary scintigraphy, with the increase in 

FRL volume as measured by CT volumetry. They showed that 23±4.9 days following PVE, 

the increase in FRL function exceeded the increase in FRL volume. These findings suggest 

that the recommended waiting time until operation may be shorter than usually indicated 

by volumetric parameters. Therefore, we assume that a waiting-time of two to three 

weeks is sufficient between PVE and resection. Furthermore, there seems to be a place for 

chemotherapy in the waiting time after PVE to control tumor growth. Goéré et al compared 

10 patients treated by chemotherapy in the interval between PVE and hepatectomy with 

10 patients without chemotherapy.18 They reported that chemotherapy can be safely 

continued until liver surgery when the portal vein is embolized without impairment of 

the hypertrophy of the future remnant volume or the postoperative course after liver 

resection. In contrast, Beal et al showed that chemotherapy administered in the interval 

between PVE and liver resection impaired liver hypertrophy.19 However, the latter authors 

observed that patients without chemotherapy were more likely to have tumor progression 

between embolization and liver resection. Concluding from their study, chemotherapy 

between PVE and hepatectomy did not prevent, but did reduce liver hypertrophy after 

PVE.19 Transarterial chemoembolization (TACE) has also been used to prevent tumor 

progression.20 The combination of TACE and PVE has a strong anticancer effect21, and 

therefore, has a strong potential to suppress tumor growth after PVE. 

Although our results support the evidence from literature that PVE increases tumor 

growth, further research is required to confirm these findings. Ideally, in a clinical trial, 

patients would be randomized to undergo liver resection for similar tumor burden to 

receive preoperative PVE or not. Only one prospective clinical trial has been published in 

which patients were randomized to undergo PVE or not.22 The authors concluded that 

in patients with normal livers, there was no benefit of liver regeneration induced by PVE 

on postoperative outcomes. A criticism on the latter study design is that only standard 

right hepatectomies were performed, leaving out the extended right liver resections which 

are the resections prone to insufficient FRL. A randomized controlled trial is unethical to 

perform in our opinion, since most patients that require preoperative PVE are unresectable 

without PVE.

In conclusion, there is evidence that PVE increases tumor growth in both the embolized 

and non-embolized side of the liver. The beneficial effects of preoperative PVE on FRL 

volume must therefore be weighed against potential enhancement of tumor growth in the 

tumor bearing lobe, and induction of new tumor in the FRL after PVE, or recurrent tumor 

after PVE and resection. We therefore advise short intervals (i.e. 2-3 weeks) between PVE 

and resection as well as interval chemotherapy.
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Abstract
Portal vein embolization (PVE) is a technique to enable extended liver resections 

by inducing compensatory hypertrophy of the non-embolized future remnant liver. 

Transarterial chemoembolization (TACE) is mostly used for the management of 

unresectable HCC. There is little literature describing the outcomes of the combination of 

PVE and transarterial embolization (TAE) or TACE. A systematic search was performed to 

review the current literature concerning the sequential use of PVE and TA(C)E. Executing 

PVE prior to TAE leads to a larger FRL increase than implementing TACE before PVE. Also, 

the increase in FRL is correlated with a larger fraction of embolized liver.
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Introduction
Surgical resection is the most effective treatment for primary or secondary liver tumors.(1-3) 

The number of liver resections is increasing because of improved diagnostic methods and 

perioperative care.(4) Severe postoperative complications and mortality after extensive 

resection are directly related to the size and function of the remnant liver, especially 

in patients with compromised livers.(2) Preoperative evaluation of future remnant liver 

(FRL) size and function is therefore, crucial to determine if a patient can safely undergo 

major liver resection. Assessment of FRL is usually based on morphological imaging by 

CT volumetry as described by Shoup et al.(5) The volume of the FRL is expressed as a 

percentage of total liver volume (TLV).

The importance of preoperative assessment of hepatic function has further increased 

because of recent availability of preoperative portal vein embolization (PVE) to increase 

the FRL. PVE was introduced to enable more extensive liver resections by inducing 

compensatory hypertrophy of the non-embolized liver segments or FRL.(6) Patients are 

selected for PVE when FRL volume is less than 25-30% of the TLV in livers with normal 

parenchyma, or less than 40-50% of TLV in livers with concurrent parenchymal liver 

disease such as cirrhosis, fibrosis or steatosis.(6) When FRL volume does not meet these 

values, there is a high risk of postoperative liver failure, and consequent mortality.(2;6)

However, in 10-20% of patients PVE does not induce sufficient hypertrophy of the FRL, 

leaving as a result, the patient unresectable.(7-9) This is more often the case in patients 

with extensive tumor(s) and compromised liver parenchyma. Also, because of the dual 

blood supply of the liver by the portal vein and hepatic artery, PVE induces a compensatory 

increase of hepatic arterial blood flow to the embolized liver segments.(10) Furthermore, 

possible tumor progression after PVE creates a dilemma in terms of optimal waiting time 

until resection.(6) 

Taking into account insufficient hypertrophy response, increase of arterial blood flow 

and possible tumor progression, additional transarterial chemoembolization (TACE) or 

transarterial embolization (TAE) might be offered as an additional therapeutic option.

(11;12) TACE and TAE have been used to prevent tumor progression.(13) In TACE, a 

chemotherapeutic agent is administered in the hepatic artery along with embolization 

material. It might induce a greater hypertrophy response and decrease tumor volume, 

due to the fact that the arterial flow to the embolized liver segments is decreased while 

increasing parenchymal injury of the embolized liver.(1;14) Selective ischemia of the 

tumor consequently develops.(11) Most studies concerning TACE include patients with 

hepatocellular carcinoma (HCC), since HCC’s are mainly fed by the hepatic artery, not the 

portal vein. The combination of TA(C)E and PVE has a strong anticancer effect(15-18), 

although there is a risk of liver necrosis, particularly when applied simultaneously.(19;20) 

Some studies discuss the effect of combining PVE with TA(C)E. Little is known about the 

hypertrophy results when TA(C)E is performed before, after or simultaneously with PVE. 

Sequential PV
E and TA
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The aim of this study is to review the increase of the FRL, the decrease of the 

embolized liver segments, and possible tumor progression after different sequences of 

PVE and TA(C)E. 

Methods 
Search Strategy

A systematic literature search was performed in PubMed, EMBASE, Ovid MEDLINE (Ovid 

Technologies New York, NY), and the Cochrane library databases (Cochrane Database 

of Systematic Reviews). Different keywords and medical subject heading (MeSH) were 

separately used for the search: portal vein embolization, hepatic artery embolization, 

hepatic artery chemoembolization, liver neoplasm, and future remnant liver. Three 

authors (L.T.H., J.v.T., and K.P.v.L.) independently assessed study titles, abstracts and full 

texts for inclusion, and individually extracted the data. The reference lists of all relevant 

articles appearing in the search results were scanned to check for additional publications. 

Only English articles were used for this study. 

Study Selection

Studies selected for inclusion had been published as full-length papers; were based on 

observational cohort studies, or retrospective studies; consisted of a group of patients 

with a primary or secondary liver tumor in whom TA(C)E is performed before PVE, PVE is 

followed by TA(C)E, or PVE and TA(C)E are executed simultaneously; comprised patients 

over 18 years of age; reported increase in FRL; and only consisted of humans. The full 

texts of the studies were read to determine whether the studies met the inclusion criteria. 

Exclusion criteria were meta-analyses, reviews; patients with portal vein thrombosis 

or portal vein invasion, or portal vein occlusion otherwise stated than by means of 

embolization materials; only abstracts; case reports; and studies that did not report FRL 

volume before and after PVE and TACE or TAE. 

Primary outcomes were hypertrophy response of the FRL, atrophy of the embolized 

liver segments, tumor size changes and necrosis, and survival. Secondary outcomes were 

technical success, morbidity, mortality, and complications. 

Statistical analysis 

SPSS statistics 17.0 software was used for data entry, and statistical analysis. Continuous 

data are expressed as mean with standard deviations (SD) or standard error of mean 

(SEM) where appropriate. A (individual patient data) meta-analysis was executed. 

Individual patient results were used for analysis if reported in the studies. In the TACE 

prior to PVE group, individual patient characteristics from the study by Aoki et al.(15) and 

mean patient values from the studies by Ogata et al.(14) and Yamakado et al.(17) were 

used for statistical analyses. Mean values were used because individual patient values 

were not mentioned in these studies. In the PVE prior to TAE group, individual patient 
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values from the studies by Gruttaduaria et al.(21) and Inaba et al.(22) were imported. 

However, Inaba et al.(25) did not mention individual FRL increase. For this outcome 

the mean FRL increase of the study was used. The only study in the simultaneous PVE 

and TAE group, i.e. the study by Cheng et al.(1), did not mention individual patient 

characteristics and thus mean values were analyzed. Outcomes were compared using 

the Mann-Whitney U test, and correlations were tested with Spearman’s rho. A p value 

of <0.05 was considered to be statistically significant. 

Results
Studies and patient characteristics

Our search strategies identified 168 articles, of which 158 appeared not to be eligible 

because of failure to meet the inclusion criteria. Ten studies were retrieved for more 

information. Four studies were excluded because liver volumes and hypertrophy 

responses were not investigated(16;23),  a case report was described(24), or patient 

characteristics and embolization technique were not described (figure 1).(25) Finally six 

studies met the inclusion criteria.(1;14;15;17;21;22) An overview of the included studies 

and their outcome characteristics are shown in table 1. Of the included studies, 3 studies 

performed TACE in patients prior to performing PVE(14;15;17), 2 studies investigated 

PVE before TAE(21;22), and 1 study described simultaneous PVE and TAE(1), comprising 

a total of eighty-four patients. Patient characteristics are summarized in table 2. Ogata 

et al.(14) and Yamakado et al.(17) failed to mention patient age range but within the 

remaining studies, age ranged from 33 to 82 years. 

Figure 1. Flow chart overview of included studies.
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Underlying liver malignancy included HCC in eighty-two patients (97.6%) and 

colorectal liver metastases (CRL) in 2 patients (2.4%). Underlying liver disease described in 

the included studies were hepatitis (n=67), and cirrhosis (n=14). There were no statistically 

significant differences in the size of the embolized (p=0.074) and non-embolized liver 

segments (p=0.063) in the TACE prior to PVE and PVE prior to TAE groups. These values 

could not be compared with the simultaneous PVE and TAE group because sizes of the 

embolized and non-embolized liver were not mentioned in this group.

Table 1. Included studies reporting effects of TACE and PVE on the embolized and non-embolized liver segments.

Authors Number of patients Embolization sequence FRL  
(%)

NELS 
(mL)

NELS after 
(mL)

ELS ¯ 
(%)

ELS 
(mL)

ELS after 
(mL)

Yamakado et al.17 5 (subsegmental 
embolization)

TACE prior to PVE 2.4±5.8 986±269 1008±272 8.3 193±20 177±10 

11 (segmental embolization) TACE prior to PVE 15.2±6.4 911±175 1051±195 42 312±102 181±94 

7 (RPV embolization) TACE prior to PVE 56.7±21.6 549±278 843±368 24.8 761±232 572±213 

Aoki et al.15 17 TACE prior to PVE 22±4 534±24 643±27 16 745±47 626±42 

Ogata et al.14 18 TACE prior to PVE 12±5 

Inaba et al.22 4 PVE prior to TAE 40 516±62.1 734.8±121.5 24.9 770.4±262 579±200 

Gruttadauria et al.21 2 PVE prior to TAE 110.90 341±54 719±279

Cheng et al.1 20 Simultaneous PVE and TAE 4.1±6.3

PVE: Portal Vein Embolization, RPV: Right Portal Vein embolization, TACE: Transarterial Chemoembolization, 
TAE: Transarterial Embolization, FRL   : Future Remnant Liver increase, NELS: Non-embolized Liver Segment, 
ELS ¯: Embolized Liver Segment decrease, ELS: Embolized Liver Segment, after: size after embolization 
procedures 

¯

¯

Table 2. Patient characteristics of included studies.

Authors Number of  patients m:f Mean age 
(years)

Age range 
(years)

Tumor 
type

Yamakado et al. 17 5 (subsegmental 
embolization)

68±6 HCC

11 (segmental 
embolization)

66±6 HCC

7 (RPV embolization) 60±3 HCC

Aoki et al. 15 17 17:0 61 36-81 HCC

Ogata et al.14 18 14:4 64±7 HCC

Inaba et al. 22 4 3:1 67 55-71 HCC

Gruttadauria et al. 21 2 2:0 66±6 62-70 CRL

Cheng et al.1 20 48±14 33-82 HCC

Total 84 62.5 HCC (n=82), 
CRL (n=2)

m:f; Male to female ratio, RPV: Right Portal Vein embolization
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TACE/TAE and PVE sequential groups

The group undergoing TACE prior to PVE consisted of 58 patients. The FRL increased with a 

mean of 22.4% (SEM 3.4) after both procedures, as determined by CT following a varying 

amount of weeks ranging from 2 to 7 weeks after the last embolization intervention. The 

time between the two embolization procedures ranged from 5 to 48 days. 

The PVE prior to TAE group contained 6 patients. The FRL increase in this group had 

a mean of 84.7% (SEM 30.0), determined by CT-volumetry 3 weeks after TAE in the study 

by Gruttadauria et al.,(21) and after an unknown number of weeks in the study by Inaba 

et al.(22) The embolized segments decreased with a mean of 24.9%. The time between 

PVE and TAE was 42 days in the study by Gruttadauria et al.,(21) and 2 to 3 weeks in the 

study by Inaba et al.(22) 

The study by Cheng et al.(1) described simultaneous TACE and PVE in 20 patients. 

Pathologic correlation showed complete tumor necrosis in seven patients (35%). This 

study found a mean FRL increase of 4.1% (SEM 1.4) after 2 weeks. For an overview of the 

three groups and their outcomes see table 3.

Table 1. Included studies reporting effects of TACE and PVE on the embolized and non-embolized liver segments.

Authors Number of patients Embolization sequence FRL  
(%)

NELS 
(mL)

NELS after 
(mL)

ELS ¯ 
(%)

ELS 
(mL)

ELS after 
(mL)

Yamakado et al.17 5 (subsegmental 
embolization)

TACE prior to PVE 2.4±5.8 986±269 1008±272 8.3 193±20 177±10 

11 (segmental embolization) TACE prior to PVE 15.2±6.4 911±175 1051±195 42 312±102 181±94 

7 (RPV embolization) TACE prior to PVE 56.7±21.6 549±278 843±368 24.8 761±232 572±213 

Aoki et al.15 17 TACE prior to PVE 22±4 534±24 643±27 16 745±47 626±42 

Ogata et al.14 18 TACE prior to PVE 12±5 

Inaba et al.22 4 PVE prior to TAE 40 516±62.1 734.8±121.5 24.9 770.4±262 579±200 

Gruttadauria et al.21 2 PVE prior to TAE 110.90 341±54 719±279

Cheng et al.1 20 Simultaneous PVE and TAE 4.1±6.3

PVE: Portal Vein Embolization, RPV: Right Portal Vein embolization, TACE: Transarterial Chemoembolization, 
TAE: Transarterial Embolization, FRL   : Future Remnant Liver increase, NELS: Non-embolized Liver Segment, 
ELS ¯: Embolized Liver Segment decrease, ELS: Embolized Liver Segment, after: size after embolization 
procedures 

Table 3. Mean relative liver volume values at the time of, and after embolization interventions.

Embolization sequence group 
(n=58)

FRL   
(%)

NELS 
(%)

NELS after 
(%)

ELS ¯ 
(%)

ELS 
(%)

ELS after 
(%)

TACE prior to PVE 22.4 (3.4) 46.0 (3.0) 55.2 (2.9) 17.0 (2.2) 54.0 (3.0) 44.9 (2.9)

PVE prior to TAE (n=6) 84.7 (30.0) 44.8 24.9 55.2

Simultaneous PVE and TAE (n=20) 4.1 (1.4)

TACE: Transarterial Chemoembolization, PVE: Portal Vein Embolization, TAE: Transarterial Embolization, 
FRL   : Future Remnant Liver increase, NELS: Non-Embolized Liver Segment, ELS ¯: Embolized Liver Segment 
decrease, ELS: Embolized Liver Segment, after: size after embolization procedures 

¯

¯
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FRL increase

A statistically significant difference (p=0.013) was found in FRL increase between the 

TACE prior to PVE (22.4±3.4%) and the PVE prior to TAE group (84.7±30.0%), showing 

a higher value in the latter group. Comparing FRL increase in the TACE prior to PVE and 

PVE prior to TAE groups, to the simultaneous TAE and PVE group (4.1%±1.4%), no 

statistically significant differences were found (p=0.134 and p=0.180, respectively). Also, 

when combining the TACE prior to PVE and the PVE prior to TAE groups, thus using 

the patient characteristics of these two groups together, FRL increase correlated with 

a higher percentage of embolized liver segments (p=0.007), and a lower percentage of 

non-embolized liver segments (p=0.007).

Atrophy of the embolized liver segments

There were no statistically significant differences (p=0.074) between the volumes of the 

embolized liver segments in the TACE prior to PVE group and the PVE prior to TAE 

group. At follow-up, no statistically significant differences (p=0.248) in decrease of the 

embolized liver segments were found. In the simultaneous TAE and PVE group, no sizes 

of embolized liver segments were reported. 

Tumor size

In the TACE prior to PVE group, Aoki et al.(15) mentioned that tumor size tended to 

decrease after TACE and PVE, although this was not found to be statistically significant. 

Resected specimens showed 50-60% tumor necrosis in 25% of the patients, 70-80% 

tumor necrosis in 12.5% of the patients and, 90-100% tumor necrosis in 62.5% of the 

patients. Necrosis of the noncancerous liver parenchyma was minimal in 87.5% of the 

specimens, whereas in 12.5% of the specimens segmental infarction was found. The 

study by Cheng et al.(1) mentioned tumor size before and after simultaneous TAE and 

PVE. They reported a mean tumor size of 8.97±4.79cm before and 6.85±3.69cm after 

the embolization interventions. Seventy-five percent of the tumors showed a decrease 

in size of between 5 to 33%. Pathologic examination showed 30-70% tumor necrosis 

in 25% of patients, 75-90% in 40% of patients and 100% tumor necrosis in 35% of 

patients. The remaining studies failed to mention tumor size changes or tumor necrosis 

after the embolization procedures.

Technical success

No technical complications of PVE, TACE and TAE were mentioned. In the study by Aoki 

et al.(15), recanalization of the embolized branch was observed 5 days after PVE in one 

patient. Subsequent TACE and repeat PVE was performed in this patient because CT 

scans obtained 14 days after initial PVE showed insufficient hypertrophy of the non-

embolized liver segments.
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Complications after interventions

In the TACE prior to PVE group, 29.4% of patients studied by Aoki et al.(15) had 

complications after TACE and PVE including cholecystitis, pleural effusion, one asthma 

attack, ascites and bowel obstruction. Ogata et al.(14) reported no complications, and 

also in the study by Yamakado et al.(17) no complications were mentioned. In the PVE 

prior to TAE group, all patients in the study by Inaba et al.(22) had slight right upper 

abdominal pain and fever after the TAE and PVE interventions. These symptoms subsided 

with prophylactic antibiotics. Gruttadauria et al.(21) did not mention any complications 

following PVE and TEA. In the study by Cheng et al.,(1) reporting simultaneous PVE and 

TAE, right upper quadrant pain was reported at the end of TAE procedures in 40% of the 

cases, nausea and vomiting in 19% of the patients, 3 days of transient upper abdominal 

pain in 10% of the patients, and fever for 3 days in 15% of the patients.

Morbidity and mortality

No procedure related mortality was seen in any group. In the study by Aoki et al(15), one 

patient died of metastatic disease and terminal liver failure 6 months after PVE, without 

having undergone hepatic resection. The study by Cheng et al(1) included one patient 

who died 3 months after resection due to the effect of extensive lung metastasis.

Survival

In the TACE prior to PVE group the 2- and 5-year overall survival rates after resection, and 

5-year disease free survival were found to be 58.8±6.8%, 49.8±9.6% and 31.4±21.7%, 

respectively. Within this group, Ogata et al.(14) found a 1-year overall survival of 83%. In 

the simultaneous TAE and PVE group, a 1-year survival percentage of 95% was reported.

(1) In the PVE prior to TAE group, no survival details were mentioned.

Discussion
Few studies have described the outcomes of sequential TA(C)E and PVE. The FRL increase 

was significantly higher for PVE prior to TAE in comparison to TACE before PVE. TA(C)

E can be applied in patients who are considered unresectable or be performed as a 

planned procedure before PVE to improve the hypertrophy of the FLR while at the same 

time, restraining tumor growth. Although little is known about the combination of these 

procedures, good results are reported when TACE is performed before PVE in patients 

with HCC.(14;15;26)

Even though a significantly higher FRL increase was seen in the group that underwent 

PVE prior to TAE, it is still possible that the increase in FRL is in part dependent on the 

size of the embolized liver lobe, as found in the study by Yamakado et al.(18) Also, when 

comparing the size of the embolized liver lobe with the FRL increase in this study, a 

significant correlation was found between FRL increase and a larger fraction of embolized 

liver (p=0.007). However, when comparing the size of the embolized liver segments in 
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the TACE prior to PVE group with those of the PVE prior to TAE group, no significant 

differences were found. 

Furthermore, the time between the embolization procedures and assessment of FRL 

increase was not consistently reported in the different studies. A longer time interval allows 

more time for the non-embolized liver segments to regenerate, and could thus show a 

larger increase of FRL. Future studies should investigate timing of sequential PVE and 

TA(C)E and its effect on FRL increase, also taking into account the size of the embolized 

liver lobe and the time interval between embolization and first assessment of FRL increase. 

Tumor progression in the waiting time until resection is another drawback of PVE.

(6) Not all of the included studies looked at tumor progression after embolization 

interventions. Although Aoki et al.(15) did mention tumor size decrease after sequential 

TACE and PVE, and the study by Cheng et al.(1) showed a decrease in size varying between 

5% and 33% in 75% percent of the tumors, no studies mentioned tumor progression in 

the waiting time until resection. Resected specimens in the studies reported by Aoki et 

al.(15) and Cheng et al(1), showed varying degrees of tumor necrosis. Large amounts of 

tumor necrosis possibly lead to less tumor cell dissemination during surgery, and thus, less 

early recurrence as proposed by Ogata et al.(14) The study by Cheng et al.(1) showed a 

decrease in tumor volume between 5% and 33% in 75% of the patients, but was the only 

study performing simultaneous PVE and TAE. Further research should provide more results 

concerning decrease of tumor size after sequential PVE and TAE.

High technical success rates were apparent in the included embolization studies. No 

significant problems were reported except recanalization of the embolized portal vein 

branch, observed 5 days after PVE in one patient in the study by Aoki et al.(15) Although 

complications after the embolization procedures in the TACE prior to PVE have been 

reported, complications in the PVE prior to TAE and the simultaneous PVE and TAE groups 

were limited, primarily consisting of right upper abdominal pain and fever. These results 

suggest that executing PVE prior to, or simultaneously with TAE might induce fewer 

complications. However, patient histories and inclusion of higher risk patients, were not 

mentioned, and could significantly differ between groups.

This review of the literature was undertaken with the intention to perform a systematic 

review and meta-analysis of studies focusing on sequential PVE and TA(C)E. In the process 

however, no randomized controlled trials were identified. Only six retrospective studies 

were found with small sample sizes and these were of such heterogeneity that a bias was 

present. Therefore, it was decided to perform an ‘individual patient data meta-analysis’ 

summarizing data from individual studies.

In conclusion, implementation of PVE prior to TAE gives rise to a larger FRL increase 

than TACE prior to PVE in patients with liver tumors. The procedures can be executed 

safely, and no major complications or tumor progression is seen. A higher percentage 

of embolized liver volume results in larger FRL increase. The optimal timing between 

embolization procedures and liver resection, as well as simultaneous PVE and TAE prior to 

resection, merit further investigation.
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Abstract
Objectives: To assess tumor growth and liver regeneration after portal vein embolization 

(PVE) in a rabbit hepatic tumor model.

Background data: Preoperative PVE is employed to increase future remnant liver volume 

through induction of hepatocellular regeneration. This event, however, potentially 

enhances tumor growth. 

Methods: Two weeks after subcapsular implantation of a VX2 carcinoma in the cranial 

liver lobe,  New Zealand White rabbits were allocated to a control group or PVE group 

(n=5/group). In the PVE group, the portal vein branch to the cranial liver lobes (80%) was 

embolized using particles and coils (PVE-group), leaving the caudal liver lobe (20%) free. 

In the tumor control group, the liver was only mobilized. CT volumetry was performed 

on days 3, 7, 10, and 14. Tumor growth rate (TGR), hepatocellular proliferation rate, 

and liver damage parameters were assessed before PVE, and on day 1, 3, 7, 10, and 14. 

Results: Portography confirmed complete occlusion of the portal vein branch to the 

cranial liver lobes in all PVE-rabbits. The hypertrophy response and proliferation rate in 

the non-embolized liver lobes were significantly higher in the PVE group, which was 

confirmed by liver to body-weight index assessment. TGR was increased in both groups, 

with a significantly larger increase in the PVE-group over time (day 14: mean 34.4±4.3mL/

day vs control: 24.1±7.2mL/day). 

Conclusions: Tumor growth (TGR) was significantly increased after PVE in the rabbit 

tumor model. This finding supports the notion that PVE potentially enhances tumor 

growth, along with regeneration of the non-embolized liver lobe.
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Introduction
Liver resection is the most effective treatment for primary or metastatic liver tumors. In 

advanced tumors, the extent of liver resection is restricted by the minimum volume of 

liver remnant required to provide sufficient postoperative liver function. Insufficient future 

remnant liver (FRL) is a reason why patients are considered unresectable. Preoperative 

portal vein embolization (PVE) is an option to increase FRL volume through induction of 

regeneration of the hepatocellular mass of the FRL. Following occlusion of the right or 

left main branch of the portal vein, atrophy of the embolized liver segments occurs while 

hypertrophy of the contralateral, non-embolized liver lobe is induced.1 PVE has shown to 

reduce the risk of liver failure after resection and consequently increases the number of 

patients who are eligible for liver resection. 

Although increasingly used, the mechanisms of PVE largely remain unknown. 

Resection is usually performed 3-6 weeks after PVE, but the exact time optimum remains 

controversial. There is increasing evidence that PVE not only stimulates growth of the FRL 

but also increases tumor size because of growth factors and cytokines released in the 

process of liver regeneration.1-8 Furthermore, after unilateral reduction of portal blood 

flow following PVE, there is a compensatory increase in blood perfusion through the 

hepatic artery (hepatic arterial buffer response). As liver tumors are mainly fed by arterial 

blood supply, these mechanisms altogether potentiate local tumor growth after unilateral 

embolization of the portal vein.1 

The challenge for future use of PVE is to limit the growth of tumor while inducing a 

maximum hypertrophy response in the non-embolized liver lobe. Therefore, we devised 

an animal model in rabbits, in which the rate of tumor growth can be assessed in relation 

with PVE, resembling the clinical situation. In this rabbit model, PVE is performed using the 

same methods and imaging protocol used in patients undergoing PVE.9 The combination 

of a VX2 liver tumor in this rabbit model allows us in addition, to explore the effects of 

PVE on tumor kinetics. The aim of our study is, therefore, to determine the extent and 

kinetics of induced tumor growth after PVE in a rabbit VX2 liver tumor model, along with 

assessment of the hypertrophy response of the non-embolized liver lobe. 

Materials and methods
Animals

The study protocol was approved by the Institutional Animal Ethics Committee of the 

Academic Medical Center of the University of Amsterdam. Ten female New Zealand 

White rabbits (Harlan, Charles River, France) with a mean weight of 2987±149g were 

acclimatized for 2 weeks under standardized laboratory conditions. The VX2 celline was 

obtained from Utrecht Medical Center (Utrecht, The Netherlands) for tumor implantation. 

VX2 tumor cell suspension was injected into the thigh muscles of the hind limb of a 

donor rabbit. Three weeks later, the solid tumor was harvested from the donor rabbit. 
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In the PVE-tumor-group, four tumor fragments of 0.5x0.5 mm were injected superficially 

in the subcapsular area of the left medial liver lobe using a 16-gauge angiocatheter. 

After removal of the angiocatheter, the liver capsule was manually compressed, followed 

by closure of the abdomen in two layers. Two weeks after implantation of the VX2 

carcinoma, the tumor had acquired sufficient mass to be used for the experiments. 

Anaesthesia for tumor implantation or for PVE/laparotomy procedures, was induced by 

intramuscular injection of a mixture of nimatek (25.0 mg/kg body weight, Eurovet, Bladel, 

the Netherlands) and medetomidine (0.2 mg/kg body weight, Orion, Espoo, Finland).

Experimental design

The rabbit liver is subdivided into four main lobes: these are the caudal liver lobe and 

three cranial liver lobes, comprising the left lateral, left medial, and right liver lobes, 

each supplied by branches of the portal venous system (Figure 1). The cranial liver lobes 

accounting for 80% of total liver volume, are isolated from the caudal liver lobe (20%), 

making the rabbit liver suitable for selective occlusion of the portal vein to the cranial liver 

lobes, thereby inducing a compensatory hyperplasia in the caudal lobe. 

Ten New Zealand White rabbits with tumor bearing livers, were divided into two 

groups: a control tumor group without PVE (control, n=5), and a group undergoing 

embolization of the portal vein to the cranial liver lobes (PVE, n=5). PVE was performed 

on day 0 with PVA particles 90-180 μm combined with 300-500 μm particles and 3 or 4 

platinum coils, since this has shown to result in the greatest increase in volume of the 

non-embolized, caudal liver lobe.9,10 Furthermore, the same embolization materials are 

also successfully used in clinical PVE. Details about the method of PVE in rabbits have been 

described elsewhere.9,10 

Portography was performed with a mobile C-arm Exposcop 8000 (Ziehm Imaging, 

Nürnberg, Germany) at laparotomy before PVE, directly after PVE and on day 14 to confirm 

complete occlusion of the embolized portal vein. In the control group, the liver and an 

access branch to the inferior mesenteric vein were mobilized without embolization, after 

midline laparotomy. The abdomen was closed in two layers, similar to the PVE-group. 

All animals received Buprenorphine (0.03 mg/kg body weight, Reckitt Benckiser 

Healthcare, Hull, Great Britain) subcutaneously before surgery. Enrofloxacin (0.02 mg/kg 

body weight, Baytril, Bayer Healthcare, Berlin, Germany) was administered subcutaneously 

before operation and postoperatively from day 1 till day 3.

CT volumetry

A CT-scan was made on the day of tumor implantation, which is 14 days before embolization 

or laparotomy alone. Tumor growth and hypertrophy of the caudal, non-embolized liver 

lobe were determined in all groups by CT-volumetry following PVE or laparotomy, and on 

day 3, 7, 10 and 14, after which the rabbits were sacrificed. Anaesthesia was maintained 

with medetomidine 0.2 mg/kg and nimatek 25.0 mg/kg. The rabbits were resting in 

a supine position, followed by an injection of contrast solution (3 mL Visipaque, GE 
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Healthcare, Waukesha, WI) in the ear vein, whereafter 4 mL sterile physiological saline 

was flushed. A contrast-enhanced multiphasic CT-scan was performed using a 64-slice CT 

scan (Brilliance 64-channel, Philips, Eindhoven, The Netherlands) for the arterial phase 

(15s), portal phase (30s), and venous phase (45s). On each section of the CT scan, the 

total liver, the caudal liver lobe and the tumor(s) were delineated manually. Volumes of 

the total liver (TLV), the caudal liver lobe (CLV) and the tumors (TV) were calculated. 

Tumor growth rate (TGR) after PVE or laparotomy was calculated by the formula: 

(TVdx/TVd0), in which dx=x days after the procedure, and d0=tumor volume two weeks 

after tumor implantation. The ratio of the caudal, non-embolized liver lobe (%CLV), was 

calculated according to the following formula: 

Atrophy was calculated as: % cranial liver lobe = ((TLV-CLV)-TVcranial) x 100 / TLV

Wet-to-dry weight ratio

Caudal and left lateral lobe biopsies were weighed after sacrifice (wet weight). The 

specimens were stored for 4 weeks in a stove at 60ºC; hereafter the biopsies were 

weighed again (dry weight). The wet-to-dry weight ratio was calculated by the formula: 

(wet weight – dry weight) × 100 / wet weight.

Liver to body weight index

The total liver and caudal liver lobes were weighed after sacrifice by means of a precision 

scale (Sartorius, Göttingen, Germany). The body weight can influence the total liver 

weight; therefore, caudal liver lobe weights were divided by the body weight.

Mediators of liver regeneration

The cytokines interleukin-6 (IL-6), and tumor necrosis factor alpha (TNF-α), as well as the 

growth factors hepatic growth factor (HGF), and transforming growth factor beta 1 (TGF-

β1) were determined in homogenized liver tissue of the left lateral and caudal liver lobe 

after sacrifice on day 14, using an ELISA kit for the respective antigen (USCN Life, Wuhan, 

China). All antibodies were washed out 4x with phosphate buffered saline (PBS, 1%BSA). 

Cytokines were assessed using polyclonal TNF-α and IL-6 goat anti-rabbit antibodies (USCN 

Life, Wuhan, China). Measurements were repeated and concentrations were calculated 

from a standard curve. A BCA Protein Assay kit (Pierce, Rockford, IL) was used for evaluation 

of protein concentrations. All values were normalized to protein content.

Biochemichal assessments

Liver function and damage parameters were assessed by routine clinical chemistry. Blood 

samples were obtained before tumor implantation, and after two weeks of tumor growth, 

before PVE or laparotomy. Three hours after the procedure, and on post-operative day 

%CLV = CLV x 100
 (TLV-TV)
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1, 3, 7, 10 and 14 blood samples were also obtained. AST (aspartate aminotransferase), 

ALT (alanine aminotransferase), AP (alkaline phosphatase), γGT (gamma-glutamyl 

transpeptidase), and bilirubin were determined as liver damage parameters. Liver 

synthesis function was determined by measurements of prothrombin time and albumin. 

Histology

In all groups, biopsies from the left lateral, embolized lobe and the caudal, non-embolized 

liver lobe were taken at sacrifice. Tissue samples were routinely fixed in 4% formalin (48 

hours) and processed to paraffin tissue blocks. 4 mm sections were cut and stained with 

haematoxylin and eosin (H&E). H&E slides were blindly evaluated by an experienced liver 

pathologist. 

Steatosis was estimated as the percentage of involved hepatocytes: grade 0 (absent; 

<5%), grade I (mild; 5-33%), grade II (moderate; 33-66%), or grade III (severe; >66%).11 

Portal inflammation was arbitrarily graded as follows: 0 (absent), 1 (mild), 2 (moderate), or 

3 (severe). Sinusoidal dilation as: 0 (absent), 1 (mild; involving ≤ one-third of the (centro-) 

lobular area), 2 (moderate; involvement ≤ 2/3 of the parenchyma), or 3 (severe; involving 

≥ 2/3 of the liver parenchyma).12 Intralobular inflammation and lytic necrosis were graded 

as: 0 (not present), 1 (<2 foci per x10 objective), 2 (2-4 foci per x10 objective), 3 (5-10 

foci per x10 objective), and 4 (> 10 foci per x10 objective). Portal edema was scored as 

the percentage of the portal tracts involved: 0 (not present), 1 (<25%), 2 (25-50%), 3 (50-

75%), and 4 (>75%). The presence of areas with confluent necrosis of the parenchyma 

was scored as: 0 (absent), 1 (affecting <25% of the parenchyma), 2 (affecting 25-50% of 

the parenchyma), 3 (affecting 50-75% of the parenchyma), and 4 (affecting >75% of the 

parenchyma). The presence or absence of embolization material with concomitant giant 

cell reaction was also evaluated. 

Cytokeratin 8+18 / Ki67 sequential alkaline phosphatase double staining13 was 

performed to evaluate hepatocyte proliferation in normal, non-tumorous liver parenchyma 

of the embolized cranial liver lobes and the non-embolized caudal liver lobe. The double 

staining combined a general hepatocyte marker cytokeratin 8/18, clone K8.8 + DC10 

(Abcam, Cambridge, UK) stained in red (Vector Red, Vector Laboratories, Burlingame, 

CA, USA) with the proliferation marker Ki67 (mouse anti-rat, clone MIB5) (Dako, Glostrup, 

Denmark) in blue (Vector Blue) and a weak hematoxylin counterstain. Five multispectral 

data sets per case were acquired using a Nuance™ camera system (Caliper Life Science, 

Hopkinton, MA) from 420-720 nm at intervals of 20 nm. To analyze the percentage of 

Ki67 positive hepatocytes, spectral data sets were analyzed with the segmentation and 

machine-learning Inform™ 1.2 software (Caliper Life Science) similar to that described by 

Al-Kofahi et al.14 This software allows cell-by-cell analysis of all multispectral data sets for 

the co-expression of cytoplasmic cytokeratin 8/18 and nuclear Ki67 within all hepatocytes, 

thus excluding the proliferation of leucocytes and other cell types. 
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Statistical analysis

Data are tested for normal distribution, and equal variances. Values are expressed 

as means ± SD, unless otherwise stated. Differences in tumor volume, and CLV were 

analyzed by using a repeated ANOVA model, and the Kruskal-Wallis test as appropriate. 

Furthermore, ANOVA with the linear mixed model for repeated measurements data was 

also performed for different liver biochemistry levels. The separate time points were 

analyzed by means of the two-tailed unpaired Student’s t-test for parametric continuous 

data. The Mann-Whitney U test was used for non-paramateric data. Histological specimens 

were evaluated using the Fisher’s Exact test and Chi-square test where appropriate. Since 

most of the histology scores are ordinal (there is a ranking in the categories), the linear 

by linear association test was also used, which is identical to the Fisher’s Exact test. 

Statistical significance was accepted when p<0.05. The data were analyzed by statistical 

software (SPSS 18.0.0; SPSS, Chicago, Illinois, USA) and GraphPad Prism (Graph-Pad 

Software, San Diego, CA).

Results
The VX2 cells were successfully implanted into the left medial liver lobes of all rabbits 

(n=10). Following implantation, the fragments grew as one tumor, which enlarged 

rapidly. Two weeks after the implantation of the VX2 carcinoma in the liver, the solid 

tumor was clearly visualized on CT imaging, and could be used for the experiments. 

Portal vein embolization

Portograms performed directly after embolization and at sacrifice showed complete 

occlusion of the portal vein branch to the cranial liver lobes in all PVE-rabbits (n=5; Figure 1). 

Hypertrophy response of non-embolized caudal liver lobe

As expected, the volume increase of the caudal liver lobe was significantly higher in 

the PVE-group, compared to the control-group (Figure 2). An increase in CLV was seen 

until day 7, and only little additional increase was observed until day 10 and 14. When 

considering all measurement points, significant differences were found between the PVE- 

and control-group for the caudal lobes (p<0.001). When the time points were analyzed 

one-by-one, significant differences were also seen from day 3 until day 14 (p<0.01). 

Before PVE or laparotomy alone, there were no differences in %CLV between both 

groups.

In the PVE-group, the rate of Ki67 positive hepatocytes in the caudal liver lobe was 

higher (median 7.0, range 4.0-10.0%) than in the embolized, cranial liver lobes (median 

0.3, range 0.1-1.2%; p=0.037). In the control group, the caudal and cranial liver lobes 

showed the same amount of proliferating hepatocytes (p=0.606). The rate of Ki67 

positive hepatocytes in the caudal, non-embolized liver lobes in the PVE-group was higher 

(median 7.0, range 4.0-10.0%) compared to the caudal liver lobes of the control group 
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(median 1.8, range 1.4-2.2%; p=0.083) whereas a lower rate of Ki67 positive hepatocytes 

was found in the atrophic, embolized cranial liver lobes (median 0.3, range 0.1-1.2% 

vs control: median 1.4, range 0.8-8.2%; p=0.007). The wet-to-dry weight ratios of liver 

biopsies were not significantly different between the groups (data not shown), excluding 

the possibility that edema was the cause of the volume increase.

The liver-to-body weight index of the caudal liver lobes at sacrifice were consistent 

with the CT volumetry data. The mean liver-to-body weight index of the caudal lobe of 

the PVE-group was 0.0118±0.0018 mL/g versus 0.0042±0.0001 mL/g (p=0.009) in the 

control group. 

A

C

B

D

Figure 1. Portography in rabbits. Panel A shows a portogram before intervention. The portal vein to the 
caudal and cranial liver lobes is subsequently filled with contrast fluid. Panel B shows the hypervascular 
tumor (white arrow) before PVE. A radiographic image acquired 14 days after PVE is presented in panel C, in 
which the portal blood flow to the cranial liver lobes is completely occluded by particles and coils. The rabbit 
liver anatomy is schematically depicted in panel D (CL=caudal liver lobe, LL=left lateral liver lobe, LM=left 
medial liver lobe with VX2 carcinoma, and RL=right liver lobe). The grey line represents the level of PVE. 
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No significant differences were found between or within both groups as regards the 

cytokines IL-6 and TNF-α, or the growth factors HGF and TGF-β1 in both cranial and caudal 

liver lobes (data not shown). 

Tumor growth as measured by CT volumetry

Tumor sizes two weeks after implantation (before starting the procedures) were different 

in both groups, with a mean volume of 2.50±0.5 mL in the control group, compared to a 

volume of 0.58±0.1 mL (p=0.009) in the PVE-group. Two weeks after PVE or laparotomy 

alone, tumor volumes were still larger in the control group (p<0.01). This is not surprising, 

since tumor growth is usually exponential. Therefore, a larger tumor load at the beginning 

of the analysis also resulted in a larger tumor load at the end. TGR is therefore, a better 

marker for tumor growth over time. Tumor growth rate (TGR) data are shown in figure 

3. TGR was slightly increased in the first week, and further increased from day 7 until day 

14 in both groups, showing significantly higher values in the PVE-group. 

Biochemistry

The liver damage parameters AST and ALT were significantly higher in PVE-rabbits, with 

peak concentrations on day 1, remaining high until day 3, and declining thereafter 

Figure 2. Volume increase rate of 
CLV as measured by CT volumetry, 
over 14 days after PVE. The mean 
%CLV is significantly higher in the 
PVE-group from day 3 until day 14 
(*p<0.01), compared to the control 
group. 

40

60

80
PVE

-14 0 3 7 10 14

Control *

*
*

*

Time [days]

C
LV

 [
%

]
20

Figure 3. Tumor growth rate (TGR) 
following PVE/control. A larger 
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(Figure 4). When considering all measurement points, no significant differences were 

seen in AST-levels between the PVE- and control-group (p=0.07), although a significant 

difference was observed for ALT (p=0.013). When we analyzed the time points separately, 

the AST values were significantly different as of 3 hours after PVE until day 7, and the 

ALT levels from day 1 until day 7. There were no differences in synthesis functions of 

the liver, as assessed by prothrombin time. Albumin was significantly decreased in the 

PVE group on day 3 (mean albumin PVE-group 39.6±1.1 vs 49.6±1.1g/L; p=0.009), and 

on day 7 (PVE: 46.0±0.8g/L vs control: 48.6±0.4g/L, p=0.007). Hereafter, these values 

returned to normal. When considering all measurement points, there was no significant 

difference between the groups for albumin levels (p=0.097). On day 10, bilirubin-levels 

were higher in the PVE-group than in the control group (median PVE 2.0±0.5 vs control: 

1.0±0.0; p=0.014). Over time there was also a significant difference in plasma bilirubin 

values (p=0.002). 
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Figure 4. Liver damage parameters 
after PVE and control animals. 
Plasma AST values showed a 
significant, transient increase with 
peak concentrations on day 1 
following PVE in panel A (*p<0.05). 
ALT-values were also significantly 
elevated in the first week after PVE 
(#p<0.05), and returned to normal 
after 7 days (panel B). 
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Histology

No steatosis was found in any animal in cranial or caudal liver lobes. Portal and lobular 

inflammation, focal lytic necrosis, and portal edema were mild in both liver lobes in the 

two groups (NS, within or between groups). Mild or moderate sinusoidal dilation was 

seen in both groups in cranial and caudal liver lobes (NS, within or between groups) 

in terms of extent as reported by others in humans12; the width of the sinuses was 

however, not evaluated. Confluent necrosis of liver parenchyma in both groups was 

<25% (range 0-50%) for both cranial and caudal liver lobes (NS, within or between 

groups). A multinucleated giant cell reaction was observed around the portal vessels with 

the PVA particles in 4 out 5 embolized liver lobes, as evidence of a foreign body reaction. 

Discussion
A small-for-size future remnant liver is an important reason why patients are considered 

unresectable. PVE is a treatment that is performed preoperatively to induce hypertrophy 

of the non-embolised FRL. Several clinical studies reported an increase in tumor growth 

after PVE in patients with primary or secondary liver tumors.3,5-7,15-17 The concerns that 

PVE potentially enhances tumor proliferation is confirmed by our study, in which TGR was 

significantly increased after PVE over time in a rabbit tumor model. However, there are 

no reports comparing tumor growth in patients with or without PVE with comparable 

tumor loads, before and after (the time of) PVE. In this study, we aimed to assess tumor 

progression before and after PVE, although there also is natural growth of tumor with 

the lapse of time. Therefore, a control group without PVE was included in our study. 

Several animal studies reported changes in tumor volumes in embolized or ligated liver 

lobes as ascribed to upregulated cytokines, transcription factors, and regulatory factors. 

One of these studies showed that liver metastases in rats were smaller in embolized liver 

lobes (PVE) but larger in the ligated liver lobes (PVL), compared to sham laparotomy.18 

Bretagnol et al. reported a decrease in tumor growth in the embolized lobe of rats after 

PVE.19 Another study performed in a mice tumor-model showed that tumor growth had 

doubled after PVL compared to 70% hepatectomy.20 These results are conflicting and 

furthermore, only models with small animals have been used. The rabbit liver is more 

suitable for the purpose of these studies, because PVE can be performed easily in a liver 

tumor model in which the caudal liver lobe accounting for approximately 20% of total liver 

volume, is isolated from the embolized, cranial liver lobes. Furthermore, CT-scans were 

used for determination of CT volumetry in rabbits, which resembles the clinical situation. 

The isolated, caudal liver lobe in the rabbit is easily distinguishable from the rest of the liver 

on CT-scan, which makes the model more appropriate than rat- or mice-models. 

The VX2 celline was used for the experimental model in this study, having several 

advantages. The VX2 carcinoma is a rapidly growing, hypervascular tumor, mainly 

vascularized by the hepatic artery, similar as to human liver tumors. The tumor becomes 
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large enough to be evaluated on CT images, and therefore, provides a perfect tumor 

model for our experiments. Moreover, the tumor is implanted into the subcapsular area 

of the liver, whereas in most rat and mice tumor models, the tumor cells are injected into 

the spleen, which may lead to immunological bias. Our model very much resembles the 

clinical setting of PVE. The cranial liver lobes corresponding to 80% of total liver volume 

are embolized, while the caudal, non-embolized liver lobe consists of only 20% of the total 

volume of the liver, which mirrors the situation in patients in whom the FRL is considered 

small-for-size. 

TGR in our study was highest in the second week after PVE, however, this finding is 

clinically less relevant. In humans, the volume increase rate of the FRL is highest during 

the first 3 weeks following PVE, after which it plateaus.1 Liver resection is often planned 

from three weeks after PVE for this reason. The hypertrophy response in the rabbit model 

is highest at day 7 with only little additional increase by day 10 and 149, suggesting that 

the regenerative process after PVE is more efficient in rabbits. 

There are some limitations to this study. CT volumetry was used to measure volumes 

of the total liver, the non-embolized liver lobe, and tumor. As mentioned, tumors were 

small two weeks after implantation (between 0.6 and 2.5 mL), which could introduce 

a bias when delineating the contours on each serial section of CT scans. However, 

the images were enlarged during delineation, rendering the outcomes more accurate. 

Furthermore, CT images were analysed by two experienced, independent researchers in a 

blinded fashion. TGR could however, not be determined before PVE since the tumors were 

not visible on CT scan on the day of tumor implantation.

As mentioned above, tumor volumes after two weeks of implantation were significantly 

higher in the control-group compared to PVE-rabbits (2.5±0.5mL vs 0.58±0.1mL, resp.). 

There are several explanations for this different outcome. Firstly, smaller tumor fragments 

may have been implanted in the PVE-rabbits, although we tried to avoid implanting 

different fragment sizes. Secondly, tumor growth could have been more rapid in the two 

weeks before intervention in the control group, despite the same VX2 celline was used 

and, laboratory conditions and operations were standardized. We assume that growth 

of the experimental tumor is exponential, resulting in a larger tumor load at the end 

when the tumor is also larger at the beginning of the analysis. Tumor sizes were possibly 

different between groups after initial injection of the tumor fragments. We therefore 

used TGR as marker for tumor growth, since these outcomes were compared to baseline 

values, and therefore, were more reliable.

Regarding the pathology results, no major differences were found in terms of 

steatosis, portal and lobular inflammation, focal lytic necrosis, portal edema, the extent 

of sinusoidal dilation or confluent necrosis, the latter being absent or mild in both lobes 

in both groups. The groups might have been too small however, to detect statistically 

significant differences, although the findings are in  agreement with the transient, minimal 

increase in liver damage parameters found after PVE. In the embolized lobes, a giant 

cell reaction was found in association with embolization material, but this could not be 
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demonstrated in one animal, probably due to a sampling error since effective embolization 

of the cranial lobe was evident at imaging. No differences were observed in cytokines or 

growth factors in the liver parenchyma between the PVE- and control-group at sacrifice. 

This is probably due to the cytokine responses which peak earlier in rabbits and therefore, 

were missed in this study. Along the same lines, growth factors released early after PVE, 

were possibly depleted after 14 days, showing no increase at that time anymore.

In conclusion, TGR was significantly increased over time in the PVE rabbit tumor 

model, supporting the notion that PVE potentially enhances tumor growth along with 

regeneration of the non-embolized liver lobe. Therefore, new interventions should be 

directed to preventing tumor growth after PVE. 
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Abstract
Background To identify predictors of postoperative ascites after liver resection for 

patients with or without preoperative portal vein embolization (PVE). 

Study Design Data of 540 consecutive patients who had undergone liver resection in 

our institution were evaluated. These patients were divided into a group of patients 

who had undergone PVE prior to hepatectomy (PVE-group; n=37), and patients who 

underwent liver resection without PVE (n=503). Ascites was defined as postoperative 

daily drainage of clear ascitic fluid exceeding 200ml/day. A subanalysis of patients with 

hepatocellular carcinoma was included (HCC; n=53). Pre-, intra-, and post-operative 

variables were retrospectively analyzed using uni- and multi-variate analyses. 

Results Overall, 7.6% (41/540) of patients showed ascitic fluid production after liver 

resection. Postoperative ascites was present in 16.2% (6/37) of patients who underwent 

PVE before hepatectomy, compared to 7.0% (35/503) in the group undergoing liver 

resection without PVE (p=0.040). In all patients, diagnosis (OR 0.911, p=0.027), cirrhosis 

(OR 38.708, p<0.001), PVE (OR 2.952, p=0.047), major (three or more segments) 

resections (OR 3.263, p=0.028), and operation time (OR 1.004, p=0.007) were 

independent risk predictors associated with postoperative ascites in multivariate analysis. 

In PVE-patients, cirrhosis (OR 0.194, p<0.001) was the only independent significant 

predictor of ascites after resection. In patients undergoing liver resection without PVE, 

independent risk factors with multivariate analysis were major resections (OR 3.707, 

p=0.016), operation time (OR 1.003, =0.022), and cirrhosis (OR 34.475, p<0.001). 

Conclusions Diagnosis, preoperative PVE, major resections, and operation time were 

significant predictors of ascites after hepatectomy. Cirrhosis was a significant risk factor 

associated with postoperative ascites. 
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Introduction
Ascites is a common complication after liver resection with reported incidences ranging 

from 5% to 56%.1 It may contribute to liver failure when large intra-abdominal ascitic 

fluid collections develop. An increased portal pressure after hepatectomy induced by a 

reduction in hepatic vascular bed leads to ascites production and subsequently a decreased 

urinary output. Also, vasodilatation of the splanchnic vasculature promotes the formation 

of ascites.2 Ascites is often seen in patients with preexisting cirrhosis and hepatocellular 

carcinoma (HCC)1,3-6 and may be aggravated after partial liver resection.7-9 However, 

postoperative ascites also develops in normal livers, making treatment strategies after 

liver resection difficult. To our knowledge, only one study examined risk factors for 

ascites in patients with colorectal liver metastases (CRM).10 They reported that the Hx 

ratio (resected liver weight g/bodyweight kg) was a significant independent factor for 

ascites after extended hepatectomy.10 Other reported risk factors for ascites in patients 

with HCC are fibrosis11, increased blood loss (>1000ml), a low platelet count (<100 x 

103/μL)1, a high indocyanine green retention rate (>10%), hypo-albuminemia (≤3.5 g/

dL), and extent of liver resection (≥3 segments).3 

Preoperative portal vein embolization (PVE) is a widely used method to increase 

resectability in patients with small-for-size future remnant liver, especially in patients 

with poor hepatic reserve. By increasing volume and function of the future remnant liver 

preoperatively, the risk of liver failure after surgery is reduced. No studies have focussed 

on the incidence of ascites after hepatectomy in patients also undergoing PVE. The aims 

of this study therefore, were to examine the incidence and outcomes of ascites in patients 

undergoing liver resection with and without PVE, including a subgroup of patients with 

HCC, and to examine predictive factors for developing ascites after liver resection. 

Methods
All 540 patients undergoing liver resection between January 1992 and February 

2012 at the Academic Medical Center Amsterdam were analyzed. Of these patients, 

demographics, preoperative data, operative variables, presence or absence of ascites 

(volume, duration), morbidity, and mortality were evaluated retrospectively. This group 

was then divided into patients who had undergone liver resection with (n=37) or without 

PVE (n=503). A sub-group of patients with HCC (n=53) was analyzed in addition. 

Definitions

All patients were reviewed in a multidisciplinary HPB team consisting of a liver surgeon, 

hepatologist, medical oncologist, gastroenterologist, and (interventional) radiologist. 

Future remnant liver volume was assessed by CT-volumetry and hepatic function was 

determined by 99mTc-labelled mebrofenin hepatobiliary scintigraphy (HBS) including 

SPECT preoperatively.12 The volumes of total liver (TLV), tumor (TV), and future remnant 
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liver (FRLV) were evaluated. The percentage of FRL was then calculated according to 

the following formula: FRLV*100/(TLV-TV). If the FRLV was >25-30% in normal liver 

parenchyma, or >40% in cirrhotic parenchyma (Child-Pugh A) the patient was considered 

eligible for surgery. Otherwise, portal vein embolization (PVE) was decided to be 

performed before liver resection. A cut-off value for FRL function of 2.69 %/min/m2 

identified patients at risk of developing postoperative liver failure.13  

Major liver resections were defined as resections of three or more Couinaud’s segments. 

Minor resections were hepatectomies of less than three liver segments, including wedge 

resections and metastectomies. 

Ascites was defined as postoperative daily drainage of clear ascitic fluid exceeding 

200ml/day. We also recorded the duration (days) of postresectional ascites. The Hx ratio 

was calculated by dividing the weight of resected liver (in gram) by body-weight in kg.10 

In-hospital mortality was defined as death during the entire postoperative admission.

Management of postoperative ascites

Conservative management of postoperative ascites consisted of fluid replacement. 

When albumin levels decreased (<35 g/L), intravenous albumin was administered. 

Diuretic medication was administered in case of fluid retention. In patients with infected 

ascites, antibiotic treatment was added. Percutaneous drainage of the ascitic fluid was 

undertaken if an intra-abdominal ascitic fluid collection was symptomatic, as identified by 

abdominal ultra-sonography and/or CT scan. In case of persistence or increase in ascites 

formation, firstly, the abdominal drain was removed after the 5th post-operative day. 

When discharge of ascitic fluid continued via the abdominal wall defect of the previous 

drain, surgical closure of the defect was performed. 

Study population with hepatocellular carcinoma (HCC)

Standard diagnostic work-up of patients with HCC was performed in accordance with 

the guidelines of the AASLD.14 This was especially true for lesions occurring in the 

background of cirrhosis. In general, liver resection was not indicated in patients with 

extrahepatic or nodal metastases, main portal trunk or inferior vena cava invasion or 

thrombus, or multicentric bilobar HCC. Most patients with Child-Pugh B and all patients 

with Child-Pugh C were excluded from resection. 

Statistical Analysis

The two-tailed unpaired Student’s t-test was used for continuous parametric data 

for differences between groups. For non-paramateric data, the Mann-Whitney U test 

was performed. Categorical data were compared using the Fisher’s Exact test or Chi-

square test, where appropriate. Predictors of postoperative ascites were determined by 

univariate logistic regression analyses and subsequent multivariate logistic regression 

analyses. p<0.05 was considered statistically significant. Statistical software (SPSS 18.0.0; 

SPSS, Chicago, Illinois, USA) was used for the analysis. 

136



Results
Data of all 540 patients who underwent a liver resection in our department are shown 

in Figure 1. Overall, ascites production was recorded in 41/540 (7.6%). In patients 

who underwent PVE before hepatectomy, 6/37 (16.2%) showed postoperative 

ascites, compared to 35/503 (7.0%) in the group undergoing liver resection without 

PVE (p=0.040). When analyzing the HCC-subgroup, only one patient (1/53, 1.9%) had 

undergone preoperative PVE who did not show ascites production. In HCC patients that 

underwent liver resection without PVE, ascites occurred in 10/52 (19.2%) patients (ns). 

Patient characteristics and operative data of all groups are depicted in Table 1 and 2.

Figure 1. Diagram of 540 patients who underwent liver resection (LR) between 1992 and 2012, showing 
postoperative ascites. 

In the PVE group significantly more males were found (64.9%, 24/37 vs. 44.7%, 

225/503; p=0.018), more patients with CRM (67.6%, 25/37 vs. 40.8%, 205/503; 

p=0.001),  more patients who had undergone more major resections (94.6%, 35/37 vs. 

44.3%, 223/503; p<0.001), and longer operation time (median 316.0, IQR 121-715min 

vs. 235.0, IQR 39-756min; p<0.001) in comparison to patients undergoing liver resection 

without PVE. No significant differences were found for age, cirrhosis, application of 

Pringle’s manoeuvre, or mortality. 

Overall, risk factors associated with ascites were diagnosis (HCC, Klatskin; OR 0.898, 

p=0.012), cirrhosis (OR 11.109, p<0.001), PVE (OR 2.588, p=0.047), major resections (OR 

2.849, p=0.003), operation time (OR 1.004, p<0.001), and the use of Pringle’s manoeuvre 

(OR 2.018, p=0.035), as determined by univariate analysis in all patients (n=540). By 

subsequent multivariate analysis using these significant factors, diagnosis (OR 0.911, 
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p=0.027), cirrhosis (OR 38.708, p<0.001), PVE (OR 2.952, p=0.047), major resections (OR 

3.263, p=0.028), and operation time (OR 1.004, p=0.007) were independent predictors 

of ascites postoperatively. These results are summarized in table 3.

Table 1. Clinicopathological features of PVE-patients with or without postoperative ascites after liver 
resection.

Variables PVE (n=37)

No ascites Ascites p-value

Total (%) 31/37 (83.8) 6/37 (16.2)

Mean age (years, SD) 55.5±12.6 64.0±7.0 0.137

Male:female ratio 19:12 5:1 0.307

Major:minor resections 29:2 6:0 0.528

Diagnosis

CRM

Klatskin

Neuroendocr tumor

HCC

Benign

20

4

1

1

5

5

1

0.275

Median operation time (min, range) 311 (121-715) 416 (264-519) 0.111

Cirrhosis (%) 0 (0) 0 (0) 1.000

Pringle manoeuvre (n, %)
Time (median, range)

6 (19.4)
20 (20-60)

3 (50)
30 (20-40)

0.299
0.477

Median time-period PVE and resection (days, range) 36 (22-430) 30 (19-55) 0.112

Table 2. Clinicopathological features of patients with or without postoperative ascites after liver resection 
without PVE.
Variables Liver resection without PVE (n=503)

No ascites Ascites p-value

Total (%) 468/503 (93.0) 35/503 (7.0)

Mean age (years, SD) 54.4±15.3 56.2±13.2 0.530

Male:female ratio 205:263 20:15 0.126

Major:minor resections 200:268 23:12 0.008

Diagnosis

CRM

Klatskin

Metastases

HCC

Benign

Other

192

34

23

42

162

15

13

7

1

10

4

0.099

Median operation time (min, range) 230 (39-756) 310 (115-719) <0.001

Cirrhosis (%) 12 (2.6) 9 (25.7) <0.001

Pringle manoeuvre (%) 
Time (median, range)

120 (25.6)
30 (10-75)

14 (40.0)
40 (20-70)

0.070
0.029
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When separating the groups into PVE or not, cirrhosis (OR 0.194, p<0.001) was 

the only independent significant predictor of ascites after resection in the PVE-group. In 

patients undergoing liver resection, diagnosis (OR 0.909, p=0.026), major resection (OR 

2.568, p=0.010), operation time (OR 1.004, p=0.002), and cirrhosis (OR 12.981, p<0.001) 

were significant risk factors for developing ascites after resection. Independent risk 

factors as calculated with multivariate analysis were major resection (OR 3.707, p=0.016), 

operation time (OR 1.003, =0.022), and cirrhosis (OR 34.475, p<0.001). 

In patients with ascites, mean age was 64.0±7.0 years in the PVE-group in comparison 

to 56.2±13.2 years in the liver resection group without PVE (p=0.171). Also, male:female 

ratio was not significantly different between the groups, as well as the diagnosis or the 

presence of cirrhosis. No differences were seen for type of resection, Pringle’s manoeuvre, 

or operation time between both groups with postoperative ascites. Hospital stay was 

equal in patients with ascites who had undergone liver resection without previous PVE 

[median of 21 (range 7-79) days] when compared with patients with ascites undergoing 

resection with PVE [median 21 (range 8-38) days] (ns). 

No significant differences were observed in the quantity or duration of ascites between 

the PVE-group and group undergoing liver resection without PVE. In all patients with 

ascites, the reported quantity exceeded 200ml/day in 82.9% (34/41) of patients. Overall, 

the duration of postoperative ascites was less than 4 weeks in 28 patients (68.3%). Median 

Hx ratio (resected liver weight g/bodyweight kg) was not different between groups with 

a value of 10.4 (range 0.6-18.0) in patients who had undergone liver resection with PVE, 

Table 3. Univariate and multivariate logistic regression analysis of factors associated with postoperative 
ascites. CI confidence interval.

Factors Odds ratio 95% CI p-value

Univariate analysis

Diagnosis 0.898 0.826-0.976 0.012

Cirrhosis 11.109 4.359-28.311 <0.001

PVE 2.588 1.012-.6.620 0.047

Major resections 2.849 1.421-5.712 0.003

Operation time 1.004 1.002-1.006 <0.001

Pringle manoeuvre 2.018 1.050-3.880 0.035

Multivariate analysis

Diagnosis 0.911 0.839-0.990 0.027

Cirrhosis 38.708 10.892-137.562 <0.001

PVE 2.952 1.012-8.611 0.047

Major resections 3.263 1.134-9.391 0.028

Operation time 1.004 1.001-1.007 0.007
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and 11.6 (range 1.1-40.6) in patients without previous PVE. Treatment strategies are 

shown in figure 1. 

In the HCC-group (n=53), only one patient underwent embolization of the portal vein. 

Mean age was 56.4±18.1 years, with 17 HCC-patients (32.1%) showing cirrhosis. Ascites 

was present in 18.9% of the patients (10/53) including 8 (15.1%) patients with cirrhosis. 

Major resections were performed in 21 patients, of whom 3 showed postoperative ascites. 

Median operation time was 242 (range 104-550) minutes. The median hospital stay was 

11 (range 7-107) days. In-hospital death was 3.8% (n=2). 

Discussion
Although several published studies have analyzed the risk factors in patients with HCC and 

ascites, the influence of postoperative ascites associated with PVE in patients undergoing 

liver resection are not clear. It is anticipated that the presence of ascites may impact the 

outcome of these patients, however, to the best of our knowledge, this is the first large 

study examining risk factors for the development of ascites after hepatectomy in patients 

undergoing preoperative PVE or not. 

One might hypothesize that PVE before surgery would reduce the risk of ascites 

post-operatively because main portal flow through the liver remnant is unaffected after 

right hemihepatectomy and previous occlusion of the right portal vein, however, our 

findings showed a significantly higher incidence of ascites in the PVE-group after resection 

(16.2% vs 7.0%). This is probably related to the larger resections required in patients 

who had undergone PVE preoperatively, as is supported by our findings that patients 

with hepatectomies of 3 or more segments had a higher incidence of ascites (OR 2.849), 

while more major resections were performed in the PVE group (i.e. 94.6% and 44.3%, 

respectively, p<0.001). Besides type of resection, the operation time was longer in the PVE-

group compared to the patients undergoing liver resection without PVE. PVE is especially 

performed in patients requiring extended resections which are commonly associated with 

longer operations times. 

In literature, incidences of 5% to 56% have been reported for postoperative 

ascites.1,15 In our study 7.6% (41/540) of all patients showed ascitic fluid production after 

liver resection, which is in accordance with the more recent reports of post-resectional 

ascites.3,16,17 The decrease in post-resectional ascites in more recent years possibly owes 

to improved peri-operative fluid management. The underlying mechanisms of ascites 

formation after hepatectomy, are however, largely unknown. 

We also found by multivariate analysis that cirrhosis was a risk factor for developing 

postoperative ascites (OR 38.708). In a recent study Chan et al. showed that ascites 

developed in 25.5% of patients with HCC undergoing liver resection and that cirrhosis was 

present in 70.6% of all patients.3 In our HCC study population, 18.9% (10/53) of patients 

showed post-resectional ascites, and 32.1% (17/53) of the patients had a cirrhotic liver 

based on histopathological evaluation of the resection specimens.  
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We realize that more malignant lesions such as CRM and Klatskin tumors were 

present in patients undergoing PVE before hepatectomy in comparison to more benign 

liver lesions in the resection group without PVE, resulting in a possible bias. However, 

no significant difference in the incidence of ascites was observed among patients after 

resection of malignant or benign tumors, rendering any influence unlikely.

No official definition of postoperative ascites is available, but a grading system has been 

proposed by the International Ascites Club7 for patients with cirrhotic livers. According to 

this system, mild ascites which is only detectable by ultrasonography, corresponds with 

grade I. Grade II is defined as moderate ascites manifested by moderate symmetrical 

distension of the abdomen, and grade III is large or gross ascites with abdominal distension. 

In as much as the validity of this classification system has not been shown in patients with 

ascites after liver resection, we decided to define ascites production as drainage of ascitic 

fluid of 200ml/day or more in this study. In our study in case of ascites, a pigtail drain was 

percutaneously placed in the abdomen under ultrasound guidance for drainage. However, 

an important remark is that our definition may have underestimated the real number of 

patients with postoperative ascites, since our definition did not include patients in whom 

ascites drained spontaneously via the laparotomy wound. Furthermore, in some patients 

the amount of ascites was unknown, because the ascitic fluid did not require drainage. 

We assume, however, that in these patients the ascitic fluid did not exceed 200ml/day 

as proposed in the definition. Some patients were discharged from the hospital with 

ascites shown on abdominal imaging studies without needing drainage. Again, we do 

not believe that these fluid collections were clinically relevant and did not exceed 200ml/

day. Percutaneous drainage of the ascitic fluid was only undertaken if an intra-abdominal 

fluid collection was symptomatic, as confirmed by abdominal ultrasound and/or CT scan. 

In conclusion, our analysis showed that type of diagnosis, PVE, major resections, and 

operation time were significant predictors of ascites after hepatectomy. A significant 

association was found between cirrhosis and the ocurrence of post-resectional ascites.
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Abstract
Background Vascular occlusion can be applied during liver resection to reduce blood 

loss. Herein, we provide an update of the current evidence concerning vascular occlusion. 

Methods A systematic literature search was conducted to review the effects of liver 

in- and outflow occlusion techniques during liver resection, focusing on blood loss and 

hepatic ischemia-reperfusion injury.

Results The Pringle manoeuvre is effective in controlling blood loss, however, there is 

no indication for routine vascular clamping during hepatic resection in uncomplicated 

patients. During complex resections and in patients with abnormal liver parenchyma, 

the intermittent Pringle manoeuvre (IPM) is preferred over continuous clamping. Total 

hepatic vascular exclusion (THVE) is indicated only in resection of tumors involving the 

inferior caval vein or the caval hepatic junction. THVE can be applied with the preservation 

of caval vein flow. This mode of selective hepatic vascular exclusion (SHVE) results in less 

blood loss in combination with the Pringle manoeuvre. 

Conclusion If clamping is necessary during complex resections or in abnormal liver 

parenchyma, IPM is advised. THVE or SHVE may be considered in tumors involving the 

inferior caval vein or the caval hepatic junction. There is no evidence supporting the 

use of IP, maintenance of a low CVP or of pharmacological interventions during liver 

resection.
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Introduction
Excessive blood loss during transection of the liver parenchyma is associated with adverse 

postoperative outcomes, which may culminate into liver failure especially when a small liver 

remnant is involved.[1] To combat blood loss during liver resection, various methods of 

hepatic inflow or simultaneous in- and outflow occlusion techniques have been introduced 

(fig. 1). Non-selective inflow occlusion is achieved by applying the Pringle manoeuvre 

(clamping of the hepatic artery and portal vein in the hepatic pedicle), continuous or 

intermittently. Selective inflow occlusion is achieved by hemihepatic or segmental 

occlusion of (branches of) the portal vein or hepatic artery. Simultaneous hepatic inflow 

and outflow occlusion can be accomplished by total hepatic vascular exclusion (THVE) or 

selective hepatic vascular exclusion (SHVE). A low perioperative central venous pressure 

(CVP) has also been suggested to limit blood loss during liver resection.[2] Unfortunately, 

clamping can lead to negative effects such as hepatic ischemia-reperfusion injury (IRI).[3] 

This phenomenon is the result of non-perfusion and consequently, hypoxia of the liver 

parenchyma during vascular occlusion.[3] To limit this type of injury, several interventions 

have been devised. These include the intermittent Pringle manoeuvre (IPM), ischemic 

preconditioning (IP; a short clamping period followed by reperfusion before continuous 

clamping), in situ cooling of the liver under THVE, and pharmacological interventions 

such as the administration of trimetazidine, methylprednisolon, or dextrose.[4] The 

dilemma in extensive hepatic resection is the desire to control blood loss using vascular 

occlusion, whilst limiting IRI in the remnant liver. This paper aims at providing an update 

of the indications and efficacy of different types of vascular occlusion techniques which 

Figure 1. Vascular occlusion techniques that can be applied during liver resection to reduce blood loss or 
hepatic IRI
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can be applied during liver resection. The current results of interventions to limit hepatic 

IRI will also be discussed.

How much ischemia can the liver tolerate?

Most methods of IPM involve repeated cycles of occlusion between 15 and 20 minutes 

and a period of unclamping of 5 until 10 minutes.[5] Research has shown that IPM 

with ischemic intervals of 30 minutes can also be accomplished effectively and safely 

in human liver resections.[6-8] In addition, durations of continuous liver ischemia of up 

to 85-90 minutes have been reported in patients with normal and cirrhotic livers. There 

were no correlations between the duration of ischemia and the length of hospital stay, 

complications, liver failure or death.[9;10] Thus, the liver seems to tolerate a period 

of (normothermic) ischemia of up to 90 minutes. Nevertheless, the liver can tolerate 

IPM if the duration of accumulated ischemic times is shorter than 120 minutes (Pringle 

manoeuvre for 20 minutes and a 5-minute clamp-free interval).[11] Patients with an 

ischemic time of more than 120 minutes showed less blood loss from the transection 

area (14 mL/cm2 vs 22 mL/cm2, p<0.05), but an equal transection time related to the 

transection area and blood transfusion volume was seen compared to a control group 

(without IPM). They also showed a lower recovery rate of the arterial ketone body ratio 

(0.1 vs 0.65, p<0.05), and higher plasma levels of IL-6 after liver resection (250 pg/mL vs 

50 pg/mL, p<0.05). These results suggest that the liver can tolerate longer ischemic times 

of up to 90 minutes without inducing liver failure. 

Low CVP

A low perioperative CVP has been suggested to limit blood loss during liver resection.

[2;12] By lowering the pressure inside the inferior caval vein, the hepatic venous pressure 

and thus, the hepatic sinusoidal pressure would drop possibly resulting in less bleeding 

during resection (672.4±429.9 mL vs control group: 1662.6±1932.1 mL (p<0.01).[2] In 

a study by Jones et al it was found that the volume of blood loss during liver resection 

correlated with CVP, regardless of using the Pringle manoeuvre.[13] They reported that 

a CVP ≤ 5cmH2O resulted in  a median blood loss of 200 mL and blood transfusions in 

only 5% of patients compared to 1000 mL blood loss and 48% blood transfusions in 

patients with a CVP > 5cmH2O (p=0.0001 and p=0.0008 respectively). However, the 

conclusion of a Cochrane review published in 2009 was that even though a low CVP 

reduces blood loss in comparison to a control group (mean difference -419.35 ml; 95% 

CI -575.06 to -263.63), it does not lower red cell transfusion requirements (standardised 

mean difference -0.31; 95%CI -0.65 to 0.03) nor does it seem to decrease intra-operative 

morbidity or offer any long-term survival benefits.[14]

Pringle Manoeuvre

The Pringle manoeuvre (PM) is achieved by simultaneous clamping of the hepatic artery 

and portal vein. It is the best known and time-honoured method of vascular clamping to 
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control blood loss during liver resection.[15] A recent survey in Europe showed that 71% of 

hepatic surgeons apply vascular clamping on indication and that the Pringle manoeuvre is 

the most frequently used technique.[16] It has been reported, however, that this method 

has some potential drawbacks. These include portal vein emboli, spontaneous rupture of 

the spleen[17], induction of hepatic IRI[3] and decreased time to tumour recurrence[18]. 

Concerning the latter, a correlation of the use of the Pringle manoeuvre and decreased 

time to tumour recurrence has recently been refuted by recent research.[19; 20] 

It has been shown that the intermittent Pringle manoeuvre (IPM; sequential application 

of the Pringle manoeuvre with periods of reperfusion) reduces splanchnic congestion 

and decreases hepatic IRI.[21] A randomized trial concluded that IPM is better tolerated 

by the liver than the continuous Pringle manoeuvre in patients with compromised liver 

parenchyma, but that in patients with normal parenchyma, there was no significant benefit 

of IPM. This outcome has been criticized because of the inclusion of patients undergoing 

standard right hemihepatectomy which usually does not involve resection of a critical mass 

of the liver.[22;23] Therefore, IPM is preferred in patients with chronic liver disease. 

The optimal cycle of IPM is still a matter of debate. Recent research shows that IPM 

with ischemic intervals of 30 minutes induces similar hepatocellular injury as with ischemic 

intervals of 15 minutes, determined by cumulative L-FABP levels (p=0.378), and L-FABP 

levels at any time point (p=0.149).[8] Furthermore, there were no significant differences 

in median blood loss (450 (250–1000) mL vs 575 (100–2300) mL resp.; p=0.915), liver 

function (postoperative peak bilirubin 37 (14-84) μmol/L vs 23 (16-101) μmol/L; p=0.670), 

morbidity or hospital stay (8 (5-119) days vs 11 (5-53) days, p=0.955) between both 

groups.[8] Ezaki et al applied vascular inflow occlusion intermittently in patients with 

chronic liver disease using a clamping and declamping time of 10-20 min and 5-8 min, 

respectively.[24] Liver function and complications were comparable in this study. In a 

randomized controlled trial, comparing intermittent occlusion with an ischaemic interval 

of 15 min with that of 30 min (each with 5 min of reperfusion), no difference was seen 

in the bilirubin ratio (serum total bilirubin level on postoperative day 2 divided by the 

preoperative level; 1.6±0.8 vs 1.7±0.8 resp.; p=0.874), and a similar remnant liver function 

(postoperative day 7: median total bilirubin 11.9 (5.1-34.2)x10-3 mmol/L vs 13.7 (5.1-

61.7)x10-3 mmol/L, p=0.136) was reported.[6] In all, these results suggest that IPM with 

ischemic intervals of 30 minutes can be safely used. 

In a randomized clinical trial by Capussotti et al comparing IPM with 15 minutes of 

ischemia and 5 minutes of reperfusion, with no vascular clamping during liver resection, 

there were no significant differences in blood loss (184.1 (122.8-245.5) mL vs 204.1 

(158.4-249.8) mL resp.; p=0.653) and outcomes (mortality 1.6%, morbidity 29.4%).[25] 

A longer transection time was seen in the patients without vascular clamping (73 min 

vs 49 min, p<0.001). This study suggests that using optimal intra-operative conditions 

of preserved venous drainage of the remnant liver and modern tools for parenchymal 

transection, liver resection can be performed safely without pedicle clamping and with 

comparable blood loss and morbidity[21], even in patients with a diseased liver.[25;26]  
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Hence, routine portal triad clamping does not offer any benefit to the patient as regards 

perioperative outcome.[27] Nevertheless, there are cases involving complex resections 

and/or abnormal liver parenchyma, in which the amount of blood loss during resection is 

not acceptable. In such cases blood loss is a major cause of morbidity and mortality.[21] 

Because the liver tolerates ischemia better than blood loss[28-30] and the drawbacks of 

complete inflow occlusion can be restricted, the (intermittent) Pringle manoeuvre can be 

applied when necessary, paraphrased as “it is better to clamp than to bleed”.

Selective inflow occlusion: hemihepatic and segmental vascular occlusion 

Hemihepatic vascular occlusion has been proposed to reduce hepatic IRI to the remnant 

liver.[31] This technique selectively cuts off the arterial and venous inflow to the left or 

right hemi-liver, and can be used when resecting parts of the left or right hemiliver such 

as in resection of the right posterior section (segments 6/7). Figueras et al compared IPM 

with intermittent hemihepatic vascular occlusion and found no significant differences in 

blood loss (mean 671±533 mL vs 735±397 mL resp.; p=0.54), or operative time (mean 

207±48 min vs 219±45 min resp.; p=0.24).[32] Liang et al compared IPM with continuous 

hemihepatic vascular occlusion and also found no significant difference in blood loss, 

morbidity rate or hospital stay.[33] However, they did find a longer operating time in the 

hemihepatic occlusion group.[33] Nevertheless, hemihepatic vascular inflow occlusion 

was recommended over the PM in a recent prospective randomized controlled trial, since 

this technique is easier to perform and leads to an earlier recovery of postoperative liver 

function.[34] 

The segmental vascular occlusion technique involves selective occlusion of the 

supplying portal branch using an ultrasound guided balloon catheter.[15] This occlusion 

technique was designed to delineate the portal territory of the tumor in order to help the 

process of segment-oriented hepatic resection.[31] The outline of the segment can be 

recognized by demarcation of the liver parenchyma.[15] Injection of mythelene blue into 

the portal vein gives a more precise view of the segmental borders.[15] 

Selective hemihepatic and selective segmental occlusion have been introduced to 

control blood loss during resection whilst not interrupting the blood flow of the complete 

liver.[31] These methods can also have an advantage in patients in whom anatomic 

demarcation of the part of the liver to be resected is desired.[31] Application has been 

suggested beneficial in patients with peripheral hepatic lesions and abnormal liver 

parenchyma.[31] However, there were no differences found in liver function markers and 

morbidity between total and selective inflow occlusion in patients with cirrhosis.[35] In all, 

there is no evidence supporting the use of routine selective vascular inflow occlusion over 

the Pringle manoeuvre.[35]

Total Hepatic Vascular Exclusion (combined with cold perfusion)

Total hepatic vascular exclusion (THVE) involves total vascular inflow and outflow  

occlusion of the liver, resulting in isolation of the liver from the systemic circulation.[31] 
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The hepatic artery, portal vein, supra-hepatic inferior caval vein and infra-hepatic inferior 

caval vein are clamped.[15] The infra-hepatic inferior caval vein is clamped above the 

renal veins and right adrenal vein.[15] However, this surgical process is associated with 

hemodynamic intolerance in 10-20% of patients due to reduction in cardiac output.

[15] Also, in a randomized controlled trial by Belghiti et al[36] the occlusion times and 

operative times were significantly longer in the THVE group compared to the Pringle group 

(42±12 min vs 35±9 min, p<0.05 and 366±106 min vs 301±103 min, p<0.05, respectively).

[36;37] This was the result of extra procedures such as caval dissection, vascular loading 

before clamping and three stage removal of the clamps with intermediate hemostasis.

[37] Furthermore, post-operative hospital stay has been found to be significantly longer in 

the THVE group compared to the Pringle group (mean 22±12 days vs 14±6 days, p<0.05)

[36;37], even in the presence of surgical and anaesthetic expertise.[15] Postoperative liver 

function[10;38], morbidity[10;38] and mortality rates[10] were not significantly different 

between both groups, nor was the amount of intraoperative blood loss (mean THVE: 

1195±1105 mL vs Pringle: 989±1250 mL).[36] However, significantly more blood loss 

during liver transection was reported in the Pringle group than in patients in whom a 

modified technique of hepatic vascular exclusion was performed (750±365 vs 350±210), 

with complete inflow occlusion and dissection of the inferior vena cava below the liver and 

isolation with a vascular tape.[38] Because of the potential harms in patients with cardiac 

disease and absence of a significant advantage, THVE cannot be recommended over the 

Pringle manoeuvre.[35] Nevertheless, THVE is especially useful in patients with a tumor 

thrombus in the inferior caval vein [37] and in case of tumour infiltration of the inferior 

caval vein or caval hepatic junction requiring excision of (part of) the caval vein.[15] 

Additionally, THVE enables the application of in situ hypothermic perfusion (IHP) of 

the future remnant liver.[15] During IHP, the liver is perfused with a cold solution, thereby 

inducing a state of parenchymal hypothermia. Hepatocellular energy demands subsequently 

fall due to the lower metabolic rate.[39] As a result of that, energy supplies are preserved, 

the amount of oxidative stress is reduced, and the detrimental late inflammatory response 

characteristic of I/R injury is hampered.[40;41] Overall, these effects result in better 

postoperative recovery, as has been shown by a series of experimental studies conducted 

in our surgical laboratory.[42-45] 

However, clinical research published on the topic of IHP during THVE remains limited. 

Ever since Fortner et al pioneered the technique in 1974[46], only three studies have 

reported the application of IHP during THVE.[47-49] Although all studies state the beneficial 

effect of IHP on livers subjected to long ischemic intervals and/or those suffering from 

parenchymal disease, only one included a control group. In 2005, Azoulay et al published 

their results on a study comparing IHP during THVE (THVE-IHP) to THVE alone, lasting either 

<60 min or ≥60 min.[47] Interestingly, even though the group that underwent THVE-IHP 

differed significantly to the control groups in tumor size, the number of resected segments, 

and total ischemic duration, significant improvements in postoperative outcomes were 

seen. These improvements comprised a decrease in postoperative complications (THVE-
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IHP: 1.2±0.9 complications/patient compared to THVE ≥60 min: 2.6±1.8 complications/

patient, p=0.005), as well as a vast reduction in AST values postoperatively (THVE-IHP: 

450±298 IU/L compared to THVE <60 min: 1000±808 IU/L, p=0.006, and ≥60 min: 

1519±962 IU/L, p<0.001), and ALT values (THVE-IHP: 390±391 IU/L compared to THVE 

<60 min: 853±743 IU/L, p=0.01, and ≥60 min: 1033±861 IU/L, p=0.006). It is however, 

difficult to draw firm conclusions about the benefits of IHP from the limited amount of 

evidence available. 

Selective Hepatic Vascular Exclusion 

Excluding the liver from the systemic circulation with the preservation of caval flow is 

known as selective hepatic vascular exclusion (SHVE).[37] This is achieved by combining 

vascular inflow occlusion and extrahepatic clamping of the major hepatic veins.[37;50] 

The benefit of this method is hepatic vascular occlusion without the hemodynamic and 

biochemical drawbacks of THVE or blood loss due to venous backflow during the Pringle 

manoeuvre.[37] Literature shows that SHVE is just as effective as THVE in controlling 

blood loss, but leads to fewer complications and a shorter hospital stay.[15] These 

advantages have recently been confirmed by Zhou et al[51] and Smyrniotis et al[52], 

who reported that SHVE is more effective in controlling blood loss during surgery (SHVE: 

650±850 mL vs THVE: 850±700 mL, ns), reducing complications and hospital stay (SHVE: 

mean 10±4 days vs THVE: 16±6 days, p=0.03). However, this technique is technically 

more demanding than THVE and cannot be used when the tumor involves the caval 

hepatic junction.[31] Also, bleeding can still occur due to collateral veins between major 

hepatic veins or incomplete mobilization of the posterior liver plane.[31] Indications for 

the use of SHVE are complex hepatectomies on compromised liver parenchyma with 

excessive bleeding despite the use of the Pringle manoeuvre due to venous backflow or 

intolerance to THVE due to a poor cardiovascular status.[52]

Ischemic preconditioning

Ischemic preconditioning (IP) is characterized by a short period of ischemia and reperfusion 

preceding a longer time of ischemia.[5] In studies by Clavien et al in 2000[53] and 

2003[54], it was demonstrated that IP (10 minutes of ischemia followed by 10 minutes of 

reperfusion and an ischemic period of 30 mins) was associated with significant beneficial 

effects in patients with steatotic livers as evidenced by reduction of subsequent hepatic 

IRI, as demonstrated by a reduction in the number of apoptotic sinusoidal lining cells. A 

similar result was found in the study of Choukèr et al applying IP in patients with normal 

liver parenchyma.[55] The latter study also showed better intraoperative haemodynamic 

stability in patients in whom ischemic preconditioning was applied using 10 minutes 

clamping followed by 10 min of reperfusion before the Pringle manoeuvre.[55] Heizmann 

et al showed that IP (10/10min) prior to PM has a protective effect after surgery, because 

of improvement in liver macrocirculation (p=0.024) resulting from prevention of portal 

vein postischemic flow reduction and an increase in arterial perfusion.[56] Petrowsky 
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et al published a RCT in which IP resulted in similar outcomes as IPM, regarding the 

protective effect against postoperative liver injury, although IP was associated with 

less blood loss (146 vs 250 mL respectively; p=0.008), and a shorter transection time 

(40.4 vs 50.6 minutes respectively; p=0.002).[57] This outcome is corroborated by the 

study of Zapletal et al, which reported that IP and IPM show a comparable protective 

mechanism against IRI regarding the microcirculatory system, although IP leads to a 

more comprehensive protection on the cellular level.[58] In combination with hepatic 

vein occlusion, application of IP using 10 minutes of clamping followed by 10 minutes of 

unclamping before continuous SHVE was not recommended by Azoulay et al[59]. This 

did not improve liver function (p=0.2), morbidity or mortality rates (p=0.5), or IRI.[59] 
In a Cochrane review published in 2009, comparing IP and continuous vascular inflow 

occlusion, no differences were found in mortality (RR 1.43; 95% CI 0.29 to 7.06), liver 

failure (RR 0.84; 95% CI 0.41 to 1.71), and other intra-operative morbidity, hospital stay 

(mean difference -1.43 days; 95% CI -3.52 to 0.66), and operating time (mean difference 

-14.18 minutes; 95% CI -34.25 to 5.88).[5] 

In conclusion, there is currently no evidence to suggest a protective effect of IP in 

patients undergoing liver resection under continues vascular occlusion.[5;60-62] Besides 

that, the application of IP is not recommended in older patients[63], since (several cycles 

of) intermittent ischemia has shown to be more protective.[57;64] Comparing IP and 

intermittent vascular clamping, it was also demonstrated that both were equally effective 

when using short periods of ischemia.[5] However, in complex liver resections when 

the ischemia time exceeded 40 minutes, intermittent vascular occlusion provided better 

protection of hepatic cells.[21] This may not be surprising in view of the fact that the 

intermittent Pringle manoeuvre can be seen as a repetitive form of ischemic conditioning. 

Pharmacological interventions

Vascular inflow occlusion potentially results in damage of the liver parenchyma by 

phenomena summarized as IRI. The underlying cause of IRI is complex and involves a 

multitude of different cell types and signalling mechanisms.[3] Reactive oxygen species 

(ROS) and inflammatory mediators, for example, play an important role in IRI.[62] It is 

not surprising that pharmacological interventions aiming at neutralising or modulating 

the pathways of IRI using antioxidants and steroids have been the topic of past and 

current IRI-research.[62] Improved liver function markers and/or reduced liver injury 

markers indicated that methylprednisolone, trimetazidine, dextrose and ulinastatin 

could have possible protective effects against IRI in vascular controlled liver resections.

[4] However, literature shows no significant differences in mortality, liver failure or peri- 

or postoperative mortality for any pharmacological intervention.[4;65] Hence, based on 

current evidence, it cannot be advised to administer medication with the purpose of 

limiting IRI in vascular controlled liver resection.[65] The use of these drugs should only 

be used in well-designed clinical trials before clinical implementation.[4;62;63]
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Summary of conclusions

In operations in which blood loss is limited, vascular occlusion is not indicated, as it 

does not offer any benefit in patient outcome. In patients in whom excessive blood loss 

occurs, the Pringle manoeuvre is indicated. In case of compromised liver parenchyma 

IPM is preferred over continuous inflow occlusion and ischemic periods of 30 minutes 

may be used. Selective hemihepatic and selective segmental inflow occlusion have been 

suggested to be beneficial in patients with peripheral hepatic lesions to limit the amount 

of IRI to the entire liver. In uncompromised as well as in cirrhotic livers, however, there 

is no evidence supporting the use of selective vascular inflow occlusion over the Pringle 

manoeuvre. If a tumor thrombus is present in the inferior caval vein or if the tumor 

infiltrates into the inferior caval vein or caval hepatic junction, THVE is particularly useful. 

Combining THVE with cold perfusion of the liver can lead to improved postoperative liver 

and kidney function and a lower morbidity. Modification of the technique of THVE by 

extrahepatic occlusion of the hepatic veins (SHVE) may be beneficial in situations where 

the Pringle manoeuvre does not sufficiently limit blood loss due to venous backflow, 

or when THVE is contraindicated due to a bad cardiovascular status. IP, a low CVP and 

pharmacological interventions show no significant differences in patient outcomes. 

Discussion
As mentioned above, using optimal intra-operative conditions, liver resections can 

nowadays be performed safely without vascular occlusion with comparable blood loss 

and morbidity.[21] It is reasonable to state that in such cases routine portal triad clamping 

does not offer any benefit in perioperative outcome to patients.[27] Our present review 

focuses on clamping methods which may prove necessary in situations where complex 

resections and/or abnormal liver parenchyma induce excessive bleeding. Control of 

bleeding in these cases is of great importance because blood loss is a major cause of 

morbidity and mortality during liver resection. 

Vascular clamping during liver resection leads to IRI, but the liver is remarkably 

tolerant to prolonged periods of ischemia, and vascular occlusion does not seem to 

cause permanent damage to hepatic tissue.[66] Nevertheless, continuous clamping may 

combine with other factors resulting in significant liver dysfunction.[66] IPM, causing less 

IRI compared to the continuous Pringle manoeuvre[21], can be applied instead. Applying 

the Pringle manoeuvre intermittently also has other advantages, such as limiting portal 

hypertension and thus reducing the chance of spontaneous splenic rupture.[17] Much 

research has been done to define the optimal cycle of IPM, i.e. the periods of ischemia and 

subsequent reperfusion. Recent studies have shown that IPM with periods of 30 minutes 

of ischemia and 5 minutes of reperfusion can be used safely.  

The decision to apply vascular occlusion during liver resection and determining which 

clamping method to use is highly dependant on the experience and expertise of the surgical 
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and anaesthetic team, and the individual patient. It should be emphasized however, that 

liver surgeons should be experienced in applying various methods of vascular occlusion, 

which may be demanded in an array of different situations during liver resection, to 

prevent massive blood loss. Teaching of vascular clamping techniques should therefore be 

included in training programs in hepatic surgery. 

Vascular clamping during hepatic resection should be reserved for situations in which 

bleeding can not be restricted by modern intra-operative conditions. If needed, vascular 

clamping in the form of the (intermittent) Pringle manoeuvre can be applied. More 

complex resections or persistent bleeding may lead to the use of THVE or SHVE. Surgeons 

should be well informed about the indications and drawbacks of these methods and 

expertise is required.
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Abstract
Background Biliary leakage after liver resection continues to be reported. Management 

of bile leakage has changed in recent years, with nowadays non-surgical procedures as 

the preferred treatment.

Methods Biliary leakage and management were assessed in 381 patients who underwent 

liver resection between January 2005 and April 2011.

Results The overall rate of biliary leakage after liver resection was 5.0%, with a higher 

incidence in patients who had undergone concomitant HJ (13.6% vs. 3.2%). Hospital 

stay (p=0.047), major resections (p=0.018), operation time (p=0.011), and relaparotomy 

(p=0.002) were risk factors for postoperative bile leakage. Multivariate analysis identified 

relaparotomy as independent factor (OR 4.216, p=0.034). Bile leakage in patients without 

HJ (n=10) was managed in 6 patients by percutaneous transhepatic biliary drainage 

(PTD), and in 3 patients by endoscopic drainage. One patient was treated surgically. 

Patients with a HJ and postoperative bile leakage (n=9) all underwent PTD.

Conclusion The incidence of posthepatectomy biliary leakage has decreased over 

time, while PTD and endoscopic stenting are effective treatment modalities. PTD is the 

treatment of choice in bile leakage after resection combined with HJ.
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Introduction
The numbers of hepatic resections are increasing. Although less overall postoperative 

complications are reported, biliary leakage after liver surgery continues to be documented 

with unchanged incidences, ranging from 3.6%[1] to 33%.[2] Biliary leakage may lead to 

intraperitoneal septic complications, liver failure and ultimately, mortality.[3] The incidence 

and management of bile leakage after partial liver resection in our department from 

1992 to 2004, has been reported by Erdogan et al.[4;5] However, the management of 

this complication have changed from relaparotomies to mainly non-surgical interventions 

in the last years, potentially leading to a decrease in procedure related complications and 

better outcomes. Besides conservative treatment such as drainage and antibiotics, several 

management strategies are available, such as percutaneous and endoscopic drainage of 

bile leakage. The aims of this study were to evaluate the efficacy of management of bile 

leakage after liver resection, to examine the incidence and outcomes of bile leakage in 

patients with and without hepaticojejunostomy (HJ), and to assess the evolution of the 

treatment approach of postresectional biliary leakage in a recent period of time (2005-

2011); as compared to the previous reported period 1992-2004. 

Methods 
A retrospective analysis was performed of patients who received a liver resection in 

our department between January 2005 and April 2011. This group was divided into 

patients who had undergone liver resection with or without concomitant bile duct 

resection and biliary-enteric reconstruction, usually a hepaticojejunostomy (HJ). Of all 

patients, demographics, preoperative data, operative variables, complications (including 

postoperative bile leakage and management), and revision surgery were evaluated 

retrospectively. 

Definitions

Liver resections were classified as major, defined as resections of more than three 

Couinaud’s segments, or minor, defined as resections of less than three liver segments, 

including wedge resections and metastectomies. Bile leakage was defined as continuous 

drainage of bile from the abdominal drain (> 1 day after surgery), and/or leakage or a 

bile collection demonstrated on radiological imaging (ERC, US, CT), and/or detection of 

a bile collection drained percutaneously or during relaparotomy, as has been described 

previously.[5] Bile leakage originating from the cut surface of the remnant liver was 

reported as peripheral bile leakage, and leakage from the extrahepatic bile ducts as 

central bile leakage. 

No commonly used definition of posthepatectomy bile leakage has been established, 

resulting in a wide range of reported bile leakage rates. However, Koch et al[6] recently 

published a grading system of bile leakage after hepatobiliary and pancreatic surgery. 
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In-hospital mortality was defined as death within 30 days from operation or thereafter if 

the patient was still hospitalised. 

Management of postoperative bile leakage 

Conservative management (prolonged drainage and antibiotic treatment in case of 

persistent fever) constituted initial treatment of postoperative bile leakage. Additionally, 

percutaneous drainage, usually with antimicrobial therapy, was undertaken if an intra-

abdominal bile collection sustained, as identified by abdominal ultrasonography and/

or CT scan. In case of persistence of biliary leakage, ERC with sphincterotomy and 

stent placement in the CBD was undertaken. If non-surgical treatment proved not to 

be effective, the clinical situation of the patient is worsened, or biliary peritonitis has 

developed, a relaparotomy with drainage of the bilioma/bile leak was considered. 

Statistical Analysis

Values are expressed as means ± SD, unless otherwise stated. The differences among 

the groups were compared using the two-tailed unpaired Student’s t-test for continuous 

parametric data. The Mann-Whitney U test was used for continuous non-paramateric 

data. Categorical data were compared using the Fisher’s Exact test or Chi-square test, as 

appropriate. Firstly, univariate analysis was performed to examine variables significantly 

correlated to postoperative bile leakage. Significant factors on univariate analysis were 

then analyzed by stepwise logistic regression to identify independent predictors of bile 

leakage. The results were considered to be of statistical significance when p<0.05. The 

data were analyzed by statistical software (SPSS 18.0.0; SPSS, Chicago, Illinois, USA) and 

GraphPad Prism (Graph-Pad Software, San Diego, CA).

Results
In the most recent period from 2005 to 2011, 381 hepatectomies were performed, 

compared to 286 liver resections in the previous period, between 1992 and 2004. 

Colorectal metastases (CRM) were seen most frequently, consisting of 132 of all patients 

(34.6%) in the first group (2005-2011) and 51.7% (121/234) in the second (1992-2004; 

p<0.001). A higher rate (30.2%, 115/381 vs 26.5%, 62/234) of benign lesions was seen 

in the patients operated between 2005 and 2011 (p<0.001). 

Overall, the complication rate of biliary leakage after liver resection in the more recent 

years (2005-2011) was 5.0% (19/381 patients), in comparison to 10.8% (31/286 patients) 

in the previous period (1992-2004).[5] In the more recent period, the incidence of bile 

leakage was much higher in patients who did undergo concomitant HJ as compared to 

those without HJ, i.e. 13.6% (n=66) and 3.2% (n=315), respectively. 

In the more recent group, all patients with postoperative bile leakage had significantly 

longer hospital stay (median 15.0, IQR 11.0-20.0 days vs. 9.0, IQR 7.0-12.3 days; p<0.001), 

had undergone more major resections (74%, 14/19 vs. 44%, 151/340; p=0.013), had 
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significantly longer operation time (median 378, IQR 228-439min vs. 227, IQR 155-

349min; p=0.003), and more often underwent a relaparotomy (21%, 4/19 vs. 3.9%, 

14/262; p=0.009), compared to patients without biliary leak. No significant differences 

were found for age, gender, comorbidity, compromised liver, preoperative portal vein 

embolization, unresectability, re-admission time, or in-hospital mortality. However, taking 

into account only the patients without HJ, significant differences were found for age 

(p=0.012), and relaparotomy (p<0.001). No other significant differences were seen. These 

patient characteristics are shown in table 1. 

In the more recent group, hospital stay (OR 1.031, p=0.047), major resections (OR 

3.505, p=0.018), operation time (OR 1.003, p=0.011), and relaparotomy (OR 6.629, 

p=0.002) were overall risk factors associated with postoperative bile leakage, as determined 

by univariate analysis. Multivariate analysis identified only relaparotomy as independent 

factor that was significantly correlated with the occurrence of bile leakage (OR 4.216, 

p = 0.034, 95% CI 1.11-15.97). In patients without HJ, in univariate analysis, relaparotomy 

(OR 25.714, p<0.001), and age (OR 0.950, p=0.016) were significant factors for biliary 

leak, with relaparotomy again as only independent factor (OR 19.599, p=0.001; 95% CI 

3.48-110.38). The distribution of bile leakage in respect with type of hepatic resection is 

depicted in table 2. Most bile leakages were seen in patients who had undergone right 

hemihepatectomy. 

Table 1. Patient characteristics pre- and postoperatively (without HJ; 2005-2011)

Variables  No bile leakage Bile leakage  p-value

Total (%)  305/315 (96.8) 10/315 (3.2)

Mean age (years, SD)  55.1±14.6 43.0±22.1 <0.001*

Gender, male (%)  121/305 (39.7) 3/10 (30) 0.745

Comorbidity (%)  290/305 (95.1) 10/10 (100) 1.000

Compromised liver (%)  180/305 (59.0) 8/10 (80.0) 0.326

Cirrhosis 12 0

Steatosis 106 5

Fibrosis 95 3

Cholestasis 23 2

Median hospital stay (days, IQR)  9.0±9.1 12.0±10.3 0.100

Portal Vein Embolization (%)  20/305 (6.6) 2/10 (20.0) 0.149

Major resection (%)  103/284 (36.3) 5/10 (50) 0.506

Unresectable (%)  21/305 (6.9) 0/10 (0) 1.000

Median operation time (min, IQR)  213±110 248±100 0.146

Relaparotomy (%)  5/305 (1.6) 3/10 (30.0) 0.001*

Median re-admission time (days, IQR)  9 (4-42) 9 (5-12) 1.000

Intra-hospital mortality (%)  12/305 (3.9) 0/10 (0) 1.000

*Statistically significant.
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Between 2005 and 2011, bile leakages (n=10) in patients without HJ were non-

surgically managed in 9 patients (90%) and surgically in one patient (10%). The latter was 

a 4-year-old child with a traumatic liver laceration and leakage of the extrahepatic bile duct 

which was sutured. However, bile leakage persisted, therefore, a left hemihepatectomy 

was ultimately performed (hospital stay 30 days). Six patients were managed by 

percutaneous biliary drainage with a mean hospital stay of 9.8±1.4days and 3 patients 

by endoscopic drainage (figure 1) with a mean hospital stay of 12.0±3.0days. A HJ had 

to be performed in one patient after a right hemihepatectomy with postoperative bile 

leakage, due to transsection of an aberrant, isolated left segmental bile duct arising from 

the right ductal system, which could obviously not be treated by ERCP and placement of 

an endoprosthesis. Another patient developed persistent bile leakage after extirpation 

of an intrahepatic choledochal cyst. During ERCP, there was no connection between the 

central bile duct and the bile ducts of the right liver. Therefore, a right hemihepatectomy 

was performed, again complicated by bile leakage from the proximal end of the left main 

duct. Stent placement during ERCP was required two times (after 11 and 21 days) in this 

patient. Finally, the stent was removed after 83 days. None of the patients were managed 

medically. All of the patients with a HJ and postoperative bile leakage (n=9) all underwent 

percutaneous biliary drainage (PTC). All treatment strategies are summarized in table 3. 

Of the previous series (1992-2004), including only patients who had liver resection 

without HJ, all patients (n=16) with postoperative bile leakage were managed non-surgically. 

Table 2. Type of liver resection in patients with bile leakage (2005-2011)

Surgery Without HJ (n=10) With HJ (n=9)

Major

Right hemihepatectomy 4 (40) 5 (56)

Right extended hemihepatectomy 0 0

Left hemihepatectomy 0 2 (22)

Left extended hemihepatectomy 0 0

Minor

1-2 segments 3 (30) 1 (11)

Wedge resection 0 0

Other 3 (30) 1 (11)

Table 3. Treatment of bile leakage over time in patients without and with HJ (2005-2011)

Treatment bile leakage Without HJ (n=10) With HJ  (n=9)

Percutaneous radiological drainage 6 (60%) 9 (100%)

Endoscopic drainage 3 (30%)

Conservative treatment 0

Sutured 1 (10%)
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In 13 patients (81.3%) an intervention was 

carried out; 4 (25%) patients were treated 

by percutaneous radiological drainage with 

a mean duration of 13 days, and 9 (56.3%) 

patients were managed by endoscopic 

drainage with a stent (mean 11 days). The 

remaining 3 patients (18.8%) were managed 

conservatively, and bile leakage resolved after 

a maximum time of 18 days. 

No in-hospital mortality was seen in 

patients with bile leakage after liver resection 

with or without HJ. An overview of the 

relaparotomies is shown in table 4. In patients 

without HJ of the recent period 2005-2011, 

who did not have postoperative bile leakage 

(table 1), 5  patients (1.6%) underwent a 

relaparotomy, and hospital mortality was seen 

in 12 patients (3.8%), compared to 3.2% and 

2.8%, respectively, in the preceding period 

1992-2004. 

According to the abovementioned 

system proposed by Koch et al, in our study 

sixteen patients (7 patients without HJ, and 9 

patients with HJ) belong to grade B and three 

patients (without HJ) to grade C. No grade 

A bile leakages were observed (table 5). This 

grading system is, therefore, useful in selecting 

patients with postoperative bile leakage who 

are candidates for radiological intervention 

(grade B) or laparotomy (grade C). 

Although no patients were managed 

conservatively between 2005 and 2011, in 

18.8% of patients treated in the previous 

period (1992 and 2004) the bile leakages 

resolved spontaneously, thus, leaving the 

grade A patients for conservative treatment. 

The definition of Koch et al is not only based 

on the need for radiological intervention 

or relaparotomy, also a three times higher 

concentration of bilirubin in the drain or 

intra-abdominal fluid compared to the serum 

Figure 1. Endoscopic retrograde cholangiopan-
creaticography (A) showing biliary leakage 
of the stump of the right hepatic duct after 
right hemihepatectomy. (B) ERCP with stent 
placement. Six weeks later bile leakage was 
subsided (C).

A

B

C
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bilirubin concentration on the same day is used.[6] In our series (2005-2011), bilirubin 

concentration in the drain fluid was measured in only six patients, in whom two patients 

showed a three times greater value in the abdominal drain fluid. In our opinion, assessment 

of bilirubin concentration in the drain fluid has no additional value in this grading system. 

Regarding the internationally validated classification system, introduced in 2004 by Clavien 

et al[7], 16 patients (7 patients without HJ, and 9 patients with HJ) of our analysis are 

classified as grade IIIA, and 3 patients as grade IIIB, which is similar to the group of Koch 

et al[6] In all, these classification systems are effective and may facilitate the evaluation of 

therapeutic strategies for biliary complications. Nevertheless, it is important to note that 

patients with minor bile leakage may not have been included, because of spontaneous 

resolution of the bile leak. 

Table 4. Complications and relaparotomies after initial treatment, listed according to diagnosis (2005-2011)

Diagnosis Initial treatment Complication Relaparotomy

CRM Percut drainage Subphrenic abscess Drainage

FNH ERCP Persistent bile leakage  HJ

Choledochuscyst ERCP Persistent bile leakage  Right hemihep

Traumatic laceration Suture Persistent bile leakage  Left hemihep

Table 5. Proposal of the International Study Group of Liver Surgery for grading bile leakage after 
hepatobiliary surgery, AMC = Academic Medical Center

AMC

Grade A Bile leakage requiring no or little change in patients’ clinical 
management

0

Grade B Bile leakage requiring a change in patients clinical management 
(eg, additional diagnostic or interventional procedures) but 
manageable without relaparotomy, or a Grade A bile leakage lasting 
for >1 week

16

Grade C Bile leakage requiring relaparotomy 3

Discussion
Posthepatectomy biliary leakage has decreased in more recent years from an incidence 

of 10.8% to 5.0%. Patients in whom liver resections were performed with concomitant 

HJ showed a higher rate of postoperative bile leakage in our series (2005-2011: 13.6% vs 

3.2% and 1992-2004: 28.9% vs 6.8%). Obviously, these patients obviously had a higher 

risk of biliary leakage, because of the additional bilioenteric anastomosis. In patients with 

only liver resection, bile leakage from the transected liver surface or from intraoperative 

ductal injury of the central bile ducts were the cause of postoperative bile leakage. Bile 

leakage after hepatectomy is still one of the most frequently reported complications 

after liver resection, with incidences reported in the literature of 3.6% in patients without 
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biliary anastomoses to 33% in patients with cholangiocellular carcinoma also without 

biliary reconstruction. In this study, the incidence of bile leakage in patients without HJ is 

in the lower limits of previously reported results. 

To our knowledge, only few studies published the results of bile leakage after liver 

resection with concomitant biliary reconstruction.[8;9] A recent report showed the results 

of patients who underwent liver resection with biliary reconstruction compared to patients 

without biliary anastomosis.[8] Bile leakage was seen in 21.0% and 4.6% respectively, an 

almost similar finding as in our study. 

Many authors reported that conservative management is the preferred treatment 

in patients with postoperative bile leakage after liver resection without HJ, citing high 

success rates (up to 76.2%).[8] Others also have suggested conservative management 

in patients with bile leakage after liver resection with HJ.[9;10] In our series, no patients 

in the period 2005 to 2011 were managed without intervention (PTC/ERCP). However, 

there is a possible bias because bile leakages may have resolved spontaneously without 

having been noted during admission. Non-surgical treatment is becoming the preferred 

approach in the management of post-operative bile leakage.[11] This is confirmed by the 

results of this study, in which all patients with bile leakage were successfully treated by 

percutaneous or endoscopic drainage between 2005 and 2011. 

The risk factors for bile leakage have been already extensively described in several 

studies.[1;5;11-16] Reported independent factors that were correlated with the occurrence 

of bile leakage were: 1.) exposure of Glisson’s sheath on the cut surface (caudate 

lobectomy, central bisectionectomy, and right anterior sectionectomy); 2.) resection 

of segment 4; 3.) a cut surface area ≥57.5 cm2; 4.) repeated hepatectomy; 5.) intra-

operative blood loss ≥775 ml; 6.) intraoperative bile leakage; 7.) prolonged operative time 

≥300 min; 8.) peripheral cholangiocarcinoma; and 9.) preoperative chemoembolization. 

Bile leakage was also associated with male gender, advanced age, tumor size, major 

hepatectomy, right-sided hepatectomy, left hepatectomy extended to segment 1, surgical 

irradicality, duration of vascular occlusion, and red cell transfusion.[1;5;11-16] In our 

study, relaparotomy was the only independent, significant risk factor associated with bile 

leakage, a similar finding as found in the studies of Hayashi et al[12] and Yoshioka et 

al[16] However, our multivariate analysis is based on small sample sizes (patients with bile 

leakage), resulting in possible bias. 

Fibrin sealants, as one of the topical hemostatic agents in liver surgery, have become 

widely used. However, the additional value to reduce biliary leakage is still controversial. 

A prospective, randomized controlled study showed that there was no difference in 

postoperative outcomes between patients who underwent liver resection with and 

without application of fibrin sealant.[17] There is no evidence at the moment, for routine 

use of fibrin sealant, which is supported by the abovementioned study. However, usually, 

the use of a fibrin sealant is determined by the surgeon’s preference.
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Figure 2. The incidence of bile leakage is decreasing over time
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In conclusion, the incidence of posthepatectomy biliary leakage is decreasing over time 

(figure 2), however, it is still a common complication after liver resection. Percutaneous 

biliary drainage and/or endoscopic stenting are effective in the treatment of most cases 

with biliary leakage in patients without HJ. Percutaneous abdominal drainage for bile 

collections is increasingly being performed. Treatment of the leak via PTC drainage is also 

increased, whereas the amount of endoscopic drainages is decreasing over time. Surgical 

treatment is required when conservative treatment or radiological management fails. The 

incidence of relaparotomies has not changed, however, mortality seems to have declined 

over time. There was no mortality reported in patients with biliary leakage in the last 

period (2005-2011). Prompt percutaneous, transhepatic biliary drainage is the treatment 

of choice for bile leakage after hepaticojejunostomy in combination with liver resection, 

and can be performed safely without mortality or additional relaparotomies. 
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Abstract
Objective: To assess the influence of prolonged pneumoperitoneum (PP) on liver 

function and perfusion in a clinically relevant porcine model of laparoscopic abdominal 

insufflation. 

Background: PP during laparoscopic surgery produces increased intra-abdominal pressure 

(IAP) which potentially influences hepatic function, and microcirculatory perfusion.

Methods: Six pigs (49.6±5.8kg) underwent laparoscopic intra-abdominal insufflation with 

14 mmHg CO2 gas for 6 hours followed by a recovery period of 6 hours. Two animals were 

subjected to 25 mmHg CO2 gas. Hemodynamic parameters were monitored and damage 

parameters in the blood were measured to assess liver injury. Liver total blood flow and 

function were determined by the indocyanine green (ICG) clearance test. Intraoperative 

hepatic hemodynamics were measured by simultaneous reflectance spectrophotometry 

(venous oxygen saturation StO2, and relative tissue haemoglobin concentration rHb) and 

laser Doppler flowmetry (blood flow and flow velocity). Post-mortem liver samples were 

collected for histological evaluation.

Results: A decrease in microvascular perfusion was detected during PP. Following six 

hours of PP, ICG clearance increased (p<0.001) indicating a compensatory improvement 

of overall liver blood flow resulting in concomitantly improved microcirculatory perfusion 

(p=0.024). Minimal parenchymal damage (AST) of the liver was seen after 6 hours of 

PP (p=0.006), which seemed related to PP pressure. Minor histological damage was 

observed.

Conclusions: The liver sustains no additional damage due to prolonged PP during 

laparoscopic surgery. Our findings suggest that prolonged PP does not hamper liver 

function or cause liver damage after extended laparoscopic procedures.
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Introduction
Advantages of laparoscopic surgery are well recognized and include reduced 

postoperative pain, shorter length of hospital stay, and superior cosmetic results.1,2 

Within the field of liver surgery, the use of laparoscopy has increased substantially in 

recent years.3 Disadvantages associated with laparoscopic surgery include prolonged 

operation times and elevations in intra-abdominal pressure (IAP). Laparoscopic 

operations require insufflation of the abdominal cavity (pneumoperitoneum, PP) with 

carbon dioxide (CO2) gas to achieve adequate surgical exposure for instrumentation 

and surgical manoeuvres. However, pneumoperitoneum obviously produces elevated 

IAP with continuous compression of intra-abdominal organs which potentially influences 

hepatic microcirculatory perfusion. Intra-peritoneal pressures during PP are higher (14 

mmHg) than the normal pressure in the hepatic portal system (7-10 mmHg), and may 

therefore cause changes in liver portal blood flow and consequently, hepatic function. 

Indeed, elevations in aspartate aminotransferases (AST) and alanine aminotransferases 

(ALT) levels have been reported after laparoscopic operations; however, these elevations 

were transient and returned to normal within the first three postoperative days.4-6

Several studies described the effects of PP on intra-abdominal blood flow and reported 

diminished blood flow in the portal vein and hepatic artery.1,7-10 Since these studies 

focused on the effects of blood flow after one hour of PP, two interesting questions 

emerged: firstly, to which extent does diminished blood flow influence liver function and 

secondly, what are the consequences after prolonged PP? The indocyanine green (ICG) 

clearance test is the most frequently used test for determining liver total blood flow and 

function11,12, and has previously been shown to be significantly reduced after one hour of 

PP, suggesting a decrease of liver function.9 However, it has been shown that this short-

lived decline in liver function is associated with only a transient elevation of liver enzymes 

(AST and ALT). With laparoscopic liver resection however, the duration of PP increases 

with longer periods of surgery. In addition to its effects on blood flow and liver function, 

the impact of continuous insufflation on hepatic microcirculation, as the principal site of 

metabolic exchange between the blood and tissue parenchymal cells, is also essential 

for assessing the influence of prolonged PP. These issues become more relevant with 

laparoscopic liver resection in which the liver may be subjected to additional injury when 

applying vascular inflow occlusion (Pringle’s manoeuvre). 

The Oxygen to See (O2C) is an instrument designed to perform simultaneous laser 

Doppler flowmetry and tissue spectrophotometry using a single compact probe to detect 

microperfusion parameters.13 This device is capable of intraoperatively providing the 

characteristics of hepatic microcirculation.14,15 The O2C system has been extensively used 

for determinations of microcirculatory parameters in a wide range of surgical procedures 

in maxillofacial16, cardiothoracic17,18, plastic19,20, and neurosurgical21,22 specialties.
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This study was undertaken to investigate the influence of prolonged PP on liver 

function and hepatic microcirculatory parameters in a clinically relevant, porcine model of 

extended abdominal insufflation.

Methods
The study protocol was approved by the institutional Animal Experimentation Committee 

of the Academic Medical Center of the University of Amsterdam. Care and handling of 

the animals were in accordance with the European guidelines for Institutional and Animal 

Care and Use Committees.

Animals

Twelve female Landrace pigs (van Beek, The Netherlands) with a mean body weight 

of 47.0±1.7 kg were used in this study. All animals were allowed to feed and drink ad 

libitum and remained quarantined one week prior to the start of the investigation to 

permit adaptation to environmental conditions. All experiments were initiated in the 

morning following an over-night fast. An intramuscular (IM) injection of premedication 

consisting of ketamine (Nimatek, Eurovet, Bladel, The Netherlands; 15 mg/kg body 

weight), midazolam (Dormicum®, Actavis, Hafnarfjordur, Iceland; 1.5 mg/kg body 

weight), and atropinesulphate (Pharmachemie, Haarlem, The Netherlands; 0.01 mg/kg 

body weight) was administered prior to induction of anaesthesia. The pigs were resting 

in a dorsally recumbent position on the operating table, and core body temperature was 

maintained at 37 ºC for the duration of the experimental procedures. All animals were 

orotracheally intubated. Prior to surgery, the animals received bolus doses of ketamine, 

midazolam, sufentanil (Hameln pharmaceuticals, Hameln, Germany) and pancuronium 

bromide (Pavulon, Organon, Oss, The Netherlands). Anaesthesia was continued with 

sufentanil (5-8 μg/kg/hr body weight), ketamine (10-14 mg/kg/hr body weight), 

midazolam (1-1.5 mg/kg/hr body weight) and pancuronium bromide (0.10-0.15 mg/

kg/hr body weight) intravenously. Anaesthesia was maintained with oxygen/air FiO2 

45% O2 (1.5;3 L/min). All animals received NaCl 0.9% (Baxter, Utrecht, The Netherlands; 

8-10 mL/kg/hr), and elohaes 6% (Tetraspan®; Braun, Melsungen, Germany; 2-3 mL/

kg/hr) for electrolyte and metabolic homeostasis. Glucose 20% (Baxter Benelux, Brussel, 

Belgium) was given intravenously to maintain glucose-levels between 5 and 10 mmol/L. 

Catheters were placed in the brachial artery, popliteal artery, and jugular vein respectively 

to continuously monitor heart rate (HR), mean arterial blood pressure (MAP), central 

venous pressure (CVP), and for collection of blood samples. Open introduction was 

performed for bladder catheterization and placement of a 10 mm trocar in the abdomen 

for laparoscopy followed by closure of the abdominal wall. 
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Experimental design

Six animals underwent laparoscopic intra-abdominal insufflation for 6 hours via a 

10 mm trocar (Olympus, The Netherlands) with CO2 gas (14 mmHg) followed by a 

recovery period of 6 hours. Two animals were subjected to 25 mmHg intra-abdominal 

insufflation during 6 hours, and were observed in a simulated recovery phase of two 

hours. Four pigs served as controls and did not undergo intra-abdominal insufflation. 

Hemodynamic parameters, such as arterial oxygen saturation (SpO2), HR, MAP, CVP, 

rectal temperature, and respiratory minute volume were continuously recorded. Arterial 

blood gas samples derived from the brachial artery were collected every hour and were 

analyzed using an automated analyzer (Blood gas, Oximeter, and Electrolyte Systems, 

ABL, Radiometer Medical, Copenhagen, Denmark); measurements were obtained for 

pH, oxygen saturation, carbon dioxide, sodium, potassium, and haemoglobin. Glucose 

levels were also determined every hour. 

The experiments started after a stabilization period of 60 minutes (0 mmHg) in which 

baseline values were recorded. After 6 hours of insufflation (14 or 25 mmHg) blood 

samples were collected for determination of liver injury parameters, and measurements 

of liver function using the indocyanine green (ICG) clearance test. Post-PP recovery 

measurements were performed at 2 and 6 hours. AST, ALT, alkaline phosphatase (AP), 

gamma-glutamyltranspherase (γGT), bilirubin, lactate, and lactate dyhydrogenase (LDH) 

were evaluated by routine clinical chemistry for assessment of liver function. The left 

peripheral ear vein was cannulated for administration of ICG solution for assessment of 

liver function. Hepatic hemodynamics were examined continuously for the entire duration 

of the protocol by simultaneous reflectance spectrophotometry (StO2, and rHb) and 

laser Doppler flowmetry (blood flow and flow velocity) using Oxygen to See (O2C, LEA 

Medizintechnik GmbH, Giessen, Germany). At the end of each experiment all animals 

were sacrificed by infusion of KCl (60-90 mmol) under general anaesthesia. For histological 

examination, post-mortem biopsies of both the left and right liver lobes were obtained. 

An overview of the experimental design and measurement time-points is presented in 

Figure 1.

Assessment of hepatic function and perfusion

Hepatic function
Hepatic function was determined using laboratory measurements, and the ICG clearance 

test. AST, ALT, AP, and γGT were determined as liver damage parameters. ICG clearance 

was determined by the LiMON® method. 0.5 mg/kg of ICG solution (ICG-PULSION®, 

Medical Systems AG, Munich, Germany) dissolved in 5 mL of sterile distilled water was 

injected in the left peripheral ear vein in all animals, and for all measurements of liver 

perfusion. The LiMON® device (LiMON; Pulsion Medical Systems AG, Munich, Germany) 

measures ICG elimination by pulse spectrophotometry. Details of this technique have been 

described elsewhere.23 Briefly, accurate and continuous recording of ICG blood levels was 
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possible using a dichromatic densitometer, placed on the tail of the pig. Liver blood flow 

and function were determined by calculating the ICG clearance from the ICG retention 

rate 15 min after administration (R15). As ICG-clearance depends on liver perfusion, it also 

is a parameter of total liver blood flow.

Hepatic microperfusion assessments
Hepatic microperfusion parameters were assessed using O2C. The O2C device (Type 

LW 1/1-/1/1, LEA Medizintechnik GmbH, Giessen, Germany) combines laser Doppler 

flowmetry and tissue spectrophotometry in one flat probe (LF1.027, LEA Medizintechnik 

GmbH, Giessen, Germany) and detects a wide range of microperfusion parameters. 

The optical methods for measuring these parameters have been previously described 

in detail.13,15,24-28 The O2C probe was inserted in a sterile bag (Ultracover®, Microtek 

Medical B.V., Zuthpen, The Netherlands) that exactly matched the probe dimensions and 

was subsequently fixed to the left lateral liver lobe with Histoacryl® (Aesculap, Tuttlingen, 

Germany) after a small midline laparotomy. Once the O2C probe was positioned and 

fixed, the abdominal wall was closed using Vicryl Plus sutures (2-0 FS-1, and CTX 1, 

Johnson&Johnson, St-Stevens-Woluwe, Belgium) in two layers to prevent leakage of 

CO2 gas. Hepatic microperfusion parameters were measured continuously for the entire 

duration of the experimental procedure.

Histology

In all animals post-mortem biopsies were obtained from the middle of the right and left 

lobes of the liver. The hematoxylin and eosin (H&E) sections were blindly evaluated by a 

liver pathologist experienced in liver disease. Steatosis was estimated as the percentage of 

involved hepatocytes: grade 0 (absent; <5%), grade I (mild; 5-33%), grade II (moderate; 

33-66%), or grade III (severe; >66%).29 Portal inflammation was arbitrarily graded as 

follows: 0 (absent), 1 (mild), 2 (moderate), or 3 (severe). Sinusoidal dilation (with and 

without congestion) as: 0 (absent), 1 (mild; involving ≤ one-third of the (centro-) lobular 

area), 2 (moderate; involvement ≤ 2/3 of the parenchyma), or 3 (severe; involving ≥ 2/3 

of the liver parenchyma).30 Intralobular inflammation and lytic necrosis were graded as: 

0 (not present), 1 (<2 foci per x10 objective), 2 (2-4 foci per x10 objective), 3 (5-10 foci 
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Figure 1. Time line of experimental design (in 14 
mmHg pneumoperitoneum [PP] group). All animals 
were subjected to the same procedures:
Continuous assessments: hemodynamics
Every hour: blood gas analysis, glucose levels
Baseline measurements: continuous O2C, after 
1 hour blood samples (liver function), and ICG-
clearance
Repeated measurements after 6, 8, and 12 hours:
Continuous O2C
Blood samples for liver function
ICG clearance
12 hours: liver biopsy for histological examination
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per x10 objective), and 4 (> 10 foci per x10 objective). Portal edema was scored as the 

percentage of the portal tracts involved: 0 (not present), 1 (<25%), 2 (25-50%), 3 (50-

75%), and 4 (>75%). The presence of areas with confluent necrosis of the parenchyma 

was scored as: 0 (absent), 1 (affecting <25%), 2 (affecting 25-50%), 3 (affecting 50-75%), 

and 4 (affecting >75%). Centrolobular ischemic changes were evaluated separately as: 0 

(not present), 1 (mild; <50% of central veins affected), or 2 (moderate; >50% of central 

veins affected). 

Statistical analysis

The differences between the groups were compared using the two-tailed unpaired 

Student’s t-test for parametric data. The Mann-Whitney U test was used for non-

paramateric data. Analysis of variance (ANOVA) by using a linear mixed model for repeated 

measurements was performed for the comparison of several time points within groups. 

The relationship between the presence of PP and hemodynamic parameters was studied 

by chi2-test. Results of histology were determined by the chi2-test, and Fisher’s Exact 

test, where appropriate. Correlation between variables was tested using the Pearson’s r 

correlation coefficient. The results were considered to be of statistical significance when 

p<0.05. All data analysis was performed using PASW Statistics version 18.0 for Windows 

(SPSS Inc., Chicago, Illinois, USA). Values are expressed as means ± SD. 

Results
Hemodynamic parameters

There were no significant differences in MAP between all groups during insufflation or 

in the recovery period (results not shown). CVP increased significantly during insufflation 

(baseline 6.0±0.4 mmHg versus 11.0±0.5 mmHg after 6 hours of PP; p<0.01) and 

returned to baseline after desufflation in the 14 mmHg group (figure 2). The same trend 

was seen in the 25 mmHg PP group with a baseline value of 7.5±0.7 mmHg increasing to 

14.8±3.1 mmHg after 6 hours of PP, and returning to 8.5±1.2 after 2 hours of recovery 

(p<0.001 between 6 hours of PP and 2 hours of recovery). After 6 hours of PP, the CVP 

was significantly higher in the 25 mmHg group, as compared to the 14 mmHg group 

(p<0.001). 

Blood gas analysis

The levels of pCO2 increased significantly during PP (baseline 36.7±0.7 mmHg vs 

46.1±1.1 mmHg after 6h of PP; p=0.019) which is related to the CO2-gas used for PP. 

This resulted in respiratory acidosis and consequently, a decrease in pH- and pO2 values. 

pH decreased significantly from 7.49±0.01 at baseline to 7.41±0.01 after 6 hours of PP 

(p<0.05). Baseline mean pO2 was 247.5±5.9 mmHg and after 6 hours of PP, decreased 

to 202.7±4.9 mmHg (p<0.05). Similar findings were observed for PP at 25 mmHg, but 

with greater differences. A pCO2 baseline value of 48.4±22.1 mmHg was observed which 
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increased to 66.1±35.6 mmHg after 6 hours of PP (NS); pH at baseline was 7.47±0.08 

and decreased to 7.35±0.12 after 6 hours of PP (NS), while pO2 decreased from baseline 

192.8±27.1 mmHg to 180.9±34.5 mmHg after PP (NS). After desufflation, a significant 

decrease of pCO2 was observed in the 14 mmHg PP group at 0h, 2h, and 6h of recovery, 

as compared to 6h of PP. As a consequence, pO2 and pH significantly increased after 

desufflation in the same group.  Figure 3 shows the overall results of blood gas analysis.

Biochemical parameters

Mean baseline AST was 36.5±3.8 U/L in the 14 mmHg PP group (figure 4). A marginal, 

but statistically significant increase in AST was found after 6 hours of PP (57.0±16.6 U/L; 

p=0.006). The elevated AST values persisted during the recovery period, while ALT levels 

did not show any statistically significant differences (results not shown). In the 25 mmHg 
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Figure 2. CVP increased significantly during 
insufflation and returned to baseline [BSL] during 
desufflation in the 14 and 25 mmHg groups 
[*p<0.01 for 3 and 6 hours of PP vs baseline in both 
groups; #p<0.001 for 0 and 2 hours of recovery (Rec) 
vs 6h PP in both groups, and 6h Rec vs 6h PP in the 
14 mmHg group]. 
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Figure 3. (A) The levels of pCO2 increased significantly during 6 hours of PP (*p<0.05 for 3h and 6h PP 
vs BSL) in the 14 mmHg PP group. After desufflation, a significant decrease of pCO2 was observed at 0h, 
2h, and 6h of recovery (Rec), as compared to 6h of PP (#p<0.01) (B) As a consequence, pO2 decreased 
significantly during insufflation (*p<0.05 for 3h, and 6h PP vs BSL) in the 14 mmHg PP group, after which 
an increase was observed after desufflation (*p<0.05 for 2h, and 6h Rec vs 6h of PP), as well as for pH (C, 
*p<0.05 for 3h, and 6h PP vs BSL; and 0h, and 2h Rec vs 6h PP). 
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PP group the liver damage parameter AST also increased (baseline: 38.8±11.7 U/L, and 

6 hours PP: 69.0±46.7; p=0.001). AST levels were significantly higher in the 25 mmHg PP 

group after six hours of PP, as compared to the 14 mmHg PP group (p=0.001).

Liver perfusion and microcirculation

ICG clearance increased significantly after six hours of PP and continued to be increased 

during desufflation (*p<0.001 for 6h PP, and 2h of recovery vs baseline; figure 5), 

suggesting an improved total liver blood flow over time. The profile of ICG clearance in the 

25 mmHg group was comparable with ICG clearance at 14 mmHg (5.4±0.4% baseline; 

7.1±1.2% after 6 hours of PP; and 8.8±0.07% after 2 hours of recovery; p=0.006 for 2h 

Rec vs baseline). No significant differences in ICG clearance were observed between the 

14 mmHg and 25mmHg PP groups. 
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Figure 4. Changes in AST as a function of IAP 
(PP) and time. AST increased after 6 hours of 
PP (*p=0.006) in the 14 mmHg PP group. The 
elevated AST levels persisted during the recovery 
period (#p=0.008).  In the 25 mmHg PP group, AST 
was also increased after 6 hours of PP and was 
significantly higher than in the 14 mmHg PP group 
(†p=0.001). 
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Figure 5. ICG clearance increased significantly 
during insufflation in the 14 mmHg PP group, 
which was continued during desufflation 
(*p<0.001 for 6h PP, and 2h of recovery vs 
baseline; #p=0.017 for 6h Rec vs BSL). In the 25 
mmHg PP group, ICG clearance was significantly 
increased at 2 hours of recovery compared to 
baseline (†p=0.006). No significant differences in 
ICG clearance were observed in the 14 mmHg and 
25mmHg PP groups.

During PP, the measurements of hepatic microcirculation showed a decreased 

intrahepatic flow in both groups, with a more prominent decrease observed in the 

pigs undergoing 25 mmHg PP. An almost immediate restoration (p=0.024) in hepatic 

microcirculatory blood flow was found after desufflation in the pigs undergoing 14 mmHg 

PP (figure 6.A.), with a similar profile in the pigs that underwent 25 mmHg PP. After 2 
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hours and 6 hours recovery, hepatic microcirculatory blood flow was not significantly 

changed. 

Blood flow velocity also slightly decreased during 6 hours of PP (NS, figure 6.B). 

Oxygen saturation was elevated after an insufflation period of 6 hours which subsequently 

normalized in the recovery period (14 mmHg PP group). There were no significant 

differences between the 14 mmHg and 25 mmHg PP groups. 

Histology

No significant differences were seen for any of the histological parameters evaluated 

between the right and left liver lobes of the same pig, or between the 14 mmHg and 

25 mmHg PP groups at all time-points. No steatosis or centrolobular ischemic changes 

were found in any animal; portal and lobular inflammation was mild in all pigs. Sinusoidal 

dilatation in both groups ranged from 0-2 (median grade 2), focal lytic necrosis from 0-1 

(median 0), portal oedema from 1-3 (median 1), and confluent necrosis from 0-1 (median 

0) (NS, within or between groups). 

Discussion
We determined the effect of prolonged PP on liver function and perfusion in a 

porcine model of laparoscopic abdominal insufflation. The results of our study show a 

decrease in microvascular perfusion during PP which was restored after desufflation. A 

concomitant increase of the ICG-clearance rate was observed after PP which remained, 

on average, increased during desufflation, indicating a compensatory improvement of 

overall liver blood flow. Increased total liver blood flow of the liver, hence contributed 

to the restoration of microcirculatory perfusion. Our results demonstrate that under 

these circumstances, the liver sustains limited parenchymal damage as concluded from 

marginally elevated AST levels in the blood, and the absence of major histological injury 

after prolonged PP (14 mmHg).
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Figure 6. (A) A decrease in microcirculatory blood flow was observed during 6 hours of PP in both groups, 
with restoration of microcirculatory flow after desufflation (*p=0.024). (B) Blood flow velocity decreased 
during 6 hours of PP with a transient increase after desufflation (NS). 
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We used the O2C probe to assess hepatic microcirculatory blood flow after prolonged 

pneumoperitoneum. To our knowledge, no studies have correlated the effects of PP on 

hepatic function as measured by ICG clearance, as well as on liver microcirculation. A 

significant negative correlation was seen for ICG clearance and microvascular blood flow 

after 6 hours of PP (r=-0.813, p=0.049) in the 14 mmHg PP group, with a similar profile 

in the 25 mmHg PP group after 6 hours of PP (r=-1.000, p<0.01). A negative correlation 

was also observed between ICG clearance and blood flow velocity after 6 hours of PP (r=-

1.000, p<0.01). No other significant differences were found.

It is important to consider that clearance of ICG from the blood depends on total 

blood flow of the liver. Therefore, the ICG clearance rate also reflects total liver circulatory 

dynamics.31,32 Several authors report a decrease in liver blood flow as IAP increased in 

pigs with different cut-off values for IAP.9,33 This finding is in line with the results of the 

present study in which microvascular perfusion decreased during 6 hours of PP as the IAP 

increased, with a concomitant increase in microcirculatory parameters after desufflation, 

and increased ICG-clearance. 

Some recent experimental studies have demonstrated an impairment of liver 

function after pneumoperitoneum. Hepatic injury was shown after 60-90 minutes of PP 

in rat models.34,35 Also, liver regeneration rate was impaired, and oxidative stress and 

hepatocellular damage were increased in rats undergoing PP before hepatectomy.36 

These findings are not in accordance with our study. However, these differences may be 

explained by the choice of animal model, of which the porcine model obviously is more 

compatible with the clinical situation. Using a swine model too, Nsadi et al37 reported no 

hepatocellular injury or microcirculatory changes in pigs undergoing PP, which is in line 

with our results. Yet, with the application of portal triad clamping, the authors found 

increased hepatocellular damage parameters and an increased necrotic index. These 

results suggest caution when combining PP with portal triad clamping.

In literature, only one clinical study demonstrated the feasibility of O2C for 

intraoperative evaluation of hepatic microcirculation.14 Studies focusing on hepatic 

perfusion during prolonged PP and its effect on liver function, are lacking. With this in 

mind, it is important to consider some weaknesses of the O2C device. Firstly, disturbances 

through motion can falsify values for relative microcirculatory blood flow and velocity. 

This problem can be resolved by immobilizing the O2C probe on the liver surface, as was 

taken care of in our study. Secondly, there are no absolute values for single parameters 

and therefore, the measured values can not be interpreted without baseline values.14 

In all animals of the present study, baseline measurements were obtained in order to 

assess changes in hepatic microcirculation while each animal served as its own control. 

Thirdly, if the probe is not properly affixed, stray light can influence oxygen saturation and 

haemoglobin concentration values. In the present study, the probe was isolated from any 

external light sources since the abdomen was closed after the placement of the trocar for 

laparoscopy. Several other methods for evaluation of liver perfusion have been used, such 

as a transonic hepatic blood flow measurement, intravital fluorescence microscopy, or 

Effects of prolonged pneum
operitoneum

 on hepatic perfusion

183

C
hapter 13



transesophageal Doppler ultrasonography. However, since most of these techniques are 

invasive, they are less useful for evaluating liver perfusion in a (pre)clinical setting.

Not only the level of IAP during laparoscopic surgery is responsible for changes in liver 

function and perfusion, but also the duration of pneumoperitoneum influences (micro) 

circulatory hemodynamics.38 Hypoxia due to elevated levels of carbon dioxide potentially 

triggers vasoregulatory mechanisms, and alters blood pressure and thus, deprives the 

liver of the much needed oxygen to support the rich metabolism of the liver. One study 

evaluated the effects of 15 mmHg IAP over a period of 24 hours and reported a reduction 

in function and morphological changes in the liver, lungs, kidneys, and bowel.38 Serum 

ALT and AP were significantly elevated and low-grade liver necrosis was observed. No 

literature currently exists establishing the effects of prolonged PP on hepatic perfusion 

and liver damage. In this study we chose a clinically relevant pneumoperitoneum time of 

6 hours representing the duration of several complex abdominal laparoscopic procedures 

used today, such as major liver resections of three Couinaud segments or more.

In conclusion, a decrease in liver microvascular perfusion was detected during six 

hours of PP. After desufflation, hepatic microcirculatory blood flow was restored with a 

concomitant increase of ICG-clearance indicating a compensatory improvement of overall 

liver blood flow. The liver thereby sustained limited parenchymal damage during PP which 

was related to PP pressure. Our findings suggest that prolonged PP does not hamper liver 

function after extended laparoscopic procedures.
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Abstract
Introduction Simultaneous resection of primary colorectal carcinoma (CRC) and 

synchronous liver metastases (SLM) is subject of debate with respect to morbidity 

in comparison to staged resection. The aim of this study was to evaluate our initial 

experience with this approach.

Methods  Five patients with primary CRC and SLM underwent combined laparoscopic 

colorectal and liver surgery. Patient and tumour characteristics, operative variables, and 

postoperative outcome were retrospectively evaluated. 

Results  Primary tumour location was the colon in two patients, and the rectum in three 

patients. The SLM was solitary in four patients and multiple in the remaining patient. 

Surgical approach was total laparoscopic (2 patients) or hand-assisted laparoscopic (3 

patients). The midline umbilical or transverse suprapubic incision created for the hand 

port and/or extraction of the specimen varied between 5 and 10 cm. Median operation 

time was 303 (range 151-384) minutes with a total blood loss of 700 (range 200–850) 

mL. Postoperative hospital stay was 5, 5, 9, 14 and 30 days. A R0 resection was achieved 

in all patients. 

Conclusions  From this initial single center experience, simultaneous laparoscopic 

colorectal and liver resection appears to be feasible in selected patients with CRC and 

SLM, with satisfying short term results.
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Introduction
The liver is the most common site of hematogenous spread of primary colorectal carcinoma 

(CRC)[1;2] and is affected in approximately 10-25% of patients having surgery.[3] 

Surgical resection is the most effective and potential curative therapy for metastatic CRC 

to the liver. The treatment strategies and outcomes for these patients have undergone 

many evolutionary changes.[4-6] Technical innovations in the field of surgery continue 

to evolve. Minimally invasive laparoscopic surgery improves postoperative recovery, 

diminishes postoperative pain, reduces wound infections, shortens hospitalization, 

propagates rapid return to full activity and yields superior cosmetic results, without 

compromising oncological outcome.[7;8] Currently, laparoscopic resection of primary 

CRC is performed in more than 40% of all patients in the Netherlands according to the 

Dutch Surgical Colorectal Audit.[9] However, the use of laparoscopy in liver surgery is still 

limited in the Netherlands.[10]  

There are several treatment options for CRC patients presenting with synchronous 

liver metastases (SLM) depending on primary tumour location (rectum or colon) and 

extent of hepatic disease. Planning of peri-operative treatment and type of surgery are 

discussed in a multidisciplinary team. Performing a simultaneous or staged resection of the 

primary tumour and liver metastases is one of the issues discussed. Recently, a systematic 

review showed that combined resection resulted in shorter hospitalization and fewer 

complications in comparison with staged resection although a tendency was seen towards 

a higher postoperative mortality after simultaneous resection.[11] In contrast to the 

extensive literature on staged laparoscopic colorectal and laparoscopic liver surgery, there 

are only a few reports on combined laparoscopic colorectal and liver resection. The aim 

of this study is therefore to evaluate our initial experiences of simultaneous laparoscopic 

resection of primary CRC and SLM.

Materials and methods
Five patients with primary CRC and SLM underwent combined laparoscopic colorectal 

and liver surgery between March 2011 and January 2012 in the Academic Medical 

Center, Amsterdam, and were retrospectively reviewed in the present study. Patient and 

tumour characteristics, operative variables, and postoperative outcome were evaluated. 

Surgery

Laparoscopic colorectal surgery was performed using a medial to lateral approach with 

intracorporeal dissection and vascular control. For right hemicolectomy, a vertical umbilical 

incision was performed for specimen extraction and extracorporeal anastomosis. A 

Pfannenstiel incision was used for specimen extraction in left sided resections followed by 

an intracorporeal anastomosis using the double-stapling technique with circular stapler. 

The specimen was extracted through the perineum after laparoscopic abdominoperineal 
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Figure 1. For simultaneous laparoscopic resection of colorectal cancer and liver metastases, a 10-mm 
subumbilical trocar was placed for pneumoperitoneum. An umbilical midline incision was created for 
specimen extraction in the patient that underwent a right hemicolectomy (patient no. 1). In two patients, 
this vertical incision was used for the handport (patient no. 2 and 3). For left sided resections, a Pfannenstiel 
incision was used for specimen extraction. Four 5/12-mm trocars were positioned in the four quadrants for 
dissection. An extra 5 or 10 mm trocar was placed in the midline above the hand port for tumourectomy 
in segment 7 and 8. In one patient, an additional 5-mm trocar was placed right subcostal (patient no. 2). 

190



resection. Pure laparoscopic liver resection was performed with the surgeon in between 

the patient’s legs. For metastasectomy in segment 7 and 8, a hand-assisted laparoscopic 

approach was performed with the surgeon standing at the left side of the patient. 

Total laparoscopic liver resection was started with insertion of a 10-mm trocar at the 

umbilicus followed by insufflation. For tumourectomy, two 5-mm trocars were positioned 

in the right and left upper abdomen. For left lateral sectionectomy, two 10/12 trocars 

were placed in each upper quadrant and an additional 5 mm trocar left subcostally. 

For tumourectomy in segment 7 and 8, a hand port was placed via a vertical umbilical 

incision followed by a 10/12 mm trocar in the right lower quadrant and a 5 mm trocar 

in the midline above the hand port. In one patient, an additional 5-mm trocar was placed 

right subcostally. The placement of trocars is shown in figure 1. Parenchymal transection 

was performed by using an ultrasonic dissection device with additional haemostasis using 

bipolar diathermy. The left segmental (2/3) portal pedicle and left hepatic vein were 

transected using a laparoscopic 60 mm stapler in case of left lateral sectionectomy. 

The entire liver was systematically examined to identify occult lesions using laparoscopic 

ultrasound. The liver specimen was put in a plastic bag in case of total laparoscopic 

resection and extracted via the umbilical or Pfannenstiel incision. 

Results
Four men and one woman with a pathological diagnosis of CRC and clinical or 

pathological diagnosis of SLM were included. The median age was 72 (range 56-77) 

Table 1. Patient characteristics and preoperative data

Pt 
No

Sex/age 
(yr)

Medicalhistory Location CRC Location SLM Preoperative 
radiotherapy

Preoperative 
chemotherapy

1 M/75 Angina pectoris, 
paroxysmal 
atrial fibrillation, 
hypercholesterolemia, 
intermittent claudication, 
severe coronary artery 
disease

Ascending colon Segment 2 No No

2 M/77 Hypertension, 
appendectomy, 
inguinal hernia repair

Rectum Segment 7 5x5 Gy Oxaliplatin and 
capecitabine

3 M/72 Hypertension Rectum Segment 8 5x5 Gy Oxaliplatin and 
capecitabine

4 M/56 None Rectum Segment 2,3 5x5 Gy Oxaliplatin and 
capecitabine

5 V/64 Hypertension, intermittent 
claudication, 
hypothyreoidism,
hypercholesterolemia, 
resection renal cell 
carcinoma

Sigmoid Segment 3,4,5 No No
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years. Characteristics of each patient are displayed in Table 1. The average body mass 

index was 29.0 (range 23.9-30.1) kg/m2. One patient (no. 5) underwent laparoscopic 

resection of right sided renal cell carcinoma two months earlier. During laparoscopy, a liver 

lesion was found and subsequent PET scanning and endoscopy revealed also a sigmoid 

tumour. Preoperative treatment of rectal cancer consisted of short course radiotherapy (5 

fractions of 5 Gy) followed by three to four courses of systemic chemotherapy (oxaliplatin 

and capecitabine). All laparoscopic resections were successful without conversion to 

open surgery. Surgical outcomes are depicted in Table 2. The following procedures were 

performed: total laparoscopic right hemi-colectomy with tumourectomy of segment 2 

(extraction via umbilical incision), total laparoscopic sigmoid resection with tumourectomy 

of segment 4 and 5 including the gallbladder and tumourectomy of segment 3 

(extraction via Pfannenstiel), assisted laparoscopic low anterior resection and diverting 

ileostomy with total laparoscopic left lateral sectionectomy (extraction via Pfannenstiel), 

and two laparoscopic intersphincteric abdomino-perineal resections with hand-assisted 

laparoscopic tumourectomy of segment 7 and segment 8 respectively (extraction via the 

umbilical handport). The incision created for handport and/or extraction of the specimen 

varied between 5 and 10 cm. 

Median operation time was 303 (range 151-384) minutes with an estimated total 

blood loss of 700 (range 200–850) mL. Intra-operative complications consisted of a small 

perforation of the right hepatic vein during liver mobilisation in one patient, which was 

sutured using an additional 5mm trocar. One patient had surgery-related complications 

with perineal wound infection and delayed gastric emptying (patient no. 3). Other 

complications consisted of postoperative myocardial infarction necessitating reanimation 

and angioplasty (patient no. 1), and pneumonia with delirium managed by intravenous 

Table 2. Surgical results

Pt 
No

Operation Incision(cm)/
location 

Operation time 
(min)

Blood loss
(mL)

Postoperative 
hospital stay (d)

1 Right hemi-colectomy with 
tumourectomy of segment 2

10/midline 151 200 30

2 Abdomino-perineal resection 
with hand-assisted laparoscopic 
tumourectomy of segment 7

7/midline 310 700 9

3 Abdomino-perineal resection 
with hand-assisted laparoscopic 
tumourectomy of segment 8

8/midline 384 850 14

4 Low anterior resection and 
diverting ileostomy with 
total laparoscopic left lateral 
sectionectomy 

10/Pfannenstiel 189 800 5

5 Sigmoid resection with 
tumourectomy of segment 4 
and 5 including gallbladder and 
tumourectomy of segment 3

5/Pfannenstiel 303 300 5
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antibiotics and haloperidol (patient no. 2). Median postoperative hospital stay was 9 days 

(5-30 days). There was no postoperative mortality. A R0 resection of the primary tumour 

and liver lesions was achieved in all patients. Definitive pathology of the liver in the patient 

with renal cell carcinoma and sigmoid carcinoma showed an adenocarcinoma originating 

from the upper gastrointestinal tract. At present, the origin of this third primary tumour is 

unknown. In two of the three patients who already had induction chemotherapy, systemic 

treatment was continued postoperatively. 

Discussion
The advantages of performing laparoscopic colorectal[7] or hepatic resections[8] by 

experienced surgeons has led to a prominent increase for these types of operations in 

recent years. For primary CRC and CRC liver metastases each separately, laparoscopic 

resection has been shown to result in enhanced recovery and reduced morbidity with 

similar oncological outcome.[7;8] This suggests that a laparoscopic combined approach 

will also benefit patients who are candidates for simultaneous resection. Open resection 

of both primary tumour and synchronous liver metastases often requires an extensive 

incision, especially if the location of the liver metastasis is opposite to the primary tumour 

location (i.e. right liver lobe and rectum). By using a laparoscopic approach, difficulties in 

exposure can be overcome due to a magnified visualization from different angles, even 

in the narrow pelvis or not easy accessible places of the upper abdomen. The feasibility 

of a simultaneous laparoscopic approach is demonstrated by our initial experience in five 

patients and confirms findings from the limited literature on this topic (Table 3).  

Patients with a solitary peripherally located metastasis in segment 2 – 6 are the most 

ideal candidates for simultaneous laparoscopic resection. Two additional trocars mostly 

provide adequate access to the liver besides the standard trocar placement for the colorectal 

procedure. Both specimens can be extracted via a single incision. Two of the described 

patients had a small peripheral lesion in the posterior segments 7 and 8, requiring full 

mobilization of the right liver. Both liver mobilization and parenchymal transection could 

be accomplished in these patients using an umbilical hand port. Others also described 

the use of a hand port placed in an upper midline incision for liver mobilization.[12;13] If 

major hepatectomy is indicated, the midline incision can subsequently be used for vascular 

control and parenchymal transection. But even total laparoscopic major hepatectomy in 

combination with colorectal resection has been shown to be feasible in three patients 

(Table 3).[14;15] This allows for a small Pfannenstiel incision to extract the specimens, 

which has been proven to result in the lowest incidence of incisional hernia.[16]

Simultaneous resection in synchronously metastasized CRC is still controversial. There 

are no randomized controlled trials comparing simultaneous and staged resection and 

the existing comparative studies have the inherent difficulties in interpretation because of 

selection bias. Theoretical arguments against simultaneous resection are the combination 

of a clean and contaminated procedure, and the impaired protein synthesis of the liver 
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increasing the risk of infection and compromising anastomotic healing. Furthermore, 

venous congestion by Pringle maneuver may result in bowel oedema. However, according 

to a systematic review based on 14 comparative studies, combined resections were 

associated with lower morbidity.[11] This led the authors to conclude that simultaneous 

resection can be undertaken in selected patients by specialized surgeons in both fields of 

colorectal and hepatobiliary surgery. Patient selection and expertise are essential for these 

complex types of surgery and the multidisciplinary team should decide on optimal timing 

within multimodality treatment schedules.

Life expectancy of patients with liver metastasis from colorectal origin is increasing as 

a result of improvements in liver surgery and systemic chemotherapy. Repeat surgery for 

recurrent liver metastasis has been shown to have similar outcome compared with the 

first liver resection.[17-19] An initial laparoscopic approach reduces adhesion formation 

and facilitates repeat resection, which has also been shown to be beneficial in patients 

who need subsequent liver transplantation.[20] Given the improved oncological control, 

quality of life issues related to abdominal wall integrity and cosmesis become more and 

more important underlining the potential benefits of laparoscopy.

Table 3. Case reports and small cohort series describing laparoscopic colorectal surgery in combination 
with liver surgery using different approaches. Indication was colorectal cancer except for Inagaki et al. 
(diverticular disease with cystic liver tumour).

Author Year N Liver resection Time
(min)

Blood loss
(ml)

LOS
(days)

Laparoscopic-
assisted

Total 
laparoscopic

Inagaki[12] 2003 1 1 LH 0 331 930 16

Geiger[21] 2006 1 0 1 LLS 330 600 4

Leung[22] 2006 1 0 1 LLS 350 500 7

Vibert[23] 2006 8 0 8 NR NR NR

Law[24] 2008 4 0 4 NR NR NR

Kim[13] 2008 3 2 S; 1 T 0 362 (210-450) 300 (300-300) 10 (9-16)

Pessaux[25] 2008 1 0 1T + RFA NR NR NR

Bretagnol[26] 2008 3 0 1 LLS; 2 T NR NR NR

Sasaki[27] 2009 9 0 2 LLS; 7 T 418 (215-520) 219 (32-745) 9 (7-26)

Akiyoshi[28] 2009 3 3 T 0 372 (300-453) 45 (30-60) 16 (16-23)

Casaccia[29] 2010 1 0 1 LLS 455 NR 12

Lee[14] 2010 10* 0 6 LLS; 5 T; 
1 S; 1 RH

401 (230-620) 500 (60-1000) 10 (7-15)

Hayashi[30] 2011 4 2 2 378 (270-575) 138 (40-330) 11 (7-14)

Tranchart[15] 2011 2 0 1 LH; 1 RH 310, 345 200, 200 4, 6

LOS= length of postoperative hospital stay, NR=not reported, LH=left hemihepatectomy, LLS=left lateral 
sectionectomy, T=tumourectomy, S=segmentectomy, RH=right hemihepatectomy, RFA=radio frequency 
ablation, *=13 resections in 10 patients
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In conclusion, our initial experience and the limited published data indicate that 

simultaneous laparoscopic resection of primary CRC and synchronous liver metastases 

is feasible and advisable in selected patients, provided adequate proficiency is available. 
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Abstract
Background: Staging Laparoscopy (SL) is not regularly performed in patients with 

hepatocellular carcinoma (HCC). SL may change treatment strategy, preventing 

unnecessary open exploration. An additional advantage of SL is the possibility of biopsy of 

the non-tumorous liver to assess fibrosis/cirrhosis. The aim of this study was to determine 

if SL in patients with HCC is still useful.

Methods: Patients with HCC who underwent SL between January 1999 and December 

2011 were analyzed. Patients’ demographics, preoperative imaging studies, surgical 

findings, and histology were assessed.

Results: Fifty-six patients underwent SL to assess extensive disease or metastases (34 men 

and 22 women; mean age, 60±14 years). SL was unsuccessful in two patients because 

of intra-abdominal adhesions. SL showed unresectability in 4 patients (7.1%) because of 

metastases (n=1), tumor progression (n=1), or severe cirrhosis in the contralateral lobe 

(n=2). Another five patients did not undergo laparotomy due to disease progression 

detected on imaging following SL. Exploratory laparotomy of the remaining 47 patients 

revealed 6 (13%) additional unresectable tumors, due to advanced tumor (n=5) or nodal 

metastases (n=1). Consequently, the yield of SL was 7% [95% confidence interval (CI) 

= 3-17] and the accuracy 27% (95% CI = 11-52). A biopsy of the contralateral liver was 

performed in 45 patients who underwent SL, leading to changes in management in 4 

(17%) patients with cirrhosis.

Conclusions: Overall yield and accuracy of SL for HCC were 7% and 27%, respectively. 

The change in treatment strategy after SL is limited. Therefore, SL should be restricted 

to selected cases. 
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Introduction
Hepatocellular Carcinoma (HCC) is the sixth most common malignancy world-wide[1;2] 

and varies greatly in geographic occurrence and corresponding risk profile. Chronic 

hepatitis B and C are predominant risk factors in the development of HCC, but the 

strongest correlation between underlying disease and HCC development is seen in the 

cirrhotic liver in which 80% of HCC occur[3], making this the greatest predisposing factor. 

The Barcelona-Clinic Liver Cancer (BCLC) classification[4] is generally used as standard 

classification for HCC and was endorsed by the EASL (European Association for the Study 

of the Liver) and AASLD (American Association for the Study of Liver Diseases).[5;6] 

The AASLD has established a set of criteria for diagnosing HCC. The current guidelines 

recommend radiological imaging, such as computer tomography (CT) and magnetic 

resonance (MR) imaging. When both these imaging modalitities show a hypervascular 

lesion in the arterial phase with signs of wash-out during portal or late phase, an HCC 

is most likely. Subsequently, this classification offers a link between tumor stage and its 

treatment strategy. The preferred treatment of early stage HCC is surgical resection, liver 

transplantation, or percutaneous ablation with curative intent (30-40% of cases)[7;8], 

depending on size and number of lesion(s), and liver function. Long-term outcome in this 

group of patients is good with a 5 year survival rate of 50-70%.[3;9] 

Although radiologic imaging is a non-invasive method for staging of malignant 

disease, additional staging laparoscopy (SL) is still used in a variety of malignancies, 

including oesophagogastric cancers[10], gastric cancers[11;12], adenocarcinoma of the 

pancreas[13;14], and hilar cholangiocarcinoma.[15;16] In case of hepatic lesions, SL could 

offer the additional benefit to biopsy non-tumorous liver parenchyma for assessment of 

fibrosis and cirrhosis. Based upon additional findings, SL may change treatment strategy 

in patients with HCC, and in patients found to be unresectable, avoids an unnecessary 

laparotomy, thereby decreasing operative morbidity, complications, and length of hospital 

stay.[17] Therefore, several authors supported using laparoscopic staging procedures 

preceding a planned laparotomy in HCC-patients.[18-21] Patients with HCC that appear 

resectable on preoperative imaging may benefit from SL for the evaluation of location, size 

and number of hepatic lesions, the presence of metastases, and assessment of cirrhosis 

and fibrosis. However, this procedure is not regularly used in patients with HCC, and there 

are no criteria currently known to increase the yield of SL. Therefore, the aim of this study 

was to assess the outcomes of SL in the management of HCC in order to decide whether 

this procedure is still useful in patients with HCC.

Methods
Study population

56 consecutive patients with HCC all underwent SL between January 1999 and December 

2011, were analyzed. All patients undergoing SL were believed to have resectable tumors 
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after initial imaging. Patients’ demographics, preoperative imaging studies, surgical 

findings, resectability, operative data, and histopathological reports were analyzed.

Diagnosis of HCC was confirmed in accordance with the guidelines of the AASLD. 

These guidelines state that at least one imaging modality (CT, MR, or ultrasonography 

(US) imaging) should show arterial enhancement with subsequent loss of contrast during 

venous or portal phase of imaging (‘wash-out sign’). This is especially true for lesions 

occurring in the background of hepatitis, haemo-chromatosis, and cirrhosis, with or 

without elevated serum alpha-fetoprotein levels. 

The standard diagnostic work-up included a multiphase CT-scan, MR imaging, or 

dynamic ultrasound of the liver as required. A multidisciplinary team consisting of a liver 

surgeon, hepatologist, gastroenterologist, and (interventional) radiologist evaluated the 

imaging studies and came up with a proposal for treatment of patients with HCC. 

In general, liver resection was not indicated in patients with extrahepatic or nodal 

metastases, main portal trunk or inferior vena cava invasion or thrombus, or multicentric 

bilobar HCC. Most patients with Child-Pugh B and all patients with Child-Pugh C were 

excluded from resection. 

If the above criteria were met and the patient was in overall good condition to 

undergo resection, the following HCC lesions were considered for resection: one lesion 

involving no more than one liver lobe without arterial involvement of the remaining liver 

lobes, and up to 3 lesions < 5cm (including lesions suitable for curative radiofrequency 

ablation in the contralateral segments). Preoperative assessment of future remnant liver 

volume and function, included CT-volumetry and Tc-labelled mebrofenin hepatobiliary 

scintigraphy (HBS) with SPECT, respectively.[22] The volumes of total liver (TLV), tumor 

(TV), and future remnant liver (FRLV) were assessed preoperatively. The percentage of FRL 

was then calculated according to the following formula: FRLV*100/(TLV-TV). If the FRLV 

was >30% in healthy liver parenchyma, or >40% in cirrhotic parenchyma (Child-Pugh A 

and B) the patient was considered eligible for surgery. Otherwise, portal vein embolization 

was decided to be performed after SL. A cut-off value for FRL function of 2.69 %/min/m2 

identified patients at risk of developing postoperative liver failure.[23] 

Surgery

SL was performed under general anesthesia as a separated procedure, and the patient 

was positioned in the supine position. The TrocDoc trocar was inserted through a 

semicircular, subumbilical incision for optimal visualization of the entire liver. CO2 

pneumoperitoneum at 14 mmHg was instituted, and two additional 5 mm-trocars were 

positioned in the right and left subcostal space. Both the right and left lobes of the liver 

were systematically examined to identify any suspicious lesions. Also, distant sites were 

examined for metastases. Laparascopic ultrasound was additionally performed to further 

localize hepatic lesions and for exploration of metastases, however, this imaging method 

was only used in the beginning of the study as it was found to be less useful later on. 

Suspicious lesions were biopsied, and microscopically analyzed by the pathologist. If no 
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metastases or other signs of unresectability were found, liver resection was planned. 

Major liver resections were defined as resections of three or more Couinaud’s segments. 

Minor resections were hepatectomies of less than three liver segments, including wedge 

resections and metastectomies. Haematoxylin and eosin (H&E) sections of the resection 

specimens were thoroughly examined by an experienced liver pathologist to assess well- 

or poorly differentiated HCC, in addition to determination of fibrosis/cirrhosis of the liver 

parenchyma. In case of uncertainty, slides were evaluated with immunohistochemical 

staining with keratin 19 for poorly differentiated HCC.

Statistical Analysis

The data were analyzed using statistical software (SPSS 18.0.0; SPSS, Chicago, Illinois, 

USA). Yield is defined as the total of avoided laparotomies divided by the total number of 

patients undergoing SL. Accuracy was assessed by dividing total avoided laparotomies by 

all patients with unresectable disease. Data are presented as mean ± standard deviation, 

unless otherwise stated. The results were considered to be statistically significant when 

p<0.05.

Results
Fifty-six patients underwent SL (34 men and 22 women). Mean age of these patients 

was 60±14 years. All 56 patients had undergone preoperative CT-scans. MR scanning of 

the liver was used in 15 patients (27%). In 36 patients (64%) a Tc-labelled mebrofenin 

HBS with SPECT was performed preoperatively, to assess liver functional reserve. Based 

on pre-operative imaging modalities, cirrhosis was predicted in 15/56 patients (26.8%), 

and fibrosis in two patients (3.6%). All patients were discussed in a multidisciplinary 

conference and were deemed potentially resectable. 

Staging laparoscopy (SL)

Patients who were planned to undergo 

surgical treatment are summarized in figure 

1. SL was unsuccessful in 2/56 patients 

(3.6%) because of intra-abdominal adhesions. 

SL showed unresectability in 4/56 patients 

(7.1%) because of metastases (n=1), tumor 

progression in patients with unexpected 

severe cirrhosis (n=1), or severe cirrhosis 

particularly in the non-tumor bearing, 

contralateral lobe (n=2). Laparoscopic 

ultrasound was performed in 8/56 (14.3%) 

patients. In two of these patients, severe 

cirrhosis of the liver was confirmed on 

Table 1. Patient demographics. 

 N (%) 

Male
Female

34 (61)
22 (39)

Age Mean 60±14 

CT
MRI
HBS with SPECT

56 (100)
15 (27)
36 (64)

Compromised liver parenchyma
Cirrhosis

- Imaging preoperatively
- SL
  Unresectable
- Liver resection

Fibrosis
- Imaging preoperatively
- SL
  Unresectable
- Liver resection

15/56 (27)
23/45 (51)

9
17/41 (41)

2/56 (4)
28/45 (62)

7
19/41 (46)
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ultrasonography. This did not result in a change of treatment strategy. A biopsy of the 

liver parenchyma on the non tumorous lobe was performed in 45/56 patients (80.4%) 

during SL of which 23/45 (51.1%) showed cirrhosis and 28/45 (62.2%) showed fibrosis, 

leading to changes in management in 4/23 (17.4%) patients with cirrhosis. 

One complication was recorded after laparoscopy consisting of urinary retention 

managed by transurethral catheterization and bladder training. No in-hospital mortality 

was observed. The median total length of hospitalization was 3 (range 2-6) days around 

laparoscopy. Subsequent laparotomy was cancelled in 5 patients because of disease 

progression based on imaging studies following SL. The median time-interval between SL 

and subsequent imaging was 39 (range 8-73) days. The median time between laparoscopy 

and explorative laparotomy was thirty-seven days (range 0-112, n=47). 

Laparotomy

Exploratory laparotomy of the remaining 47 patients revealed an additional 6 cases (13%, 

figure 1) to be unresectable, due to peritoneal seeding (n=1), advanced tumor (n=4) or 

distant nodal metastases (n=1). Consequently, the accuracy of SL was 27% (4/15; 95% 

CI = 11-52) in addition to a yield of 7% (4/56; 95% confidence interval (CI) = 3-17).  

Histopathological examination confirmed the diagnosis HCC in all resected patients 

(n=41). Microscopical examination of the liver parenchyma in the resection specimens 

showed fibrosis (n=19), steatosis (n=23), cholestasis (n=4), or cirrhosis (n=23). The 

pathology outcomes for cirrhosis were in accordance with the results of biopsies during 

laparoscopy showing cirrhosis. SL showed 23 patients with cirrhosis, leading to treatment 

changes in 4 patients. In the remaining 19 patients, microscopical examination of the 

resection specimens similarly revealed cirrhosis. Cirrhosis was found in biopsies taken 

during laparotomy in another four patients. Microscopical examination of the specimen 

Figure 1. Patients with HCC treated surgically from 1999 to 2011. 
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after surgery showed fibrosis in 19 patients, of whom 16 were already visible in the biopsies 

taken during SL. In three patients, fibrosis was detected in biopsies taken at laparotomy. 

Five patients showed hepatitis B and 11 patients were diagnosed with hepatitis C. 

In 10/41 (24%) patients recurrent or metastatic disease was detected after a median 

follow-up time of 15 (range 3-28) months. Nine patients showed recurrence of the primary 

tumor, five of whom presented with local recurrence and four patients with new lesions. 

Two patients also showed lung or lymph node metastases. One patient only showed lung 

metastases. No recurrence of primary tumor or metastases were found during follow-up 

(median 10, range 3-117 months) in 31/41 (76%) patients.  

Discussion
Because liver resection is the only curative treatment option for HCC, adequate staging 

and selection for putative resection is mandatory. Although preoperative staging for 

malignancies is readily achieved by conventional imaging studies, there is still a considerable 

number of unresectable disease detected at laparotomy. Staging laparoscopy is used to 

avoid these unnecessary laparotomies. 

This study examined the additional value of staging laparoscopy in patients diagnosed 

with HCC. Our findings show that in the end in 27% (15/56) of cases laparotomy was 

not indicated, but only 7% (4/56) of these unresectable cases were detected by staging 

laparoscopy. We therefore conclude that although SL is safe in patients with HCC, its use 

in clinical practice is questionable because of low yield and accuracy. 

The amount and quality of the available literature on staging laparoscopy (SL) in 

HCC is limited. Two studies reported that 40% to 70% of patients with liver malignancies 

showed unresectable disease at laparotomy.[24;25] In 1994, Babineau et al.[26] found 

that 48% (14/29) of patients with liver malignancies was not resectable at laparoscopy, 

due to metastases (n=10) or cirrhosis (n=4), including 6 patients with HCC. Based on these 

results, the authors advised diagnostic laparoscopy to be performed prior to laparotomy. 

The findings of Lo et al. a few years later were in line with this statement.[19;20] They 

concluded that laparoscopy with laparoscopic ultrasonography should precede a planned 

exploratory laparotomy for HCC. Another study in 2008 arrived at the same statement 

that laparoscopy and laparoscopic ultrasound can identify surgically untreatable disease 

and therefore can select optimal treatment.[18] In contrast to these reports, we showed 

in this series that only 7% of the patients were found not to be resectable as determined 

by SL, which is too low to justify the procedure to be performed routinely. This discrepancy 

with others suggests that SL is only applicable in a selected group of patients. 

An explanation for the low yield in our patients may be the increased accuracy of 

imaging modalities for detection and staging of HCC in recent years, resulting in more 

accurate selection of resectable disease during diagnostic work-up. As stated in the AASLD 

guidelines, a lesion larger than 2cm with typical vascular enhancement pattern on contrast 

enhanced CT and/or MR imaging is sufficient to confirm the diagnosis of HCC. The Asian 
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Oncology Summit does not have the size limitation and applies the same criteria also 

to smaller lesions.[27] Diagnosis therefore, leans heavily on arterial enhancement with 

subsequent wash-out of the HCC lesion during portovenous or late phase of scanning. A 

major limitation lies in the smaller HCC that present without typical enhancement, given 

the fact that early HCC is often hypovascular.[28] New and improved imaging tools are 

implemented to increase the accuracy of detection. The multiphase CTscan is nowadays 

mostly performed with a 64 instead of 16 detector row unit, making more detailed 

evaluation of the lesion possible. Ultrasonography has also become more accurate in the 

past years, especially since the introduction of contrast enhanced US (CEUS).[29] Most 

progressive innovations are made with MR imaging. First of all, detection of fat, glycogen, 

copper and iron content in the lesion is possible with MR, which helps to discriminate 

between liver lesions.[30] Also small lesions (<2cm) which might remain undetected on CT 

are depicted with the diffusion-weighted MR images.[31;32] Overall, improved imaging 

modalities have increased the accuracy of detection and staging of HCC, rendering SL an 

inefficient additional invasive procedure in the absence of careful patient selection. 

Not withstanding the above mentioned, SL may have an additional value in terms 

of assessment of (the grade of) fibrosis and cirrhosis. In our study, imaging techniques 

only identified 15 patients with cirrhosis and 2 patients with fibrosis before laparoscopy, 

although at SL, 23 and 28 patients, respectively, showed these compromised livers. 

Biopsies of the non-tumorous liver parenchyma taken during SL also prove reliable as the 

histopathological results were consistent with the final diagnoses made in the resection 

specimens performed during explorative laparotomy. 

However, histological diagnosis of parenchymal disease may also be obtained by 

percutaneous core biopsies of the non-tumorous liver parenchyma. In addition, a recent 

study with transient elastography showed promising results with non-invasive assessment 

of fibrosis and cirrhosis in patients with compromised livers.33 Future studies will have to 

determine if we can fully rely on imaging modalities in preoperative staging of patients 

with HCC. 

Our study has some limitations. Firstly, the study contains only a small number of 

patients. Furthermore, the AASDL criteria were gradually implemented in our center after 

2008. Not all patients therefore, followed the same diagnostic protocol and occasionally, 

diagnosis was based on one conclusive imaging modality or biopsy of the tumor. Thirdly, 

the median time-period between SL and liver resection was 36 (range 0-88) days for 

patients undergoing resection (n=41), in which time tumors may have progressed. 

This delay was mostly related to intercurrent infectious complications or preoperative 

preparation (portal vein embolization, n=1). 

In conclusion, overall yield and accuracy of SL for HCC were 7% and 27%, respectively. 

When accurate imaging modalities are available, there is therefore, little benefit of SL. 

However, SL may still be useful in selected patients with HCC, such as in those with 

preoperatively uncertain or borderline resectable lesions on imaging, in whom an 

unnecessary laparotomy may be prevented.
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Summary and conclusions
Chapter 1: General introduction

Part I - Portal Vein Embolization
Literature on the most clinically relevant and novel liver function tests used for the 

assessment of hepatic function before liver surgery was reviewed in chapter 2. 

Postoperative liver failure is the major cause of mortality and morbidity after partial 

liver resection, and develops as a result of insufficient remnant liver function. Therefore, 

accurate preoperative assessment of the future remnant liver function is mandatory in 

the selection of candidates for safe partial liver resection. Because of the complexity of 

liver function, one single test does not represent overall liver function. In addition to CT 

volumetry, quantitative liver function tests should be used to determine whether a safe 

resection can be performed. We concluded that presently, 99mTc-mebrofenin HBS seems 

to be the most valuable quantitative liver function test, as it can measure multiple aspects 

of liver function in specifically the future remnant liver. 

Chapter 3 decribes the outcomes of portal vein embolization (PVE) and extensive 

resection in predamaged livers. Between January 2005 and July 2011, 56 consecutive 

patients underwent successful PVE by a percutaneous ipsilateral approach. The increase 

of the future remnant liver (FRL) was 51%. There were no significant differences in 

hypertrophy response of FRL between patients with and without chemotherapy (p=0.51), 

fibrosis/steatosis (p=0.43) or patients with and without cholestasis (p=0.58). Surgical 

resection was performed in 44 patients (80%). It was concluded that PVE is a safe and 

efficient technique in patients with compromised liver function due to fibrosis, cholestasis 

or liver damage after chemotherapy. 

Plasma bile salts and triglycerides were examined in the prediction of the regenerative 

response in a rabbit model of PVE in chapter 4. PVE of the cranial liver lobe was performed 

in fifteen rabbits, divided into 3 groups: NaCl (control), reconstituted collagen (short-term 

occlusion), and polyvinylalcohol particles with coils (PVAc, long-term occlusion). Plasma 

bile salt levels early after PVE strongly correlated with the regenerative response, showing 

more pronounced elevation with larger volume increase of the non-embolized lobe. 

Unlike bile salts, levels of triglycerides were not significantly altered in either of the PVE 

procedures. Plasma bile salts therefore, but not triglycerides, can be used in the prediction 

of the regenerative response after PVE.

The aim of chapter 5 was to assess plasma bile salt levels, triglycerides and apoA-V 

in the prediction of the hypertrophy response of the FRL after PVE in 20 patients with 

colorectal metastases. Serum apoA-V was increased during liver regeneration, without 

reaching statistical significance. Bile salt and triglycerides levels at 5 hours after PVE 

however were significant, early predictors of post-PVE liver volume and functional increase 

after 3 weeks. Thus, these parameters can be used in timing of resection after PVE. 

Sum
m

ary and conclusions

211

C
hapter 16



Seventy-five patients were included in chapter 6 in a retrospective study on the 

importance of thrombocyte levels on liver regeneration after PVE in preparation for 

major liver resection. Absolute number of thrombocytes did not influence regeneration 

but in patients receiving pre-procedural chemotherapy, PVE performed at a time when 

thrombocytes are decreasing is associated with reduced regeneration.

The regenerative response after PVE leading to compensatory hypertrophy of the 

non-embolized liver segments, potentially enhances tumor growth. In chapter 7, we 

evaluated tumor growth in a series of patients undergoing liver resection after PVE, and 

found that TV increased after PVE, as well as tumor growth rate (TGR) with 0.53 mL/

day (range -4.24–8.00) vs 0.09mL/day (range -5.01–8.74; p=0.03) in non-PVE patients. 

TGR was 0.15 (range -3.79–1.00) mL/day before PVE, and 0.85 (range -1.46–4.67) mL/

day after PVE in the same patients (p=0.08). Seven (25.0%) patients showed new tumor 

lesions in the FRL after PVE, of whom three patients (10.7%) were not resectable. Patients 

after PVE also showed a significantly higher rate (8/19) of recurrent metastases in the 

remnant liver at follow-up. Short intervals as well as interval chemotherapy between PVE 

and resection are therefore advised. 

There is little literature describing the outcomes of the combination of PVE and 

transarterial embolization (TAE) or transarterial chemoembolization (TACE). A systematic 

literature search was performed in chapter 8 to identify all recorded literature on PVE and 

TAE or TACE. We observed a statistically significant greater FRL increase in patient series 

who had PVE prior to TAE when compared to patients who had TACE prior to PVE. A 

greater FRL increase correlated with a higher percentage of embolized liver volume and a 

lower percentage of non-embolized liver. 

We assessed tumor growth rate (TGR) and liver regeneration after PVE in a rabbit 

hepatic tumor model in chapter 9, and compared the results with a tumor control group, 

in which the liver was only mobilized. The hypertrophy response and proliferation rate 

in the non-embolized liver lobes were significantly higher in the PVE group, which was 

confirmed by liver to body-weight index assessment. TGR was increased in both groups, 

with a significantly larger increase in the PVE-group over time (day 14: mean 34.4±4.3mL/

day vs control: 24.1±7.2mL/day). In conclusion, TGR was significantly increased after PVE 

in the rabbit tumor model. This finding supports the notion that PVE potentially enhances 

tumor growth, along with regeneration of the non-embolized liver lobe.

In chapter 10, the occurrence or absence of ascites in patients who underwent liver 

resection was compared in patients who had indergone PVE before hepatectomy or not. 

Also, predictive factors for developing ascites after liver resection were examined. Our 

analysis showed that PVE, major resections, operation time, and vascular inflow occlusion 

(Pringle) time were significant predictors of ascites after hepatectomy. 
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Part II – Preventions of complications in liver 
surgery

In chapter 11, we provided an update of the current evidence concerning vascular 

occlusion. If clamping is necessary during complex resections or in abnormal liver 

parenchyma, the intermittent Pringle manoeuvre is advised. Total hepatic vascular 

exclusion or selective hepatic vascular exclusion may be considered in tumors involving 

the inferior caval vein or the caval hepatic junction. There is no evidence supporting 

the use of ischemic preconditioning, maintenance of a low CVP or of pharmacological 

interventions during liver resection.

Biliary leakage and management were assessed in 381 patients who underwent liver 

resection in chapter 12. Our conclusion was that the incidence of posthepatectomy biliary 

leakage has decreased over time, while percutaneous transhepatic biliary drainage (PTD) 

and endoscopic stenting are effective treatment modalities. PTD is the treatment of choice 

in bile leakage after resection combined with hepaticojejunostomy.

The influence of prolonged pneumoperitoneum (PP) on liver function and perfusion 

in a clinically relevant porcine model of laparoscopic abdominal insufflations was assessed 

in chapter 13. The conclusion was that the liver sustains no additional damage due to 

prolonged PP during laparoscopic surgery. Our findings suggest that prolonged PP does 

not hamper liver function or cause liver damage after extended laparoscopic procedures. 

Simultaneous resection of primary colorectal carcinoma (CRC) and synchronous liver 

metastases is subject of debate with respect to morbidity in comparison to staged resection. 

Five patients with primary CRC and synchronous liver metastases underwent combined 

laparoscopic colon and liver surgery in 2011 and 2012, and were retrospectively reviewed 

in chapter 14. From this initial single center experience, simultaneous laparoscopic 

colorectal and liver resection appears to be feasible in selected patients with colorectal 

cancer and synchronous hepatic metastases, with satisfying short term results.

Staging Laparoscopy (SL) has been found useful in staging malignancy, but is not 

regularly performed in patients with hepatocellular carcinoma (HCC). 56 consecutive 

patients with HCC who underwent SL between January 1999 and December 2011 were 

analyzed in chapter 15. Overall yield and accuracy of SL for HCC were 7% and 27%, 

respectively. The change in treatment strategy after SL was limited. Therefore, SL should 

not be performed routinely, but should be restricted to selected cases. 

Future perspectives
In the last decades, knowledge on the use of portal vein embolization (PVE) has significantly 

increased, however, much of the effects of this procedure still remains unknown. There is 

increasing evidence that PVE also accelerates tumor proliferation. This creates a dilemma 

in terms of optimal waiting time until resection. There is a need for optimization of 

treatment strategies to prevent tumor progression after PVE. Therefore, experimental and 
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clinical studies are necessary to unravel some important questions. Resection is usually 

performed 3-6 weeks after PVE, but the exact time optimum remains controversial. 

One method to prevent tumor growth is to shorten the time-interval between PVE and 

resection. One of the aims of future studies is to determine the optimal time interval 

between PVE and resection according to the increments of liver function (measured by 
99mTc-mebrofenin hepatobiliary scintigraphy with SPECT) and liver volume (measured 

by CT-volumetry) in the VX2 liver tumor model in the rabbit. Also, little is known about 

the type of the embolic agent in regard with the extent of the hypertrophy response. 

Another way to prevent tumor proliferation after PVE is therefore to occlude the portal 

vein temporarily (reversible portal vein occlusion). Absorbable temporary embolization 

materials lack most disadvantages of permanent materials such as backflow of the 

embolization material, thrombosis of the main portal vein and irreversible occlusion. The 

rabbit PVE-model can be used to evaluate the effects of several absorbable embolic 

agents for PVE, in order to find the right balance between absorption and maximal 

hypertrophy response. A third treatment strategy is to embolize the hepatic artery (HAE) 

feeding the tumor(s) before performing PVE. Only initial experiences have been reported 

about sequential application of HAE and PVE in patients. HAE alone does not result in the 

desired atrophy-hypertrophy response. The combination of HAE and PVE, however, will 

result in hypertrophy of the non-embolized lobe, at the same time limiting further tumor 

growth induced by compensatory hyperperfusion of the hepatic artery. Simultaneous 

embolization of the portal vein and hepatic artery carries a high risk of parenchymal 

necrosis as a result of occlusion of the dual blood supply. The risk of necrosis is reduced 

if the hepatic artery and portal vein are embolized sequentially. The optimal time-interval 

between embolization of the portal vein and hepatic artery is, however, unknown. To 

explore the effects of this treatment strategy, we propose to apply the VX2 tumor animal 

model in which both PVE and HAE can be assessed in relation with the rate of tumor 

growth. The optimal time interval between HAE and PVE has to be examined so as to 

prevent tumor growth while preventing parenchymal necrosis and not prolonging the 

time between the interventions and resection.

Also, we assume that the underlying mechanisms of liver regeneration after PVE and 

liver resection are distinct. Another perspective is therefore to examine the mechanisms 

of hepatic regeneration following PVE in comparison to partial hepatectomy. This can be 

achieved by measuring several regeneration markers at different time-points after PVE 

and liver resection in the PVE-model. We also hypothesize that the hypertrophy response 

is more pronounced after portal vein occlusion in combination with in situ resection (with 

preservation of the ipsilateral hepatic artery) as has been recently shown in a clinical 

study.1 The results of these studies will be translated into new interventions applied in 

patients with initially unresectable hepatic tumors in order to improve surgical outcome.
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Samenvatting en conclusies
Hoofdstuk 1 Algemene introductie

Dit proefschrift beschrijft verschillende mogelijkheden om leverresecties veiliger uit te 

voeren. In deel 1 worden klinische vraagstellingen omtrent VPE beantwoord in een 

experimenteel VPE-model in het konijn. Klinische studies zijn voornamelijk gericht op de 

kenmerken van regeneratie, en de invloed van VPE op tumorgroei. Het doel van deel 

2 is de complicaties na leverresectie te beschrijven alsook de methoden om de meest 

voorkomende complicaties te voorkomen. 

Deel I - Portal Vein Embolization
Hoofstuk 2 is een samenvatting van de literatuur waarbij de meest klinisch relevante 

en nieuwe leverfunctie testen worden beschreven voor het bepalen van de leverfunctie 

voor lever resectie. De functie van de lever is complex, en er is niet één test dat de totale 

lever functie weergeeft. Naast CT-volumetrie, zouden kwantitatieve lever functie testen 

gebruikt kunnen worden om te bepalen of een leveroperatie veilig kan worden uitgevoerd. 

Tegenwoordig is de 99mTc-mebrofenin hepatobiliaire scintigrafie de meest waardevolle 

kwantitatieve leverfunctie test, omdat het verschillende aspecten van leverfunctie kan 

meten en in bijzonder, die van de toekomstige restlever (TRL) kan weergeven. 

In Hoofdstuk 3 worden de resultaten weergegeven van 56 patiënten met gecom-

promitteerde levers die een succesvolle VPE ondergingen door middel van een percutane 

ipsilaterale benadering. De toename van de TRL was 51%. Er waren geen significante 

verschillen in hypertrofie respons van de TRL in patiënten met of zonder chemotherapie 

(p=0.51), fibrose/steatose (p=0.43) of patiënten met en zonder cholestase (p=0.58). 

Chirurgische resectie werd verricht in 44 patiënten (80%). VPE kan daarom veilig en efficiënt 

worden toegepast in patiënten met afwijkend lever parenchym en dientengevolge, een 

verslechterde leverfunctie door fibrose, cholestase of lever schade na chemotherapie. 

In hoofstuk 4 en 5 worden plasma galzuurconcentraties, triglyceriden en ApoA-V 

geëvalueerd na VPE om de hypertrofie reactie na VPE te voorspellen. VPE wordt 

toegepast om de TRL te vergroten bij uitgebreide leverresecties. Pas drie tot zes weken 

na VPE is het mogelijk met behulp van CT-volumetrie het effect van VPE te evalueren. Een 

vroege factor met voorspellende waarde is daarom gewenst. In hoofdstuk 4 werden 

vijftien konijnen verdeeld in 3 groepen: NaCl (controle, groep I); Spongostan (tijdelijke 

occlusie, groep II); en polyvinylalcohol partikels met coils (permanente occlusie, groep 

III). Galzuurconcentraties stegen na VPE in groep II en III, met een maximale concentratie 

van respectievelijk 3 uur en 3 dagen na embolisatie. Deze concentraties normaliseerden 

binnen 7 dagen. De hypertrofie respons was significant hoger in de embolisatie groepen 

vergeleken met de controle groep (p<0.01), en correleerde met de plasma concentraties 
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van galzuur (r=0.811). We concludeerden dat er een positieve correlatie is tussen de 

toename van de TRL en de galzuurconcentratie op dag 3 (r=0.811). In konijnen met 

een grotere hypertrofie response na VPE, was de toename van galzuurconcentratie 

ook groter. Concluderend hebben galzuurconcentraties een voorspellende waarde ten 

aanzien van de hypertrofierespons na VPE. In hoofdstuk 5 hebben we aangetoond in 20 

patiënten dat galzuren en triglyceriden 5 uur na VPE vroege voorspellers zijn voor post-

VPE lever volume en functie toename na 3 weken. Deze parameters kunnen dus gebruikt 

worden voor het bepalen van het tijdsinterval tussen VPE en resectie. Serum ApoA-V 

veranderde niet door VPE, maar steeg kortdurend na leverresectie. 

In hoofdstuk 6 zijn 75 patiënten met colorectale levermetastasen onderzocht, die een 

VPE hebben ondergaan voor leverresectie. Patiënten die chemotherapie kregen 6 weken 

voor VPE toonden lagere thrombocyten waarden (p=0.003) en hypertrofierespons 

(p=0.030) vergeleken met een patiëntengroep zonder chemotherapie. Het absolute 

aantal thrombocyten beïnvloedt de leverregeneratie na VPE niet. Voor patiënten die met 

chemotherapie zijn behandeld voor de procedure, blijkt dat een verlaging in thrombocyten 

geassocieerd is met minder regeneratie. 

Door occlusie van de vena porta tijdens VPE naar de te reseceren leverlob, treedt atrofie 

van die leverlob op. Hierna ontstaat er een compensatoire hypertrofie van de TRL in 3-6 

weken. Door deze geïnduceerde leverregeneratie kan onder invloed van groeihormonen 

echter ook tumorproliferatie worden gestimuleerd. Tevens ontstaat compensatoire 

hyperperfusie van de arteria hepatica waardoor de tumor ook gestimuleerd wordt tot 

groei. In hoofdstuk 7 wordt tumorprogressie geëvalueerd in patiënten in de wachttijd 

na VPE voordat leverresectie kan worden uitgevoerd. VPE is verricht in 28 patiënten met 

colorectale levermetastasen (CRL) tussen 2004 en 2011. Tumorvolume (TV) en tumorgroei 

ratio (TGR) werden berekend met CT-volumetrie en vergeleken met een niet-VPE groep 

met CRL (n=30). Er was een significante toename in TV na VPE. De gemiddelde TGR van 

VPE-patiënten was 0.53 mL/dag (range -4.24–8.00) versus 0.09mL/dag (range -5.01–

8.74; p=0.03) in niet-VPE patiënten. TGR was 0.15 (range -3.79–1.00) mL/dag voor het 

ondergaan van PVE, en 0.85 (range -1.46–4.67) mL/dag na VPE in dezelfde patiënten 

(p=0.08). Zeven (25.0%) patiënten toonden nieuwe tumor lesies in de TRL na VPE. 

Drie van deze patiënten (10.7%) waren hierdoor niet resectabel na VPE. Overleving na 

resectie was significant beter voor niet-VPE patiënten met een 3- en 5-jaars overleving van 

respectievelijk 77% en 60% versus 26% en 22% in patiënten die VPE hebben ondergaan 

(p<0.001). Concluderend was er in de meerderheid van de patiënten een toename in TV 

en TGR na VPE. Onze studie toonde tevens aan dat VPE mogelijk nieuwe tumor in de TRL 

en recidieven induceert na resectie. Kortere intervallen en chemotherapie tussen VPE en 

resectie worden daarom geadviseerd. 
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Een strategie om tumorgroei na VPE te beperken, is de arteria hepatica naar het 

aangedane deel van de lever te emboliseren (HAE), eventueel in combinatie met 

chemotherapie (transarteriële chemoembolisatie, TACE). Een combinatie van HAE/TACE 

en VPE zou mogelijk wel het gewenste resultaat geven, aangezien gelijktijdig HAE en VPE 

leidt tot massale celnecrose en hierdoor leverfalen. Wanneer er echter een tijdsinterval 

wordt ingelast treedt er geen necrose op. Het is onbekend hoe groot dit tijdsinterval 

moet zijn. Hoofdstuk 8 is een systematische review over sequentiële embolisatie van 

de vena porta en arterie hepatica, eventueel gecombineerd met chemotherapie (TACE) 

in patiënten met levertumoren. Wij concludeerden dat het verrichten van VPE voor HAE 

resulteert in een grotere TRL toename dan het uitvoeren van TACE voor VPE. Daarnaast 

is de toename in TRL gecorreleerd aan een groter geëmboliseerd deel van de lever. 

In hoofdstuk 9 wordt het effect van VPE op tumorgroei onderzocht in een levertumor 

model in het konijn. Een nadeel van VPE is dat de levertumor in de tijd tot de leverresectie 

een groei-impuls krijgt onder invloed van groeihormonen, cytokines en compensatoire 

hyperperfusie van de arteria hepatica. De literatuur is niet eenduidig over tumorgroei na 

VPE. In New Zealand White konijnen werd tumor geïmplanteerd in de lever. Selectieve 

VPE werd verricht van de leverlob met tumor. De konijnen werden verdeeld over een 

controle groep (geen VPE), en een VPE-groep (n=5/groep). Portografie toonde complete 

selectieve occlusie van de vena porta direct na VPE en na 14 dagen. De hypertrofie 

respons en hepatocyten proliferatie in de niet-geëmboliseerde lever waren significant 

hoger in de VPE-groep. TGR was verhoogd in beide groepen, met een grotere toename 

in de VPE-groep (dag 14: 34.4±4.3mL/dag vs niet-VPE: 24.1±7.2mL/dag). Er was een 

tijdelijke, minimale toename in leverschade parameters na VPE, die normaliseerde binnen 

7 dagen. Concluderend, TGR was significant verhoogd in het VPE konijnen tumormodel. 

Deze bevinding is in overeenstemming met de hypothese dat VPE tumorgroei induceert. 

Chemotherapie in de wachttijd tot resectie wordt daarom geadviseerd.

Hoofdstuk 10 beschrijft de incidentie van ascites na lever resectie met of zonder 

VPE. Onze analayse toont aan dat VPE, grote resecties, operatietijd en de Pringle tijd 

significante voorspellers zijn voor ascites na hepatectomie. Ook blijkt een groot aantal 

patiënten met fibrose ascites te ontwikkelen. Identificatie van deze voorspellende 

factoren voor postoperatieve ascites is belangrijk. Daarom moeten deze patiënten 

zorgvuldig geselecteerd worden. 

Deel II – Preventions of complications in liver 
surgery

Vasculaire occlusie technieken kunnen worden toegepast tijdens een leverresectie om 

bloedverlies te reduceren. In hoofdstuk 11 is een review geschreven over de effecten van 
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in- en outflow occlusie technieken tijdens lever chirurgie, gericht op bloedverlies en lever 

ischemie-reperfusie schade. De Pringle manoeuvre is effectief in het voorkomen van veel 

bloedverlies. Tijdens complexe resecties en in patiënten met afwijkend leverparenchym 

wordt de intermitterende Pringle manoeuvre geadviseerd. Totale of selectieve vasculaire 

exclusie van de lever kunnen worden overwogen bij tumoren waarbij de vena cava 

inferior is betrokken of de overgang van levervenen in vena cava. 

In hoofdstuk 12 werden 381 patiënten geëvalueerd die een leverresectie hebben 

ondergaan. De incidentie van postoperatieve gallekkage is gedaald over de jaren. 

Percutane trans-hepatische biliaire drainage en het plaatsen van een endoscopische 

stent zijn effectieve behandelingsmogelijkheden. De percutane transhepatische biliaire 

drainage is de voorkeursbehandeling in patiënten die een leverresectie hebben ondergaan 

met een hepaticojejunostomie. 

In hoofdstuk 13 wordt het effect van langdurig pneumoperitoneum op de functie van 

de lever tijdens laparoscopische chirurgie onderzocht. Laparoscopische leverchirurgie 

wordt steeds vaker toegepast, resulterend in operaties met lange operatietijden. 

Pneumoperitoneum (PP) gedurende laparoscopie veroorzaakt een verhoogde 

intra-abdominale druk met compressie op intra-abdominale organen en mogelijk 

microcirculatoire veranderingen in de lever. Varkens ondergingen laparoscopische intra-

abdominale insufflatie (14 mm Hg) met CO2 gas gedurende 6 uur, gevolgd door een 

herstelperiode van 6 uur. Onze resultaten tonen aan dat langdurig pneumoperitoneum 

de leverfunctie niet verslechtert en geen leverschade veroorzaakt tijdens laparoscopische 

(lever) chirurgie.

Hoofdstuk 14 beschrijft onze eerste ervaringen met gelijktijdige laparoscopische resectie 

van colorectaal carcinoom (CRC) en synchrone levermetastasen. Het simultaan uitvoeren 

van de colorectale- en leverresectie voor patiënten met synchrone metastasen staat ter 

discussie. De mogelijk toegenomen morbiditeit van een gecombineerde ingreep is hierbij 

een belangrijk aspect. Een laparoscopische benadering zou deze morbiditeit kunnen 

reduceren. Vijf patiënten met primair CRC en synchrone lever metastasen ondergingen 

een gecombineerde laparoscopische resectie in het AMC. De verrichte procedures 

waren een totaal laparoscopische rechter hemicolectomie met metastasectomie van 

segment 2 (extractie via umbilicale incisie), een laparoscopische segment 2/3 resectie 

met handgeassisteerde laparoscopische low anteriorresectie (extractie via Pfannenstiel), 

en twee keer een laparoscopische intersfincterische abdomino-perineale resectie met 

handgeassisteerde laparoscopische metastasectomie van respectievelijk segment 7 en 

segment 8 met extractie via de umbilicale handport. De incisie voor de handport en/of 

preparaatextractie varieerde van 7 tot 10 cm. Er waren geen chirurgische complicaties 

of mortaliteit. We kunnen concluderen dat gelijktijdige laparoscopische colon en lever 

resectie in deze kleine studie veilig en technisch goed toepasbaar was voor de behandeling 
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van een geselecteerde groep patiënten met CRC en synchrone lever-metastasen, met 

goede korte termijn resultaten.

Hoofdstuk 15 beschrijft een retrospectieve analyse in 56 patiënten met een hepatocellulair 

carcinoom, die een diagnostische laparoscopie hebben ondergaan tussen 1999 en 2011. 

Yield en accuracy voor diagnostische laparoscopie waren 7% en 27% respectievelijk. 

De verandering in behandelingsstrategieën was beperkt na diagnostische laparoscopie. 

Daarom zou een diagnostische laparoscopie niet routinematig moeten worden 

uitgevoerd, maar dient beperkt te worden tot een geselecteerde groep patiënten. 

Toekomstig onderzoek
Het uiteindelijke doel van toekomstige onderzoeken is het ontwikkelen en verfijnen van 

nieuwe interventies om tot nu toe irresectabele levertumoren resectabel te maken. 

De literatuur is niet eenduidig over tumorgroei na VPE. Er is een noodzaak voor het 

optimaliseren van behandelingsmogelijkheden om tumorprogressie na VPE te reduceren of 

zelfs te voorkomen. Verschillende preventieve methodes zijn mogelijk, zoals het verkorten 

van het tijdsinterval tussen VPE en leverresectie. Eén van de doelen is het bepalen van 

het optimale tijdsinterval tussen VPE en resectie door meting van leverfunctie (99mTc-

mebrofenine hepatobiliaire scintigraphie met SPECT) en lever volume (CT-volumetrie). Een 

andere manier om tumorproliferatie na VPE te verminderen is het tijdelijk emboliseren 

van de vena porta met behulp van een absorbeerbaar of reversibel embolisatiemateriaal. 

Er zijn negatieve effecten bekend van permanente afsluiting van de vena portae, zoals 

fibrose van het weefsel om de geëmboliseerde vaten wat de operatie moeilijker maakt, 

migratie van het embolisatiemateriaal naar de leverlobben die je niet wilt emboliseren en 

uitbreiding van de portale trombose bij patiënten met chronisch leverlijden. Het gebruik van 

een oplosbaar, reversibel embolisatiemateriaal zou deze problemen kunnen voorkomen. 

Het konijnen VPE-model kan worden gebruikt om de effecten van verschillende reversibele 

embolisatiematerialen voor VPE te evalueren  om de juiste balans te vinden tussen 

absorptie en maximale hypertrofie respons. 

Om meer mensen met primaire levertumoren en colorectale levermetastasen te kunnen 

opereren (wat nog steeds de enige curatieve behandeling is), is het daarnaast wellicht 

nuttig om gecombineerde embolisatie van de vena porta en de arteria hepatica te 

verrichten. Met toekomstige experimenten willen we aantonen dat de gecombineerde 

embolisatie zowel een gunstig effect heeft in de zin van tumorregressie en groei van de 

toekomstige restlever (TRL). 

Een combinatie van HAE en VPE zou mogelijk het gewenste resultaat geven. Gelijktijdige 

HAE en VPE leidt tot massale celnecrose en hierdoor leverfalen. Wanneer er echter een 

tijdsinterval wordt ingelast treedt er geen necrose op. Het is onbekend hoe groot dit 
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tijdsinterval moet zijn. In voorgaande experimenten is het konijnen embolisatiemodel 

(VPE) ontwikkeld en verder verfijnd in ons centrum. Tevens is het VX2 tumor model in het 

konijn opgezet, waarbij VPE kon worden toegepast. Een van de toekomstige doelen is om 

een levertumor model te ontwikkelen om het effect van sequentiële embolisatie van de 

arteria hepatica en de vena porta op de lever te onderzoeken. Hierdoor zal het optimale 

tijdsinterval tussen HAE en VPE worden onderzocht zodat tumorgroei wordt voorkomen 

terwijl er tegelijkertijd een maximale hypertrofie respons ontstaat. 

We veronderstellen dat het onderliggende mechanisme van leverregeneratie tussen VPE 

en lever resectie verschillend is. In een volgend toekomstig onderzoek is het van belang de 

mechanismen van leverregeneratie te onderzoeken na VPE vergeleken met (partiële) lever 

resectie. Dit kan worden uitgezocht door het bepalen van diverse regeneratie markers op 

verschillende tijdstippen na VPE en lever resectie in het VPE-model in het konijn, waarin 

ook lever resectie wordt uitgevoerd. Daarnaast denken we dat de hypertrofie respons 

hoger is na vena porta occlusie in combinatie met in situ resectie (met preservatie van de 

ipsilaterale arteria hepatica) zoals recent is aangetoond in een klinische studie.1 

De voorgestelde onderzoeken zullen meer inzicht verschaffen in de werkingsmechanismen 

van VPE en bijdragen tot een effectiever gebruik van deze interventie bij patiënten die een 

uitgebreide leverresectie moeten ondergaan. Het uiteindelijke doel van dit onderzoek is 

dat patiënten met een levertumor die geen leverresectie kunnen ondergaan wegens een 

te klein deel van de lever dat overblijft, na VPE kunnen worden geopereerd waardoor ze 

toch uitzicht hebben op een curatieve behandeling. 
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Lieve Andrea, bedankt voor al het werk dat je hebt verricht en de vele uren die je hebt 
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Ik wil alle co-auteurs, analisten, biotechnici en radiologie-laboranten bedanken voor hun 

bijdrage aan de totstandkoming van de succesvolle artikelen. 

Nienke en Wilmar, mijn voorgangers, hartelijk dank voor jullie input en ideeën die 

hebben geleid tot dit proefschrift. De onderzoekers van het lab en G4: dank voor alle 

plezierige momenten! Thony en Wietse, ik had me geen betere congres-maatjes kunnen 
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natuur (Tafelberg) en de heerlijke drankjes en steaks die werden geserveerd in diverse 

landen. Wat hebben wij gelachen, en wat heb ik veel van jullie geleerd. Dank voor deze 

leuke momenten. Lieve Matthanja, ook met jou heb ik fantastische, unieke dingen 
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tegenspoed, en weet altijd een goed advies te geven. Naast de feestelijke momenten 
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Voor alle vrienden, collegae, kennissen en aanhang die ik niet heb genoemd in mijn 

dankwoord: dank!

Lieve Roelof-Jan, mijn allerliefste broer. Ik bewonder je om je enorme energie, 

enthousiasme en positieve instelling. Je weet me er door heen te slepen als ik me zorgen 

maak en je maakt mij vrolijk. Ik vind het heerlijk om leuke dingen met je te doen. Dank 

voor je liefde, steun en je geloof in mij. Ik wil, is ik kan! Dat heb ik bewezen.

238



Lieve Aly, Minke en Ymkje, mijn drie grote zussen. Dank voor jullie begrip tijdens deze 

onderzoeksperiode. Het is fijn om ook over niet werk-gerelateerde zaken in het leven na 
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