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General introduction, aims 
and outline of this thesis
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Introduction

Colorectal cancer (CRC) is the third most common cancer worldwide, affecting over 1.3 
million patients annually.1 Approximately 50% of these patients develop colorectal liver 
metastases (CRLM).2 In addition, the incidence of primary liver cancer (hepatocellular 
carcinoma (HCC) and cholangiocarcinoma (CCA)) is also increasing with over 700 
new cases per annum in The Netherlands alone.3 Partial liver resection for hepatobiliary 
tumours is often the only curative treatment option. The regenerative capacity of the 
liver permits the surgical removal of a substantial part of the liver mass. Although liver 
resection provides the best prospect of cure, only 10-30% of patients with CRLM are 
eligible for hepatic surgery.4 Inoperability is mainly caused by patient (co)morbidity and 
future remnant liver volume (RLV) that results from the combination of number and size 
of hepatic tumours. To reduce tumour load and enhance accessibility to curative surgery, 
neoadjuvant chemotherapy can be administered.

Liver regeneration after partial hepatectomy
Liver regeneration following partial hepatectomy is a tightly orchestrated process involv-
ing the spatiotemporal interplay between parenchymal and non-parenchymal cells and 
is driven by multiple signals.5 Immediately after partial liver resection, the total hepatic 
inflow passes through the vascular bed of the smaller remnant liver. Resultant shear stress, 
a relative increase in supply of signalling molecules from the (portal) circulation, and 
growth factors released after remodelling of the extracellular matrix, provide the triggers 
for initiation of liver regeneration. Interleukin 6 and tumour necrosis factor alpha released 
by activated Kupffer cells are important for cell cycle re-entry of normally quiescent hepa-
tocytes, with further cell cycle progression driven by mitogens such as hepatocyte growth 
factor. Proliferation of the various non-parenchymal cell types enables re-establishment of 
the hepatic architecture. Through poorly understood molecular events, liver regeneration 
terminates when the original liver mass and functional capacity have been restored.6

Impaired liver regeneration
During liver regeneration, a minimum amount of remnant liver is required to maintain 
vital liver functions and support regrowth. In a seminal study, almost half of the patients 
with a RLV smaller than 26.6% of the pre-resection value, developed severe hepatic 
dysfunction compared with 1.2% of patients with a larger RLV.2 Consequently, a RLV of 
25–30% is currently used as lower limit in patients with normal liver function, whereas 
a minimum RLV of about 40% is required in patients with impaired liver function.4 
An imbalance between liver volume and quality, with lack of functional recovery after 
(extended) resection, may lead to postresectional liver failure (PLF). PLF is characterized 
by an impaired synthetic, secretory, and detoxifying function of the liver, and accounts for 
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most of the mortality after extensive hepatectomy.1 Five main factors have been recognized 
in the aetiology of PLF. Next to hepatic haemodynamic imbalance, an impaired liver in-
nate immune response, the gut microbiome-gut-liver axis, disturbed bile salt homeostasis 
and background liver dysfunction play an important role in the development of PLF. For 
this thesis, we will only discuss the latter two items.

Unmet hepatic metabolic demand: disturbed bile salt homeostasis
Impaired activity of the canalicular pump(s) involved in bilirubin secretion results in 
intrahepatic accumulation and systemic release of conjugated bilirubin.7 While bilirubin 
is generally not regarded as detrimental to the liver, a more generalized dysfunction of 
canalicular transporters may result in hepatic accumulation of bile salts. Circulating levels 
of bile salts rise as early as one minute after partial hepatectomy in rats,8 and this is shortly 
followed by transient accumulation of bile salts in the liver.9 An important stimulatory 
role for bile salts and their membrane-bound and nuclear receptors in liver regeneration 
is emerging.10 Being biological detergents, excessive intracellular accumulation of bile 
salts, however, causes damage to internal membranes (particularly in mitochondria) of 
the hepatocyte and results in (controlled) cell death and immunological sequela.11 In mice 
with deranged bile salt homeostasis, an otherwise well-tolerated 70% partial hepatectomy 
procedure results in massive hepatocyte necrosis and early mortality.12 Animal studies 
underscore that tight control of (hepatic) bile salt homeostasis is a prerequisite for unim-
peded liver regeneration.12,13

Impaired background liver function
Neoadjuvant chemotherapy is widely used for downstaging of CRLM, enabling subse-
quent surgical tumour removal. Chemotherapy-associated liver injury (CALI) is often 
reported in patients with CRLM and appears to be regimen specific. Oxaliplatin is central 
in most currently used regimens and is considered the main causative agent for develop-
ment of sinusoidal obstruction syndrome (SOS) and nodular regenerative hyperplasia, 
whereas irinotecan has been associated with the development of chemotherapy-associated 
steatohepatitis. SOS is seen in up to 80% of patients undergoing oxaliplatin-based che-
motherapy,14 and is characterized by injury of endothelial cells, parenchymal damage, and 
(fibrotic) venular lesions. Although exact mechanisms are unclear, a diminished preopera-
tive functional reserve and longer hospital stay after major hepatectomy were reported 
in patients with sinusoidal dilatation.15 The effect of CALI on development of PLF is 
uncertain.16,17

Preoperative assessment of liver volume and function
Both assessment of liver volume and quality is mandatory to predict postoperative func-
tional reserve. Methods for measurement of RLV range from 2D volumetry on computed 
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tomography, to perioperative 3D modelling. Computational software allows the radiolo-
gist or surgeon to delineate the liver manually or automatically on all CT or MRI sections, 
thereby allowing calculation of liver volume.18,19

Liver function can be estimated by preoperative serum tests, breath tests and imaging. 
Hepatic secretory, synthetic, and detoxifying functions and liver damage are indicated by 
serum bilirubin, INR, ALT, AST, ammonia, and various metabolites. Metabolic liver func-
tion testing can be performed with the LiMAx test and the indocyanine green clearance 
rate (ICGR-15). Imaging techniques used in the clinic include 99mTc-labeled GSA liver 
scintigraphy, 99mTc-mebrofenin hepatobiliary scintigraphy with SPECT, and gadolinium-
enhanced MRI using Gd-EOB-DTPA.

Postoperative detection of PLF
Several risk scores have been developed to detect liver failure postoperatively. Hyper-
bilirubinemia is included in all currently used definitions of PLF. The ‘50-50 criteria’ 
predict a 59% risk on early postoperative mortality if systemic bilirubin rises above 50 
μmol/L and prothrombin time decreases below 50% on postoperative day 5.20 The ‘peak 
bilirubin criterion’ defines PLF as a bilirubin level above 120 μmol/L within 90 days after 
major hepatectomy, and has a positive predictive value of 33% for liver-related death 
in non-cirrhotic patients.21 The definition of PLF developed by the International Study 
Group of Liver Surgery encompasses bilirubin elevation (according to local criteria) on or 
after postoperative day 5, and grades PLF based on international normalized ratio (INR) 
derangement.22 Postoperative mortality in PLF grade A (INR <1.5), B (INR ≥1.5 and 
<2.0) and C (INR ≥2.0) was 0%, 12%, and 54%, respectively.

Once PLF is detected, only symptomatic treatment can be provided. Preoperative preven-
tion of PLF is therefore of uttermost importance.

Prevention of PLF - Surgical targeting
Hypertrophy-inducing procedures and surgical adaptations should be performed if the 
RLV is expected to be <25% in patients without liver disease and <35-40% in patients 
with impaired liver function.23 In general, portal vein embolization enlarges the RLV with 
approximately 30-40% and improves eligibility for hepatectomy by 20%.24 A recently 
described method is combined preoperative portal and hepatic vein embolization (bi-
embolization), which induces more hypertrophy (51%) than portal vein embolization 
before major liver resection with no more morbidity.25 The two-staged hepatectomy is 
an excellent method to increase RLV and consequently achieve curation in patients with 
bilobar tumours, who are not deemed resectable in a single attempt. PVL concurrent 
with two-staged hepatectomy resulted in an RLV gain of about 40% after eight weeks. 
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The recently developed associating liver partition and portal vein ligation for staged hepa-
tectomy (ALPPS) procedure is based on the same principle as two-staged hepatectomy, 
albeit that during the first stage in ALPPS the liver is split in situ combined with portal 
vein ligation, and the second stage consists of removal of the embolized ligated lobe 7-14 
days later.26 An astonishing average hypertrophy rate of 80% can be achieved with this 
procedure, creating a curative opportunity for initially non-resectable patients who have 
insufficient (predicted) hypertrophy on portal vein embolization.27 Although ALPPS is 
currently performed in all liver backgrounds, histological changes comprising fibrosis, 
steatosis, and chemotherapy-related alterations resulted in lower hypertrophy rates and 
considerate morbidity and mortality.27 It should therefore be used with caution. In chole-
static liver, the procedure is advised against.

Targeting molecular receptors
In recent years, bile salts have emerged as important signalling molecules in liver regenera-
tion (LR). The nuclear bile salt receptor Farnesoid X Receptor (FXR) may be an attractive 
therapeutic candidate, through effects on hepatic haemodynamics, bile salt and lipid ho-
meostasis, hepatic inflammation, and hepatocellular proliferation. Being the key regulator 
of hepatic bile salt homeostasis, genetic disruption of Fxr in mice resulted in mortality 
and delayed liver regeneration after partial hepatectomy.12 Conversely, activation of Fxr 
by its endogenous ligands (i.e. bile salts) or synthetic agonists enhanced liver regeneration 
in hepatectomized mice.12 Furthermore, the FXR-regulated enterokine FGF19 improved 
bile salt homeostasis and reduced mortality in an extended hepatectomy mouse model 
of acute liver failure.12 FXR agonists (as well as an engineered FGF19 variant) undergo 
current clinical evaluation, and already showed efficacy in halting fibrotic progression in 
NASH patients.28

Aims of this thesis

The central aim of this thesis was to study determinants of and interventions on postresec-
tional liver (dys)function after partial hepatectomy for liver cancer. This was subdivided 
into three specific research areas; 1) to study the impact of chemotherapy-associated 
liver injury on morbidity and mortality after partial hepatectomy for liver cancer, 2) to 
investigate current and future (functional) endpoints to define and detect postresectional 
liver failure, and 3) to examine the role of bile salts and nuclear FXR agonism in (the 
prevention of ) liver failure and acceleration of postresectional liver regeneration.
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Outline of this thesis

Postresectional liver failure is a feared complication in patients after partial hepatectomy. 
In Chapter 2 we review the pathophysiology, prediction, and prevention of PLF. The 
majority of patients undergoing partial hepatectomy for CRLM receive preoperative 
chemotherapy to reduce tumour load. Chemotherapy-induced liver injury is a histopatho-
logical entity that occurs in up to three quarters of patients who receive chemotherapy 
for CRLM. In Chapter 3 we assess current literature on the influence of chemotherapy-
associated sinusoidal dilatation on short-term complications in patients who underwent 
partial hepatectomy for CRLM. We noted that the current body of literature falls short on 
comparable inclusion criteria, histological assessment, and study endpoints. To overcome 
this shortcoming, we developed a collaborative database with individual participant data 
consisting of multiple, international data cohorts. In Chapter 4 we elaborate further on 
the influence of chemotherapy-associated liver injury (sinusoidal dilatation, steatosis, and 
steatohepatitis) on short-term outcome in patients undergoing partial hepatectomy for 
CRLM in an individual participant data analysis.

Although the safety of liver surgery has improved tremendously, hepatic surgery con-
tinues to face challenging complications. The conduct of randomized controlled trials 
in liver surgery using dichotomous outcomes requires a large sample size. In part II, 
we focus on surrogates to detect postresectional liver dysfunction. The use of surrogate 
endpoints (SEPs) reduces sample size but SEPs should be validated before use. In Chapter 
5 we investigate currently used SEPs in liver surgery trials. One of the main definitions 
of PLF is the occurrence of a bilirubin level >120 µmol/L within 90 days after partial 
hepatectomy. In Chapter 6 we validate this criterion as a risk indicator for postresectional 
morbidity and liver-related mortality. Lastly, we focused on preoperative determination of 
liver function to prevent PLF. In chapter 7 we challenged the liver of patients with CRLM 
with acetaminophen to test potential of ophthalmic acid level as a prediction read-out to 
evaluate preoperative liver function.

Despite pre- and postoperative measures to prevent PLF, it is still the most common 
cause of mortality after partial hepatectomy. Once fulminantly present, only supportive 
life care can be given. Animal models mimicking the human situation would allow us 
to evaluate pharmacological options to prevent or overcome PLF and are described in 
part III of this thesis. In this part, we focused on the role of bile salts in liver regenera-
tion and postresectional liver dysfunction. Although bile salts seem required for proper 
postresectional liver regeneration, a tight control of intracellular levels seems indispensable 
as shown by increased morbidity and mortality in rodent models with an overload of bile 
salts. First, we developed a rodent model with a deranged bile salt homeostasis to mimic 
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PLF (Chapter 8). FGF19, which is induced upon bile salt stimulation of FXR, has been 
recognized as a potent mitogen and regulator of bile salt homeostasis. In Chapter 9 we 
hypothesize that improvement of bile salt homeostasis via FXR-agonism accelerates liver 
regeneration after partial hepatectomy in rodent models. Chapter 10 summarizes our 
findings and encompasses future perspectives and implications.
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Summary

Hepatic failure is a feared complication that accounts for up to 75% of mortality after 
extensive liver resection. Despite improved perioperative care, the increasing complexity 
and extensiveness of surgical interventions, in combination with an expanding number 
of resections in patients with compromised liver function, still results in an incidence 
of postresectional liver failure (PLF) of 1–9%. Preventive measures aim to enhance fu-
ture remnant liver size and function. Numerous non-invasive techniques to assess liver 
function and predict remnant liver volume are being developed, along with introduction 
of novel surgical strategies that augment growth of the future remnant liver. Detection 
of PLF is often too late and treatment is primarily symptomatic. Current therapeutic 
research focuses on ([bio] artificial) liver function support and regenerative medicine. In 
this review we discuss the current state and new developments in prediction, prevention, 
and management of PLF, in light of novel insights into the aetiology of this complex 
syndrome.

Introduction

Partial liver resection for hepatobiliary tumours is relatively safe and often the only cura-
tive treatment option. The unequalled capacity of the liver to regenerate and restore its 
functionalities permits the surgical removal of a substantial part of the liver mass. However, 
postresectional liver failure (PLF) occurs in up to 9% of patients and remains the main 
cause of postoperative mortality.1,2 PLF has a subacute course, and an inadequate func-
tional reserve of the remnant liver is central in its aetiology. Insufficient hepatic secretory 
capacity is reflected by hyperbilirubinemia, whereas decreased synthetic and detoxifying 
functions can manifest as coagulopathy and hepatic encephalopathy.1 Hyperbilirubinemia 
is included in all currently used definitions of PLF. The ‘50–50 criteria’ predict a 59% 
risk on early postoperative mortality if systemic bilirubin rises above 50 μmol/L and 
prothrombin time decreases to 50% on postoperative day 5.3 The ‘peak bilirubin criterion’ 
defines PLF as a bilirubin level above 120 μmol/L within 90 days after major hepatec-
tomy, and has a positive predictive value of 33% for liver-related death in non-cirrhotic 
patients.4 The definition of PLF developed by the International Study Group of Liver 
Surgery encompasses bilirubin elevation (according to local criteria) on or after postopera-
tive day 5, and grades PLF based on international normalized ratio (INR) derangement.5 
Postoperative mortality in PLF grade A (INR <1.5), B (INR >1.5 and <2.0) and C (INR 
>2.0) was 0%, 12%, and 54%, respectively.5 In order to provide a comprehensive overview 
of this syndrome, no specific definition was selected for this review.
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Liver regeneration after partial liver 
resection

Liver regeneration following partial hepatectomy is a tightly orchestrated process involv-
ing the spatiotemporal interplay between parenchymal and non-parenchymal cells and is 
driven by multiple signals (see for detailed reviews references 6 and 7). First, immediately 
after partial liver resection, the total hepatic inflow passes through the vascular bed of 
the smaller remnant liver. Resultant shear stress, a relative increase in supply of signalling 
molecules from the (portal) circulation, and growth factors released after remodelling of 
the extracellular matrix, provide the triggers for initiation of liver regeneration. Interleu-
kin 6 and tumour necrosis factor alpha released by activated Kupffer cells are important 
for cell cycle re-entry of normally quiescent hepatocytes, with further cell cycle progres-
sion driven by mitogens such as hepatocyte growth factor. Proliferation of the various 
nonparenchymal cell types enables re-establishment of the hepatic architecture. Through 
poorly understood molecular events, liver regeneration terminates when the original liver 
mass and functional capacity have been restored.

Aetiology of postresectional liver failure

During liver regeneration, a minimum amount of remnant liver is required to maintain vi-
tal liver functions and support regrowth. In a seminal study almost half of the patients with 
a remnant liver volume (RLV) smaller than 26.6% of the pre-resection value, developed 
severe hepatic dysfunction compared with 1.2% of patients with a larger RLV.2 Conse-
quently, a RLV of 25–30% is currently used as lower limit in patients with normal liver 
function, whereas a minimum RLV of about 40% is mandatory in patients with impaired 
liver function.8 Five main factors have been recognized in the aetiology of PLF (Figure 1).

Hepatic haemodynamic imbalance
PLF shares features of the small-for-size syndrome that occurs in the setting of (partial) 
liver transplantation. Portal hyperperfusion of the remnant liver results in adaptive reduc-
tion of arterial blood flow through activation of the hepatic arterial buffer response (see 
reference 9 for a detailed review). While increased perfusion and resultant shear stress 
are instrumental in initiating the regenerative cascade, portal hyperperfusion and arterial 
hypoperfusion may have deleterious effects on postoperative recovery of liver function.9 
Increased portal flow and pressure after major hepatectomy increased the risk for PLF 
in non-cirrhotic patients.10 In patients undergoing partial liver transplantation, post-
reperfusion portal hypertension resulted in sinusoidal damage and reduced levels of nitric 
oxide, a signal molecule engaged in the initiation of liver regeneration.11
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Unmet hepatic metabolic demand: disturbed bile salt homeostasis
Impaired activity of the canalicular pump(s) involved in bilirubin secretion results in 
intrahepatic accumulation and systemic release of conjugated bilirubin.12 While bilirubin 
is generally not regarded as detrimental to the liver, a more generalized dysfunction of 
canalicular transporters may result in hepatic accumulation of bile salts. Circulating levels 
of bile salts rise as early as one minute after partial hepatectomy in rats,13 and this is shortly 
followed by transient accumulation of bile salts in the liver.14 An important stimulatory 
role for bile salts and their membrane-bound and nuclear receptors in liver regeneration 
is emerging.15 Being biological detergents, excessive intracellular accumulation of bile 
salts, however, causes damage to internal membranes (particularly in mitochondria) of 
the hepatocyte and results in apoptosis.16 In mice with deranged bile salt homeostasis, 
otherwise well-tolerated 70% partial hepatectomy results in massive hepatocyte necrosis 
and early mortality.17 Animal studies underscore that tight control of (hepatic) bile salt 
homeostasis is a prerequisite for unimpeded liver regeneration.17,18

Impaired liver innate immune defence
Liver regeneration after partial hepatectomy involves activation of the livers’ innate im-
mune system.19 Innate immune receptors of the Toll-like receptor family that recognize 
bacterial products, and downstream (adaptor) proteins that relay the signal intracellularly, 
are engaged in this activation step.20 Liver-resident macrophages not only play an important 

Figure 1. Aetiology of postresectional liver failure

The altered blood-to-liver volume ratio causes elevated portal pressure and resultant shear stress and sinusoidal endothelial injury. 
Although Kupffer cells are activated, activity in the liver remnant is inadequate to initiate and/or maintain the innate immune 
response that drives postresectional liver regeneration. Combined with increased enteric bacterial translocation, the infectious risk 
is increased. Impaired canalicular secretion of bile salts results in intrahepatic accumulation and subsequent hepatocellular injury. 
In case of venous reconstruction, impaired hepatic outflow can result in hepatic venous congestion. Lastly, livers with compromised 
function due to chronic liver diseases are more vulnerable to perioperative ischemic reperfusion injury, as reflected in impaired 
recovery of postoperative liver function
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role in the regenerative response after liver resection by producing priming factors, they 
also clear portal endotoxins and eliminate translocated bacteria,21 thus limiting exposure 
of hepatocytes to (pro-apoptotic) lipopolysaccharide (LPS) and preventing systemic infec-
tion.22 Following resection, adequate numbers of Kupffer cells should remain to preserve 
these essential functions. The risk of infection increases with the extent of resection, and 
the majority of patients with hepatic dysfunction also develops infectious complications.2 
Cytokine release by activated Kupffer cells is hampered after major liver resection.22 Like-
wise, impaired phagocytic activity of the reticuloendothelial system is observed after major 
resection,23 and this likely contributes to increased infectious risk.2

Gut microbiome-gut-liver axis
An emerging concept is that the gut microbiota modulates the regenerative ability of 
the liver (reviewed in reference 24). This is likely to involve interactions between the gut 
microbiome and host metabolism, effects of the gut microbiota on bile salt physiology, as 
well as effects of bacterial endotoxins.24,25 Bile salts exert direct antimicrobial activity and 
shape the composition of the gut flora. Conversely, certain microbial strains can convert 
the host’s primary bile salts into secondary species, thus affecting the signalling proper-
ties of bile salts. This again can impact host metabolism, bile salt homeostasis, and liver 
regeneration.26-28 As discussed above, activation of the innate immune response in the liver 
is important for liver regeneration after partial hepatectomy, and microbial products in-
cluding LPS are implicated in Kupffer cell activation.29 Failure of gut-derived endotoxins 
to reach the liver resulted in impaired DNA synthesis in replicating hepatocytes, likely 
through reduced production of priming factors.30 On the other hand, excessive levels of 
endotoxin can impair liver regeneration and cause mortality after extended hepatectomy.

Impaired background liver function
Impaired liver quality plays a pivotal role in PLF and is frequently present in patients 
that undergo partial hepatectomy for the three most common indications: colorectal 
cancer liver metastasis (CRLM), hepatocellular carcinoma (HCC) and cholangiocarci-
noma (CCA). Four types of liver pathology are related to these hepatobiliary tumours, 
viz. chemotherapy-associated liver injury, fatty degeneration, fibrotic progression, and 
cholestasis.

Chemotherapy-associated liver injury (CALI)
Neoadjuvant chemotherapy is widely used for downstaging of CRLM. Oxaliplatin 
is central in most currently used regimens and is considered the main causative agent 
for development of sinusoidal obstruction syndrome (SOS) and nodular regenerative 
hyperplasia (NRH), whereas irinotecan has been associated with the development of 
chemotherapy-associated steatohepatitis. SOS is seen in up to 80% of patients undergo-
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ing oxaliplatin-based chemotherapy,31 and is characterized by injury of endothelial cells, 
parenchymal damage, and (fibrotic) venular lesions. Sinusoidal dilatation (SD) is the most 
common manifestation of SOS in the grading system of Rubbia-Brandt et al.31

Although exact mechanisms are unclear, a diminished preoperative functional reserve and 
longer hospital stay after major hepatectomy were reported in patients with SD.32 The ef-
fect of SD on development of PLF is uncertain. Studies indicate no effect, or an incidence 
of PLF in up to 21% of patients with moderate to severe SD after major hepatectomy 
(0–4.2% in patients with absent or mild SD).33,34 Rodent models using monocrotalin or 
oxaliplatin to induce SOS revealed impairment of liver regeneration and induction of liver 
injury following partial hepatectomy.35 This was accompanied by less pronounced induc-
tion of hepatic mitogens, reduced liver volume recovery, enhanced hepatocellular necrosis 
and higher serum alanine aminotransferase (ALT) and bilirubin levels.35,36 Bevacizumab, a 
monoclonal antibody directed against vascular endothelial growth factor A, decreased the 
incidence of SD in patients that received oxaliplatin-based chemotherapy.37 Downregula-
tion of matrix metallopeptidase-9, a fibrotic remodelling factor involved in perisinusoidal 
extracellular matrix breakdown, may be accountable.38

SD is a histological diagnosis and can be detected by biopsy, however the false-negative 
classification is high due to the spatial heterogeneity of its manifestation.34 Surrogate 
measures are biochemical assessment, functional tests, imaging and spleen size measure-
ment. Increased aspartate aminotransferase (AST) and alkaline phosphatase (ALP) levels 
can point to SD but are non-specific. An indocyanine green retention rate after 15 min 
(ICG-R15) >10% and the preoperative AST-to-platelet-ratio index (APRI) are both 
independently associated with the presence of SD.32,33 Patients with SD often have an 
increased spleen volume,39 with an increase of 30% reported to be predictive of SD.40 
Another typical SD-related abnormality seen in imaging is reticular hypointensity that 
presumably reflects locally impaired Kupffer cell function.41 Superparamagnetic iron 
oxide-enhanced MRI can detect moderate to severe SD,41 but gadoxetic acid enhanced 
MRI seems superior with a specificity of 96–100% on hepatobiliary phase images.42

A second histological characteristic of SOS is NRH, which is observed in over 24% of 
patients after oxaliplatin-based chemotherapy.38 NRH is characterized by diffuse trans-
formation of liver parenchyma into regenerative nodules that compress the surrounding 
parenchyma, and is graded according to Wanless et al.43 NRH probably arises due to 
changes in intrahepatic sinusoidal or portal blood flow.43 The incidence of PLF is in-
creased in patients with NRH, even rising to 25% after major hepatectomy in patients 
with moderate to severe NRH.44 Furthermore, coexistence of NRH with moderate to 
severe SD has been noted.44 Since SD, in contrast to NRH, was no indisputable risk 
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indicator for postoperative outcome, it was suggested that NRH is the true determinant of 
poor short-term outcome after liver resection. Although the mechanism is not elucidated, 
hepatic injury, portal hypertension and a lower platelet count may predispose to PLF.45 
A decreased platelet count combined with elevated ALP, gamma-glutamyl transferase 
(GGT), and total bilirubin levels can be found in NRH.46 APRI can predict NRH.44 
Percutaneous or transjugular liver biopsy with hepatic venous pressure gradient measure-
ment may be used as a diagnostic tool, but should solely be applied in selected high-risk 
patients.44 Reversibility of histological features is uncertain and bevacizumab seems to 
protect against development of NRH.38

Chemotherapy-associated steatohepatitis
Irinotecan is associated with chemotherapy-induced steatohepatitis with a widely ranging 
incidence reported in literature,47 and steatohepatitis after irinotecan was proved to in-
crease the risk of death from PLF.48 Histopathological findings, prediction and prevention 
will be discussed below in conjunction with steatosis/steatohepatitis.

Non-alcoholic fatty liver disease and non-alcoholic steatohepatitis
The prevalence of non-alcoholic fatty liver disease (NAFLD) in the adult Western popula-
tion is approximately 20–30% and around 3–5% of adults are estimated to have non-
alcoholic steatohepatitis (NASH)49. Despite lack of absolute consensus,50,51 steatosis and 
NAFLD seem to be risk factors for PLF and higher overall postoperative morbidity and 
mortality.2,52,53 Rodent models show that vulnerability of the steatotic liver may be due to 
reduced tolerance against ischemic injury caused by decreased perfusion of the liver.54 In 
addition, mitochondrial dysfunction in NAFLD results in impaired ATP synthesis, while 
Kupffer cell dysfunction increases reactive oxygen production which causes hepatocellular 
injury.54,55 In the steatotic liver the ability of hepatocytes to regenerate after major tissue 
loss is impaired.56 Multiple pathways contribute to unresponsiveness of fatty hepatocytes 
to regenerative stimuli, and subsequent cell cycle arrest.57 Furthermore, cell cycle tran-
sition may be negatively affected by disturbed energy homeostasis in the fatty liver.55 
Biopsy remains the most reliable method for assessment of NAFLD but is increasingly 
replaced by non-invasive alternatives due to a small risk for complications and sampling 
errors.58,59 Non-invasive methods consist of functional liver tests, breath tests, imaging, 
and biomarkers that assess steatosis and fibrosis. Most patients with NAFLD have normal 
liver function tests, however some have elevated ALT, AST, GGT, and/or serum ferritin. 
Ultrasonography is still the imaging modality of choice in patients with >33% parenchy-
mal steatosis, but its accuracy decreases in obese patients.60 Magnetic resonance (MR) 
imaging (MRI) and MR spectroscopy directly quantify fat and outperform computed 
tomography (CT) and ultrasonography for prediction of steatosis when fat content is 
>5.5%.61 Transient elastography (TE) and MR elastography (MRE) indicate fibrosis by 
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measuring liver stiffness. TE predominantly detects cirrhosis,62 and MRE can distinguish 
advanced from mild fibrosis.63 Especially TE is easily applied in clinic but its use is limited 
by obesity, although utilization of an XL-probe improves accuracy in obese patients.64 
Simultaneous measurement of steatosis and fibrosis can be accomplished by integration of 
the controlled attenuation parameter in TE or acoustic radiation force impulse in a con-
ventional ultrasonography machine.65,66 Serum fibroblast growth factor 21 (Fgf21) and 
cytokeratin 18 are biomarkers that can discriminate between NASH and NAFLD,67,68 and 
NAFLD, NASH and fibrosis.67,68 The fibrosis-4 score showed a negative predictive value 
of 98% for detecting patients without advanced fibrosis.69 Other combined parameters 
that assess hepatic fibrosis are the APRI, FibroMeter NAFLD, NAFLD fibrosis score, and 
BARD score.70–73

Fibrosis and cirrhosis
Hepatic fibrosis is mainly present in patients undergoing partial liver resection for HCC 
and is mostly caused by progression of steatosis or related to chronic viral hepatitis.74 
In the past, the decreased regenerative capacity of the fibrotic liver increased the risk of 
PLF and caused postoperative mortality rates of around 15%.75 Present mortality rates 
have declined to 0–5% due to advances in preoperative liver function assessment and 
strict patient selection74 (Figure 2). Little is known about the influence of fibrosis on PLF. 
Regeneration of the fibrotic liver is suggested to be a progenitor cell-mediated process, 
in contrast to replication of existing mature hepatocytes in the non-compromised liver.76 
Animal studies indicate that impaired regeneration and subsequent hepatic dysfunction 
following partial liver resection are due to inefficient induction of cell cycle transition 
mediators, hepatocyte necrosis, and a pronounced fibrogenic response.76,77 Enhanced 
bacterial translocation and decreased innate and adaptive immune system activity add to 
vulnerability of the fibrotic liver as shown in animal and human studies.78 For diagnostic 
purposes, percutaneous biopsy is increasingly replaced by four-pass transjugular biopsy,79 
which provides the advantage of concurrent measurement of the hepatic venous pressure 
gradient (HVPG). Class I biomarkers (e.g., AST) reflect activity of fibrogenesis, whereas 
class II biomarkers (e.g., APRI) correlate with fibrosis.80 TE is the most applied technique 
but shows low accuracy in patients with obesity or ascites.81

Both TE and acoustic radiation force impulse have high accuracy for assessment of cirrho-
sis.81 Additionally, multiple combination serum tests, such as the FibroTest, Hepascore, 
and FibroMeter, are used with or without TE.82 Gadolinium-enhanced MRI is promising 
as it showed significant signal intensity differences between patients with and without fi-
brosis.83 Two preoperative parameters that directly predict development of PLF in patients 
with cirrhosis are an RLV-to-body weight ratio <1.4%84 and the change in portal venous 
pressure.85 Furthermore, whereas portal hypertension ought to be a contraindication for 
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Figure 2. Flow chart for decision-making in liver surgery

5’,5’-nucleotidase; AFRI, acoustic radiation force impulse imaging; ALP, alkaline phosphatase; ALPPS, associating liver partition 
and portal vein ligation for staged hepatectomy; ALT, alanine transaminase; AOS, arterial oxygen saturation; AST, aspartate trans-
aminase; BAL, bio-artificial liver; bili, total bilirubin; BD, bile duct; BMI, body mass index; BS, bile salts; C18, cytokeratin 18; 
CALI, chemotherapy-associated liver injury; CASH, chemotherapy-associated steatohepatitis; CP, Child-Pugh; CPV, central venous 
pressure; CRLM, colorectal liver metastases; CT, computed tomography; Ctx, chemotherapy; CVOS, central venous oxygen satu-
ration; EOB, gadoxetic acid-enhanced; ERCP, endoscopic retrograde cholangiopancreatography; Fgf21, fibroblast growth factor 
21; GGT, gamma-glutamyl transferase; HCC, hepatocellular carcinoma; HCT, haematocrit; HE, hepatic encephalopathy; I/R, 
ischemia-reperfusion injury; ICG, indocyanine green clearance; IM, imaging; INR, international normalized ratio; ISGLS, Inter-
national Study Group of Liver Surgery; Lab, laboratory findings; Ltx, liver transplantation; MAP, mean arterial pressure; MARS, 
molecular absorbent recirculation system; MBS, metabolic syndrome; MR, magnetic resonance imaging; MRCP, magnetic reso-
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hepatic resection in patients with HCC, a recent study on the relationship between the 
HVPG and the development of PLF found that even in patients with a pressure gradient 
≥10 mmHg, one-quarter of the patients experienced an uneventful postoperative course.86

Cholestasis
Obstructive cholestasis is characterized by retention of biliary constituents and a ductular 
reaction, and upon longer duration by hepatocyte degeneration, bile salt stasis, and pro-
gression of the ductular reaction to biliary fibrosis.87 Patients with perihilar CCA often 
present with jaundice, weight loss, and cholangitis, whereas intrahepatic CCA is frequently 
associated with a silent clinical course and general symptoms such as malaise and loss of 
appetite resulting in late detection.88 After extensive resection for perihilar CCA, PLF 
is seen in up to 30% of patients and mortality occurs in around 8–12% of patients,89,90 
possibly due to a combination of cholangitis and a small RLV.91 A complication rate 
of up to 38% is reported after surgical removal of intrahepatic CCA, with few patients 
developing PLF and a mortality rate of approximately 1%.92 Animal studies suggest that 
biliary dilatation caused by distal obstruction compresses the portal triad resulting in a 
decreased portal flow with subsequent compensatory increased arterial flow in combina-
tion with portosystemic shunting (reviewed in reference 93). Additionally, the interrupted 
enterohepatic circulation, lower expression of proliferative mediators in the priming and 
early phase of regeneration, and toxic bile-associated hepatocyte apoptosis, add to defec-
tive regeneration after partial resection of the obstructed liver in rodents.93 A significant 
suppression of mitotic indices and lower hepatic weight gain after partial hepatectomy is 
observed in cholestatic rats.94 Furthermore, animal studies provided evidence for enhanced 
susceptibility to post-ischemic reperfusion injury in cholestatic rats.95 The detrimental role 
of Kupffer cells in cholestatic injury is demonstrated by amelioration of injury in bile 
duct-ligated mice with prior depletion of Kupffer cells.96 Moreover, an excessive inflam-
matory response through pro-inflammatory cytokine production led to deterioration of 
hepatic function after bile duct ligation, resulting in enhanced susceptibility to infection.97 
Jaundiced patients undergoing laparotomy additionally showed significantly more bacte-
rial translocation.98 This is in line with the high clinical incidence of postoperative infec-
tious complications in cholestatic patients undergoing partial hepatectomy.90 Obstructive 
cholestasis is biochemically characterized by elevated serum bilirubin, ALP and GGT 
levels.99 Inflammatory parameters are elevated in case of acute cholangitis.100 Imaging of 

nance cholangiopancreatography; MRE, magnetic resonance elastography; NAFLD, non-alcoholic fatty liver disease; NASH, non-
alcoholic steatohepatitis; NRH, nodular regenerative hyperplasia; PA, pathology; PCWP, pulmonary capillary wedge pressure; plat, 
platelets; PLI, postoperative liver insufficiency; POD, postoperative day; PT, prothrombin time; PTBD, percutaneous transhepatic 
biliary drainage; PVE, portal vein embolization; Re-PVE, recurrent portal vein embolization; RFA, radiofrequency ablation; SPIO, 
superparamagnetic iron oxide-enhanced; SV, splenic volume; TE, transient elastography; US, ultrasonography. ^Barcelona clinic 
criteria ∗Resection criteria are expanded and presumably differ between centres; †in case of bleeding; ‡only tested pre-clinically or 
in acute liver failure/acute-on-chronic liver failure
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cholestatic parenchyma using ultrasonography, CT or MR cholangiopancreatography is 
not focused on assessing quality but on detection of dilated intrahepatic bile ducts.

Assessment of liver volume and function

Both assessment of liver volume and function is mandatory to predict postoperative 
functional reserve. Methods for measurement of future RLV range from 2D volumetry 
on computed tomography, to perioperative 3D modelling. Computational software al-
lows manual or automatic delineation of the liver on all CT or MRI sections, thereby 
allowing calculation of liver volume.101,102 Liver function can be estimated by preoperative 
biochemistry, breath tests and imaging. Hepatic secretory (bilirubin), synthetic (INR) and 
detoxifying (ammonia) functions and liver damage (ALT, AST) are evaluated by clinical 
chemistry. Metabolic liver function testing can be performed with the LiMAx test and the 
indocyanine green clearance rate (ICGR-15).11,12 The LiMAx test measures metabolism 
of intravenously injected 13C-labeled methacetin in exhaled breath. Imaging techniques 
used in clinic include 99mTc-labeled galactosyl serum albumin (GSA) liver scintigraphy, 
99mTc-mebrofenin hepatobiliary scintigraphy with single-photon emission computed 
tomography (SPECT), and gadolinium enhanced MRI using gadolinium ethoxybenzyl 
diethylenetriamine pentaacetic acid (Gd-EOB-DTPA).103–105 Impaired enhancement 
of labelled contrast indicates decreased hepatic uptake and reflects compromised liver 
quality. Liver enhancement in gadolinium-enhanced MRI shows good correlation with 
regional liver function and offers the advantage of simultaneous diagnostic evaluation and 
functional assessment.104

Prevention of postresectional liver 
failure

Prevention of PLF consists of four principles: optimizing preoperative liver function, 
enlarging RLV, limiting hepatic haemodynamic disbalance and providing optimal peri-
operative care.

(Pre-)clinical methods of preoperative liver optimization
The liver of patients with SOS is in a prothrombotic state as reflected by upregulation of 
plasminogen activator inhibitor-1, Von Willebrand factor and factor X.106 The fibrinolytic 
agent defibrotide is administered in bone marrow transplant recipients for treatment 
of SOS,107 and might be beneficial in chemotherapy-related SOS as well. Anti-platelet 
therapy such as aspirin seems to protect against oxaliplatin-induced SOS in patients.108 
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Oxaliplatin is conjugated to glutathione and subsequently excreted from the cell, which is 
the probable cause of reduced hepatic glutathione levels seen in SOS.106 Supplementation 
of antioxidant therapy (hydroxyanisole) or flavonoids reduced the severity of sinusoidal 
injury in rodents.106,109 This effect has not yet been confirmed in humans. Chemotherapy-
free interval prior to liver resection may reverse SOS, as suggested by a longer period since 
the last cycle of chemotherapy in patients without histological evidence of SD at the time 
of liver resection.32 On the other hand, hepatic sinusoidal lesions and even progression 
of fibrosis are reported up to several months after cessation of chemotherapy.31 Portal 
hypertension can be diminished by perioperative splenic artery ligation in patients with 
severe NRH and portal hypertension, and might decrease postoperative morbidity.110 
Liver steatosis can be reduced by a preoperative very-low calorie diet, as has been shown in 
potential liver transplant donors.111 Less steatosis and steatohepatitis was observed in pa-
tients with one week of calorie restriction prior to resection for benign or malignant liver 
disease, compared to ad lib fed patients.112 However, despite less intraoperative blood loss 
in the diet group, no effect was seen on postoperative complications in this patient group. 
Optimization of liver function in patients with cirrhosis has not yet been attempted, how-
ever, platelet infusion may be an option. Thrombocytopenia in cirrhosis may be caused by 
a decrease in (hepatic) thrombopoietin production and systemic removal of platelets in the 
spleen.113 Platelets have a stimulatory effect on liver regeneration,114 and platelet infusion 
might provide an option for preoperative optimization. The preventive role of preoperative 
biliary drainage in obstructive cholestasis is uncertain. Internal (stenting via endoscopic 
retrograde cholangiopancreatography, ERCP) or external (percutaneous transhepatic bili-
ary drainage, PTBD) drainage in pancreatic head cancer patients has been shown to have 
no benefits on surgical outcome and induced drainage-related complications,115 whereas 
its role in proximal malignant bile duct obstruction is inconclusive. Preoperative improved 
secretory liver function, improved postoperative liver regeneration, and a reduction of 
mortality after right hemihepatectomy were reported,116 but this could not be reproduced 
by others.117,118 Drainage-related complications such as cholangitis and haemorrhage are 
seen in up to 33% of patients.116 Especially infectious complications are more frequent 
after ERCP stenting,119 whereas PTBD causes interruption of the enterohepatic cycle and 
impairment of liver regeneration.15 Bile salt reinfusion during PTBD had beneficial effects 
on postoperative liver function.120

Enlarging of future remnant liver volume
Hypertrophy-inducing procedures and surgical adaptations should be performed if the 
RLV is expected to be <25% in patients without liver disease and <35–40% in patients 
with impaired liver function.8 In general, portal vein embolization (PVE, Figure 3) en-
larges the RLV with approximately 35–40% and improves eligibility for hepatectomy 
by 20%.1 In less than 5% of patients the hypertrophic response following PVE is in-
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adequate.121 Major PVE-related complications occur in approximately 2.5% of patients 
and include intraabdominal abscess, liver hematoma, and backflow of embolization 
material.121 A recent meta-analysis comparing PVE with ligation of the portal vein (PVL) 
showed comparable preoperative hypertrophic responses and postoperative morbidity.122 
New developments exist of polyvinyl alcohol particles with plugs or coils as embolizing 
materials, and have resulted in lower recanalization rates, enhanced hypertrophy, and a 
decreased occurrence of PLF.123 Disease progression after PVE occurs in up to 66% of 
patients, and is likely due to increased arterial flow to the embolized lobe and/or waiting 
period to surgery.124 The interval between PVE and surgery should therefore be as short as 
possible but not less than 2–3 weeks.124 Post-PVE chemotherapy before resection may halt 
disease progression without affecting subsequent liver regeneration.125 PVE is commonly 
performed after the administration of chemotherapy.108 Evidence for the influence of CALI 
on post-PVE hypertrophy is conflicting. Whereas SD seems to have a clear inhibitory 
effect on hypertrophy,126 chemotherapy has no effect on liver regrowth.121,127 Moreover, 
patients with NASH show a trend towards less post-PVE liver volume gain compared to 
patients with normal liver function.126 Although robust evidence is lacking,121 cholestasis 
appears to have no negative impact on hypertrophy after PVE. After right hepatectomy 
in patients with chronic liver disease, PLF developed in 50% of patients without PVE 
vs. 7.1% in patients with PVE.128 Impaired hypertrophy after technically successful PVE 
in patients with chronic liver disease is a contraindication for major resection.128 The 
two-staged hepatectomy is an excellent method to increase RLV and consequently achieve 
curation in patients with bilobar tumours, who are not deemed resectable in one attempt. 
PVL concurrent with two-stage hepatectomy resulted in an RLV gain of about 40% after 
eight weeks. This strategy is advised in case of an RLV after the first stage of <25–30% and 
<40% in patients without and with chronic liver disease, respectively. Liver cirrhosis is a 
contraindication for the two-staged procedure. The recently developed associating liver 
partition and portal vein ligation for staged hepatectomy (ALPPS) procedure is based on 
the same principle as two-stage hepatectomy, albeit that during the first stage in ALPPS 
the liver is split in situ combined with portal vein ligation, and the second stage consists 
of removal of the ligated lobe 7–14 days later.129 An astonishing average hypertrophy rate 
of 80% can be achieved with this procedure, creating a curative opportunity for initially 
non-resectable patients who have insufficient hypertrophy on PVE.130 However, the high 
morbidity and mortality rates up to 28% and 9% respectively restrict the use of ALPPS 
to fit patients under the age of 60 years.130 The second stage of ALPPS should probably 
be (temporarily) abolished in patients who develop major complications after the first 
stage.131 Although ALPPS is currently performed in all liver backgrounds, histological 
changes comprising fibrosis, steatosis, and chemotherapy-related alterations resulted in 
lower hypertrophy rates.130 The ALPPS procedure resulted in a quadrupled mortality rate, 
doubled median hospital stay, and doubled risk for PLF in patients with intermediate 
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stage HCC132 and should therefore only be applied in HCC patients with low-grade 
fi brosis. ALPPS should not, or with great caution, be applied in patients with perihilar 
and intrahepatic CCA due to the (already) high postoperative mortality rate in this patient 
category.130,133 Modifi cations such as monosegment ALPPS, in which only one instead of 
two or more Couinaud segments remain, showed promising results in a small cohort of 12 
patients, with a PLF rate of 33% but without mortality.134

Limiting hepatic haemodynamic imbalance
Splenectomy and splenic artery ligation can be eff ective strategies that limit the postre-
sectional increase in portal blood fl ow and pressure, by activating the hepatic arterial 
buff er response. Th ese procedures resulted in increased arterial infl ow, and enhanced liver 
regeneration and liver function after (extended) partial hepatectomy in rodent models.135 
Furthermore, in animal models of partial hepatectomy and small-for-size liver grafts, the 
administration of terlipressin and somatostatin seemed to reduce postresectional portal 
hyperperfusion and increase regenerative parameters.136–138

Figure 3. visualization of pre- or perioperative interventions and their eff ect on liver remnant volume

(A) Malignant liver disease (b) Embolization/ligation of the right portal branch (1) results in atrophy of the right hemi-liver and 
compensatory growth of the left hemi-liver, which can be removed when appropriate hypertrophy has been achieved (2). (C) 
Removal of tumours from the left hemi-liver and occlusion of the right portal branch (1). After 4–6 weeks, the volume of the left 
hemi-liver is increased, and the right hemi-liver can be removed (2). (d) Removal of tumours from the left hemi-liver, in situ split-
ting of the hemi-livers, and simultaneous ligation of the right portal vein branch (1). After one week, augmented hypertrophy of the 
left hemi-liver permits removal of the right hemi-liver (2)
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Providing optimal perioperative care
Excessive perioperative blood loss, blood transfusion, ischemia-reperfusion injury, and he-
patic manipulation predispose to PLF. Blood transfusion enhances postoperative morbid-
ity and tumour recurrence presumably via a transfusion-related inflammatory response.139 
A recent metanalysis confirmed that hepatic preconditioning (i.e., intermittent vascular 
inflow occlusion) results in less intraoperative blood loss and a shorter operating time 
in comparison to hepatectomy alone, but without improved postoperative outcome.140 
Prolonged clamping should nonetheless be avoided since ischemia-reperfusion injury has 
been shown to induce severe hepatic damage.141 Hepatic manipulation per se elicits an 
inflammatory response.142 Methods to minimize mobilization of the liver include laparo-
scopic surgery and the hanging method.143 Laparoscopic resection of HCCs reduced the 
incidence of PLF compared to open surgery.144 Since infectious complications such as bile 
leakage or abdominal collections may contribute to the development of PLF and nega-
tively affect the postresectional course, several preventive measures have been explored. 
Postresectional primary placement of abdominal drains proved not to be beneficial after 
major liver resection and is even associated with increased rates of complications such 
as bile leakage and PLF.145,146 Multiple human studies focused on either pre- or postre-
sectional antibiotic prophylaxis, without evidence for a significant effect on the rate of 
infectious complications.147,148 Preoperative selective bowel contamination has been ex-
plored in rodent models, showing amelioration of parenchymal injury and increased liver 
regeneration after partial liver resection.149 A meta-analysis of human transplant studies 
however showed no benefits on infectious complications.150

Regenerative interventions
Augmentation of the regenerative response after liver resection may be an option for 
prevention and treatment of PLF. The nuclear bile salt receptor FXR (farnesoid X re-
ceptor, Figure 4) may be an attractive therapeutic candidate, through effects on hepatic 
haemodynamics, bile salt and lipid homeostasis, hepatic inflammation, and hepatocellular 
proliferation.18,151–153 Being the key regulator of hepatic bile salt homeostasis, genetic 
disruption of Fxr in mice resulted in mortality and delayed liver regeneration after partial 
hepatectomy. Conversely, activation of Fxr by its endogenous ligands (i.e., bile salts) or 
synthetic agonists enhanced liver regeneration in hepatectomized mice. Furthermore, 
the FXR-regulated enterokine FGF19 reduced mortality in an acute liver failure mouse 
model.17 FXR agonists undergo current clinical evaluation, and already showed efficacy 
in halting fibrotic progression in NASH patients.154 Bearing in mind that tight control 
of bile salt homeostasis and hepatic inflammatory tone is warranted to allow normal 
progression of liver regeneration, targeting of the membrane bile salt receptor TGR5 may 
be considered in PLF. In the liver, TGR5 is expressed in liver endothelial cells, cholan-
giocytes, and Kupffer cells.155,156 Tgr5 enhances bile salt elimination in urine, reduces bile 
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salt hydrophobicity and prevents excessive cytokine production by Kupff er cells, in case 
of bile salt overload.14

Other nuclear receptors that play a direct role in liver regeneration, and have the potential 
to reduce intrahepatic bile salt toxicity by promoting phase I/II metabolism, are the 
pregnane X receptor and constitutive androstane receptor.157,158 A recent study showed 
that the pregnane X receptor agonist rifampicin improved hyperbilirubinemia and clinical 
status in patients with persistent hepatocellular failure, including one patient with PLF.159 

Figure 4. Targeting of bile salt receptors may improve liver regeneration after partial hepatectomy through 
direct trophic and bile salt homeostatic eff ects

Control of bile salt homeostasis ensures proper progression of postresectional liver regeneration. Bile salt receptor FXR in small 
intestine and liver exerts homeostatic control by regulating import, synthesis, conjugation (i.e., N-amidation) and export of bile 
salts. Moreover, bile salt signalling via FXR results in induction of genes engaged in cell cycle control (e.g., Foxm1b). On the other 
hand, hepatic bile salt overload gives rise to liver injury. Bile salt toxicity may be reduced by stimulation of phase I/II metabolism 
and phase III effl  ux via agonistic activation of nuclear receptors PXR and CAR. An excessive infl ammatory response of Kupff er cells 
may be dampened by TGR5 agonism. OCA, obeticholic acid (FXR agonist); PB, phenobarbital (CAR activator); FGFR4, fi broblast 
growth factor receptor 4
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Despite in-depth knowledge of the processes controlled by the above (nuclear) recep-
tors, their roles in liver regeneration and implication in PLF have only been studied in 
animal models. A recently discovered negative regulator of liver regeneration after partial 
hepatectomy, viz. thrombospondin-1,160 might be a target to accelerate regeneration by 
antagonizing its action through administration of leucine-serine-lysine-leucine (LSKL) 
peptide.161 Likewise, usefulness of colony stimulating factor to accelerate postresectional 
restoration of phagocytic capacity in the human setting is worth exploring.162 Given the 
multifactorial origin of PLF strategies that simultaneously target multiple aetiological 
pillars may prove most effective. Transplantation of hepatocytes and other cell types have 
been moderately successful in several liver diseases in terms of spontaneous recovery or 
bridging to orthotopic liver transplantation (see reference 163 for a review), and might 
be of interest for preoperative optimization of liver parenchyma or management of PLF. 
Moreover, intrahepatic or extrahepatic (scaffold-bound) introduction of induced pluripo-
tent stem cells (iPSC), iPSC-derived or Lgr5+ stem cell-derived organoids, and cultured 
hepatocytes are extensively studied in a pre-clinical setting and might offer advanced 
possibilities for pre- or postoperative liver repopulation.164–168

Management of postoperative liver failure

Due to the lack of randomized controlled trials with PLF as primary outcome measure, 
almost no treatments for acute and acute-on-chronic liver failure have been validated 
for PLF. When PLF is detected after resection in (non-)compromised liver, goal directed 
therapy and functional support can be offered (Figure 2).

Goal-directed therapy
PLF is frequently accompanied by multi-organ dysfunction, requiring a systemic treat-
ment approach.169 Goal-directed therapy focuses on support of circulatory, ventilatory, 
and renal function in combination with treatment of hepatic encephalopathy, coagulopa-
thy and malnutrition as reviewed elsewhere.1

Functional support
Molecular absorbent recirculation system, an extracorporeal artificial liver support device 
that reduces liver failure-induced toxicity by facilitating exchange of albumin-bound 
and water-soluble toxins from plasma, is applicable as treatment for PLF.170 In addition, 
extracorporeal bio-artificial liver devices fulfil functions of the liver (including synthetic 
and immunological) by separation and passage of blood plasma through a reactor contain-
ing layers of animal or human hepatocytes.171 The recently developed University College 
London-Liver Dialysis Device extracts albumin by hemofiltration and removes certain 



39

D
ev

el
op

m
en

ts 
in

 p
os

tre
se

ct
io

na
l l

iv
er

 fa
ilu

re

endotoxins by hemoperfusion, in combination with human albumin infusion.172 Unfor-
tunately, although the latter two devices show survival benefits, they have thus far been 
tested only in a pre-clinical setting. Furthermore, promising treatment modalities that 
focus on extracorporeal high-flux haemodialysis in combination with albumin dialysis 
(Prometheus), and patient plasma replacement with fresh frozen plasma (high-volume 
plasmapheresis), have been tested almost exclusively as treatment for acute and acute-
on-chronic liver failure with sparse (underpowered) data on its use in the context of liver 
failure after hepatic resection.173,174

Rescue and elective liver transplantation
The limited data on rescue liver transplantation in patients with PLF showed a 5-year 
overall survival of 40%,175 however appropriate criteria for patient selection are lacking. 
Hence, rescue liver transplantation is barely applied nowadays. Moreover, rescue liver 
transplantation should not be performed if the patient was not eligible for transplantation 
before partial hepatectomy.

Conclusion

The incidence of liver failure after surgical resection is relatively low. This is accomplished 
to a large extent by (I) better insight into the aetiology of PLF and liver regeneration, (II) 
new imaging techniques and biochemical tests for preoperative assessment of liver quality, 
(III) highly effective preventive measures, and (IV) improved perioperative care. Due to 
the low event rate, prospective studies with PLF as primary endpoint are nearly unachiev-
able,176 and most evidence is based on retrospective cohort studies. Furthermore, a uniform 
definition and outcome set are lacking, but imperative to compare different cohorts.177 In 
view of the current increase of extensive resections in a compromised liver background, 
the development of universal prediction models, more advanced surgical techniques, and 
efficient preventive measures become particularly important to obtain curability in these 
challenging patients. Global collaborations and registrations such as seen in the EASL-
CLIF consortium (acute-on-chronic liver failure)130 or the ALPPS-registry178 seem the 
only manner to obtain the required number of events for robust evidence on risk factors, 
prediction models and interventions.
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Abstract

Background. Hepatic sinusoidal dilatation (SD) is a histopathological entity that occurs 
in up to 75% of patients undergoing oxaliplatin-based chemotherapy for colorectal liver 
metastases (CRLM). We aimed to study the influence of SD on outcome after partial 
hepatectomy in patients with CRLM.

Methods. Medline, Embase, CENTRAL, LILACS and CINAHL were searched for stud-
ies published between 01.01.2004 and 09.06.2015 with keywords: “sinusoidal obstruc-
tion syndrome”, “hepatic veno-occlusive disease”, and “Stuart-Bras syndrome”. Studies 
comprising adults who underwent partial hepatectomy for CRLM with grading of SD 
and registration of postoperative morbidity and/or mortality were included. Risk of bias 
and quality of studies were evaluated with the Quality In Prognosis Studies Instrument 
(QUIPS) and modified GRADE framework.

Results. Search strategies produced 2007 hits from which 23 and 13 articles were extracted 
for qualitative and quantitative analyses, respectively. Meta-analysis on the influence of 
SD grade 2-3 vs. SD grade 0-1 on postoperative overall morbidity showed an odds ratio 
(OR) of 1.26 [95% CI 0.74, 2.15] (p=0.40), an OR of 1.03 [0.15, 6.89] (p=0.98) for 
liver failure, an OR of 1.21 [0.23, 6.35] (p=0.82) for overall mortality, and an OR of 3.52 
[0.31, 39.91] (p=0.31) for liver-related morbidity. QUIPS showed a low to high risk of 
bias for studies, and GRADE showed very low quality of evidence per outcome.

Conclusion. No significant effect of SD grade 2-3 on short-term outcome after partial 
hepatectomy was found. However, the data on which this conclusion was based were not 
very robust and therefore no solid conclusions could be drawn.
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Introduction

Sinusoidal dilatation (SD) is a common manifestation of hepatotoxicity that occurs in 
patients with colorectal liver metastases (CRLM) after administration of oxaliplatin-based 
chemotherapy.1-3 Regimens based on the platinum containing agent oxaliplatin are used 
extensively as neoadjuvant therapy to downsize initially irresectable CRLM, with convinc-
ing response rates and survival outcomes.4-6 However, liver injury is demonstrated in over 
75% of patients.1,3

SD is part of a broad range of liver injuries due to specific drugs, in conjunction with 
sinusoidal obstruction syndrome (SOS). SOS is macroscopically identified as ‘blue liver’ 
and microscopically characterized by injury of the sinusoidal endothelial cells (SECs), 
parenchymal lesions (e.g., SD and peliosis), venular lesions, and fibrosis. Various patho-
genic factors have been described to contribute to these histopathological changes.7 Key 
features of oxaliplatin-induced toxicity are its reaction with reduced glutathione and F-
actin depolymerization, which results in rounding up and subsequent dehiscence of SECs 
and obstruction of sinusoidal blood flow leading to SD and erythrocyte extravasation.1,8-12 
Activation of hepatic stellate cells (HSC) results in neodisposition of collagen bundles in 
the perisinusoidal space which, in combination with subendothelial fibroblast activation 
in the terminal hepatic vein, leads to fibrotic venular occlusion. In the last stage of SOS, 
dense perivenular fibrosis is observed and hepatic vein lumina can no longer be identi-
fied.13

The grading system of Rubbia-Brandt et al. classifies all histological features of SOS in-
cluding SD, and is routinely used for stipulating severity.1,2 In most studies, SD functions 
as the standard for liver damage. Reversibility of sinusoidal injury is discussed widely, and 
although human and animal models show ceasing of pathological features at repeated 
hepatic resection,2,14 other studies show persistence or progression of lesions even after 
cessation of chemotherapy.15

Clinical importance of SD is reflected in the development of hepatomegaly, ascites, 
splenomegaly, thrombocytopenia, portal hypertension, and systemic elevation of liver 
enzymes.16-19 With regard to liver surgery, a diminished preoperative functional reserve, 
(transient) postoperative liver failure, higher morbidity rates and longer hospital stay, as 
well as impairment of postoperative liver regeneration have been reported.20,21 Numerous 
studies have shown a negative influence of SD on postoperative outcome,20,22,23 yet others 
could not reproduce this.24-29 This systematic review with meta-analysis aimed to deter-
mine the influence of SD on short-term outcome after partial hepatectomy in patients 
with CRLM.
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Methods

Criteria for considering studies for this review
An extensive study protocol can be found in Appendix 1 (online: doi: 10.1016/j.
suronc.2016.05.030). This review was conducted and reported in compliance with the 
PRISMA and MOOSE guidelines, and followed the Cochrane protocol for prognostic 
factor reviews.30-32 Studies were considered eligible for inclusion in this review when they 
met the following criteria: (I) studies comprising adults (18 years old) with CRLM, (II) 
who underwent minor or major partial hepatectomy, (III) with postoperative histological 
grading of SD in liver tissue distant from the tumour according to the scoring system 
of Rubbia-Brandt, (IV) and with registration of overall morbidity, liver-related morbid-
ity, liver failure, or overall mortality (90 days or in-hospital) after liver resection. Case 
reports, comments/editorials, published abstracts, and reviews were rejected, in addition 
to records not covering the subject or including non-adults (<18 years old). Cohort studies 
including patients who underwent liver surgery for malignancies other than CRLM were 
included albeit that this group comprised less than 30% of the total study population. No 
distinction was made between first and repeated resections, and studies with patients who 
underwent preoperative portal vein embolization (PVE) were allowed for inclusion since 
an effect of PVE on outcome in patients with SD was observed in a single study only.33

Search methods for identification of studies
Search strategies in international databases Medline, Embase, Cochrane Central Regis-
ter of Controlled Trials (CENTRAL), Latin American and Caribbean Health Sciences 
Literature (LILACS) and Cumulative Index to Nursing and Allied Health Literature 
(CINAHL) were performed between 01.01.2004 and 09.06.2015 using the follow-
ing keywords (adjusted to the relevant database and including synonyms): “sinusoidal 
obstruction syndrome”, “hepatic veno-occlusive disease”, and “Stuart-Bras syndrome”. 
Publication date of the search strategy was set from January 2004 onwards because the 
widely used criterion for scoring SD from Rubbia-Brandt et al. was developed in this year.1 
The Embase strategy was independently peer reviewed by a second information specialist 
using the Canadian Agency for Drugs and Technologies in Health (CADTH) checklist.34 
No language restrictions or other limitations were applied. Details of the search strategy 
can be found in Appendix 2.

Data collection and analysis
Records were downloaded in EndNote® X7 and duplicates were automatically and manu-
ally removed. All abstracts were screened by two independent reviewers (KvM, JZ), and 
in the rare case of no consensus the abstract was considered for full-text scanning. One 
of the reviewers (KvM) screened citations of all full-text articles for additional records on 
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the base of title or abstract. Previous research from the authors on this topic resulted in an 
extensive own library which was also checked for references. Records considered for full 
text assessment were screened independently by two reviewers (KvM, JZ). Full-text articles 
were screened for inclusion in qualitative analysis and/or quantitative analysis. Articles 
without postoperative mortality in the study population were described qualitatively due 
to lack of contribution to quantitative analysis.

Data extraction and definitions
Data extraction was performed independently by two reviewers (KvM, JZ) using a data 
extraction form in Excel specifically created for this study. Any dissimilarity in data was 
discussed and solved by consensus. Inter-observer agreement was calculated with Cohen’s 
kappa coefficient. All information on study design and characteristics, main outcomes and 
possible overlap in cohort data was recorded. SD was defined according to the grading 
system of Rubbia-Brandt et al.2 In short; SD 0: absence of signs of SD; 1: mild SD 
(centrilobular involvement limited to one-third of the lobular area); 2: moderate SD 
(centrilobular involvement extending in two-thirds of the lobular area) and 3: severe SD 
(complete lobular involvement or centrilobular involvement extending to adjacent lobules 
with bridging congestion). In all analyses, ‘SD’ was defined as the presence of grade 2 or 3 
SD whilst ‘no SD’ was defined as grade 0 or 1. We considered SD grade 2-3 clinically more 
relevant than grade 0-1, since rupture of sinusoidal wall integrity is present in grade 2 and 
higher. Major liver resection was defined as resection of 3 or more Couinaud segments. 
All outcomes were measured between 30 and 90 days after partial hepatectomy or during 
initial hospital admission (‘in-hospital’). Primary outcomes were overall morbidity, liver 
failure, and overall mortality after liver resection. Secondary outcome was liver-related 
morbidity after partial hepatectomy. Overall morbidity was defined as any complication 
(i.e., surgical and medical, excluding death) after liver resection, irrespective of severity.35 
Mortality was defined as death due to any cause after liver resection. Since consensus on 
the definition of liver failure is lacking,36-38 definitions were specified in the Results Section. 
Liver-related morbidity was defined as any liver-related complication (e.g., bile leakage, 
liver abscess, liver failure) occurring after partial hepatectomy, regardless of severity.39

Quality assessment
Risk of bias of individual studies was determined using the Quality In Prognosis Stud-
ies (QUIPS) Risk of Bias Assessment Instrument for Prognostic Factor Studies.40,41 The 
QUIPS instrument is a checklist composed of the domains study participation, study 
attrition, prognostic factor measurement, outcome measurement, study confounding, and 
statistical analysis and reporting, and produces an estimation of the risk of bias with help 
of a rating (high, moderate or low risk) per domain. The following definitions were chosen 
by the authors for rating the overall risk of bias: ‘overall low risk of bias’ was 2 domains 
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rated as moderate risk and the remaining domains as low, ‘overall moderate risk of bias’ 
was 3 domains rated as moderate risk and the remaining domains as low, ‘overall high 
risk of bias’ was 1 domain rated as high risk, independent of the rating of the remaining 
domains. The quality of evidence per primary or secondary outcome was evaluated using 
the modified Grading of Recommendations Assessment, Development and Evaluation 
(GRADE) framework for prognosis studies,30,42 which is composed of eight scoring fields 
and aims to give an objective scoring of quality of evidence per outcome specific for 
the hypothesis of the user. Its fixed scoring parameters and rationale for downgrading 
described in the Summary of Findings Table makes GRADE the most transparent and 
reproducible method currently available. The starting score is based on the study design 
and quality can be downgraded (and in specific cases upgraded) per field. Quality of 
evidence is defined as (I) high quality: the true effect lies close to the estimate of the effect, 
(II) moderate quality: the true effect is likely to be close to the estimate of the effect, but 
there is a possibility that it is substantially different, (III) low quality: the true effect may 
be substantially different from the estimate of the effect or (IV) very low quality: the true 
effect is likely to be substantially different from the estimate of effect.30

Data handling and statistical methods
Meta-analyses of two or more studies per outcome were performed in Review Manager 5.3 
and depicted in forest plots. The principal effect measures consisted of a pooled odds ratio 
(OR) with 95% confidence intervals (95% CI) calculated by the Mantel-Haenszel test for 
dichotomous outcomes, which was chosen because of low event rates and small sample 
sizes. A p-value <0.05 was considered significant. A random effects model was chosen 
instead of fixed effects because the true effect size was expected to vary between different 
studies. Statistical heterogeneity was evaluated with the Х2 test, I2, and comparison of 
point estimates between studies and overlap of 95% confidence intervals. Clinical hetero-
geneity was investigated by comparing different patient populations (SD 2-3 vs. SD 0-1; 
SD 1-3 vs. SD 0) and different extents of liver resection (all resections vs. major resections 
only). In case of significant heterogeneity, defined as an I2 of 65% and a Х2 test p-value 
of <0.10 (considered significant due to a potentially low number of included studies in 
meta-analyses), the OR and 95% CI were omitted from the forest plot.

Results

Search results
The conducted search resulted in a total of 2777 hits. Figure 1 shows the selection process 
of included studies in detail. After duplicate removal, 2007 hits remained. A total of 50 
full-text articles were assessed for eligibility. Four more records were selected for full-text 
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Figure 1. Selection process of included studies
 

  

- 
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- 

SD; sinusoidal dilatation, CINAHL; Cumulative Index to Nursing and Allied Health Literature, CENTRAL; Cochrane Central 
Register of Controlled Trials, LILACS; Latin American and Caribbean Health Sciences Literature, CRLM; colorectal liver metas-
tases
RCohS; retrospective cohort study, PCohS; prospective cohort study, Quan; quantitative and qualitative data, Qual: solely qualita-
tive data, CALI; chemotherapy-associated liver injury, Ctx; chemotherapy, APRI; aspartate transaminase to platelet ratio index, ox-
based; oxaliplatin-based, cetu; cetuximab, bev; bevacizumab, SVI; splenic volume increase, SOS; sinusoidal obstruction syndrome, 
SD; sinusoidal dilatation, SI; sinusoidal injury, mod; moderate *Considerable overlap between patient cohorts was confirmed by the 
authors. Larger sample size and broader inclusion criteria contributed to the decision to solely include Narita (2012) in quantitative 
analysis. × Considerable overlap between patient cohorts was confirmed by the authors. Larger sample size and broader inclusion 
criteria contributed to the decision to solely include Pessaux (2010, n=72) in qualitative analysis.
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article scanning during reference checking, and another four potentially relevant records 
were selected from the own library. After application of the predefined inclusion and 
exclusion criteria on the total of 58 full-text articles by the two reviewers (KvM, JZ), 23 
articles were included in qualitative synthesis. Inter-observer agreement kappa was 0.81 
and dissimilarity was solved by discussion. Of the included studies for qualitative analysis, 
13 studies contained data for quantitative analysis. Study and patient characteristics, main 
outcomes and main conclusions of the studies are summarized in Table 1.

Included studies
A total of eight studies could be included in quantitative analysis to estimate the effect of 
SD grade 2-3 vs. SD grade 0-1 on postoperative outcomes after partial hepatectomy. All 
studies but two were retrospective cohort studies which enrolled at least 50 patients.22,56 
Each study was published in an international, peer reviewed journal between 2006 and 
2013. Postoperative morbidity could be evaluated in two studies comprising a total of 248 
patients,26,44 and in two studies encompassing a total of 319 patients, postoperative liver 
failure was studied.47,56 Three studies investigated postoperative mortality in a total of 702 
patients,21,55,56 and postoperative liver-related morbidity was evaluated in two studies with 
a total of 147 patients.22,26 For each of above outcomes, a single study addressed the effect 
of SD in patients undergoing major liver resection.26,53

Patient characteristics

All cohort studies included patients who underwent minor or major hepatectomy and 
of whom liver quality was assessed postoperatively according to the grading system of 
Rubbia-Brandt.1 In total 63% of patients who underwent surgery were male, and median 
age was 61 years [range: 18 to 89]. CRLM was the indication for liver surgery in all 
patients.

Primary outcomes
Postoperative morbidity
A meta-analysis on the influence of SD grade 2-3 vs. SD grade 0-1 on postoperative 
morbidity was conducted and depicted in Figure 2A. The overall effect of SD vs. no SD 
on postoperative morbidity showed a p-value of 0.40 with an OR of 1.26 [95% CI 0.74-
2.15]. Tests evaluating consistency of results showed an I2 of 0% and a Х2 test p-value of 
0.74. Although the use of random effects was deliberately chosen, testing with fixed effects 
did not have influence on the results (OR 1.26 [95% CI 0.73-2.15], p=0.40). SD was no 
risk factor for morbidity in studies where original data was not provided for quantitative 
analysis.21,24,50,55 In patients undergoing major hepatectomy (n=59, hemihepatectomy or 
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extended hemihepatectomy), 17 out of 29 patients (59%) with SD developed morbidity 
vs.19 out of 30 patients (63%) in patients without SD (not depicted in forest plot).26

Postoperative liver failure
Th e eff ect of SD on postoperative liver failure (PLF) could be tested in two studies (Figure 
2B). In the study of Kishi et al., liver failure was defi ned as peak total bilirubin value > 
120 μmol/L in the postoperative course,47 while Vigano et al. applied serum bilirubin 
>50 μmol/L and/or prothrombin time <50% on or after postoperative day (POD) 5.56 
An OR of 1.03 [95% CI 0.15-6.89] was found with a p-value of 0.98 for SD. Signifi cant 
heterogeneity between studies was refl ected in an I2 of 65% and p-value of Х2 test of 0.09, 
and overlap in 95% CI was barely present. Totals were subsequently omitted from the 
forest plot. One qualitative study showed no PLF in both the patients with or without 
SD.23 Th e study of Soubrane et al. was the only study that looked at postoperative liver 
failure in major resections only, and defi ned liver failure as a serum bilirubin >50 μmol/L 
and prothrombin time <50% on POD5.53 Liver failure occurred in eight of 38 patients 
with SD vs. zero in 13 patients without SD (not depicted in forest plot).

Postoperative mortality
Th ree studies were available for examining the infl uence of SD on postoperative mortality 
(Figure 2C), with a total of 17 events. Th e test for overall eff ect showed a p-value of 0.82 
with an OR of 1.21 [95% CI 0.23-6.35]. Statistical testing for heterogeneity showed an 
I2 of 0% and p-value of 0.79. Assumption of fi xed eff ects barely infl uenced the results 
(OR 1.15 [95% CI 0.24-5.51], p=0.86). Multiple studies described zero mortality in 
groups with or without SD,15,19,22-25,43,48,52 or no increase in mortality rate in patients with 

Figure 2A. Postoperative overall morbidity

SD; sinusoidal dilatation, M-H; Mantel-Haenszel, Random; random eff ects model, 95% CI; 95% confi dence interval

Figure 2b. Postoperative liver failure

SD; sinusoidal dilatation, M-H; Mantel-Haenszel, Random; random eff ects model, 95% CI; 95% confi dence interval
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SD.47 As described before, Soubrane et al. presented a subgroup analysis in patients who 
underwent major liver resection.53 In this study, two postoperative deaths occurred within 
90 days in the SD group that consisted of 38 patients (4%). Th irteen patients did not have 
SD with zero mortality.

Secondary outcome
Liver-related morbidity
Two studies were available for estimating the infl uence of SD on postoperative liver-related 
morbidity (Figure 2D). Th e study of Gomez-Ramirez et al. included the following compli-
cations: biliary fi stula, haemorrhage, abscesses, uninfected collections and liver failure,22 
while Makowiec et al. included hepatic insuffi  ciency, bilioma and/or symptomatic ascites 
requiring interventional or medical treatment.26 An OR of 3.52 [95% CI 0.31-39.91] 
was found with a p-value of 0.31 for SD. I2 was 83% with a p-value of Х2 test of 0.01. 
Overlapping of intervals between included studies was barely present; hence totals were 
omitted from the forest plot. In major hepatectomy only, eight out of 30 patients without 
SD vs. 10 out of 29 patients with SD developed liver-related complications.26

Subgroup analysis
Five studies compared SD grade 1-3 with SD grade 0. Analyses on these subgroups were 
performed and resulting forest plots are presented in Appendix 3. In summary, the eff ect 
of SD grade 1-3 on the primary outcome postoperative morbidity could be tested in three 
studies (n=577),20,54,57 liver failure in one study (n=90),20 and mortality in two studies 
(n=433).50,57 Again, the risk for postoperative overall morbidity after minor or major liver 

Figure 2C. Postoperative overall mortality

SD; sinusoidal dilatation, M-H; Mantel-Haenszel, Random; random eff ects model, 95% CI; 95% confi dence interval

Figure 2d. Postoperative liver-related morbidity

SD; sinusoidal dilatation, M-H; Mantel-Haenszel, Random; random eff ects model, 95% CI; 95% confi dence interval
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resection in the SD group tended to be higher (OR 1.53, 95% CI 0.96-2.44, p=0.08) 
than in the group without SD (Appendix 3A). There was limited evidence of effect (one 
study) of SD on PLF, and therefore no meta-analysis was conducted on this outcome. 
This study showed a higher incidence of PLF, which was defined as a serum bilirubin 
>50 µmol/L and a prothrombin time <50% on POD5 or thereafter, in the SD group 
(three out of 38 patients with SD vs. zero out of 52 patients without SD).20 Estimate 
points of effect for postoperative mortality resulted in an OR of 0.51 and p-value of 0.54 
(Appendix 3B). Statistical heterogeneity analysis revealed I2=0% and p-values of 0.77 and 
0.40 for postoperative overall morbidity and mortality, respectively. No mortality was 
observed in patient groups with and without SD in two studies.20,54 Secondary outcome 
measure liver-related morbidity could be tested in two studies20,57 and yielded an OR of 
2.22 (95% CI 0.34-14.32, p=0.40) and an I2 of 64% (p=0.10) (Appendix 3C). For major 
resections only, forest plots were constructed for postoperative overall morbidity and liver 
failure (Appendix 4). Two studies that included a total of 137 patients were available for 
a meta-analysis on postoperative morbidity (Appendix 4A).20,49 An OR of 2.00 [95% CI 
0.12-33.34] with a p-value of 0.63 for SD were found. I2 was 83% with a p-value of Х2 test 
of 0.02, and totals were omitted from the forest plot. The same two studies were available 
for a meta-analysis on postoperative liver failure (Appendix 4B). Whereas Nakano et al. 
defined postoperative liver failure as a serum bilirubin >50 µmol/L and a prothrombin 
time <50% on or after POD5,20 Narita et al. defined this as a serum bilirubin >50 µmol/L 
and a prothrombin time <50% on POD5 and/or a postoperative serum bilirubin >120 
µmol/L.49 An OR of 2.67 [95% CI 0.94-7.53] with a near-significant p-value of 0.06 for 
SD was found. No heterogeneity was detected as reflected in an I2 of 0% with a Х2 test 
p-value of 0.73. No mortality in patients with or without SD was observed in two studies 
on major hepatectomy.20,46 Liver-related morbidity was seen in the study of Nakano et 
al.,20 with three patients showing liver-related morbidity in the patient group with SD 
(n=20) versus one patient in the patient group without SD (n=16).

Quality of the included studies
Risk of bias assessment
Risk of bias was assessed using the modified QUIPS checklist40,41 and overall ratings 
are depicted in Table 1. Thirteen articles showed an overall low risk of bias, two studies 
showed moderate risk of bias and ten articles were appraised as having a high risk of bias. 
The assessment of risk of bias per domain and sub domain for individual studies can be 
found in Appendix 5.

GRADE assessment
Study findings were assessed with the modified GRADE checklist42,58 and are shown in 
the Summary of Findings Table (Table 2). Footnotes provide detailed information about 
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the rationale for downgrading. In short, evidence for all outcomes was rated as very low. 
Each outcome was downgraded on the base of study design (phase 1 explanatory studies). 
Other reasons for downgrading were indirectness in definition or time period of outcome 
measures and imprecision in data as shown by forest plots. Only QUIPS domain 1 to 4 
were considered for downgrading since domains 5 and 6 assess quality of the statistical 
analysis which did not influence quality of the current meta-analysis because we extracted 
only raw data from the manuscripts. A detailed rating per domain can be found in Ap-
pendix 6. A Summary of Findings Table for outcomes on SD grade 1-3 vs. 0 and a detailed 
rating per domain can be found in Appendix 7 and 8.

Discussion

The present study found no significant influence of moderate to severe SD (grade 2-3) in 
comparison to no or mild SD (grade 0-1) on outcome after partial hepatectomy. Likewise, 
no influence on postoperative outcome was apparent when comparing mild to severe 
SD (grade 1-3) to no SD (grade 0). After data extraction, all studies were subjected to 

Table 2. Modified grade summary of findings table for the influence of SD grade 2-3 vs. SD grade 0-1 on 
outcome after partial hepatectomy

Patient or population: patients with CRLM
Setting: hospital
Prognostic factor: SD grade 2-3

Outcomes
Number of
participants

Number of
studies

Estimated effect size
(95% CI)

GRADE
assessment1

Morbidity
Follow-up: 30 to 90 days or in-hospital

248 2 OR 1.26 (0.74 to 2.15) Very low2,3,6

Liver failure
Follow-up: 30 to 90 days or in-hospital

319 2
Omitted due to significant 

heterogeneity
Very low2,3,4,5,6

Mortality
Follow-up: 30 to 90 days or in-hospital

702 3 OR 1.21 (0.23 to 6.35) Very low4,6

Liver-related morbidity
Follow-up: 30 to 90 days or in-hospital

147 2
Omitted due to significant 

heterogeneity
Very low2,3,4,5

1 �In the exemplar review for prognostic studies of Hayden et al.,30 phase 2 and 3 explanatory studies start with a high-
grade score (four points), whereas phase 1 explanatory studies start with a moderate score (three points).30 Since all 
outcomes consisted for ≥50% of phase 1 studies, the starting score for all outcomes was set on three points.

2 �The definition of the outcome was not clearly stated in all included articles or there were differences in outcome 
definition between the included studies for this outcome.

3 �The time period for measurement of the outcome was not clearly stated in ≥50% of the included studies.
4 �(Almost) no overlap in 95% confidence intervals and estimate points of effect could be found on both sides of the null 
line in meta-analysis for this outcome.

5 �There was significant unexplained heterogeneity for this outcome as defined by an I2≥65% and a p-value <0.10
6 �This outcome contains imprecise results, defined as an inclusion of only two studies and/or an insufficient sample size, 
wide confidence intervals or confidence intervals crossing the null value in ≥50% of studies.

GRADE; Grading of Recommendations Assessment, Development and Evaluation, SD; sinusoidal dilatation, CRLM; colorectal 
liver metastases, CI; confidence interval; OR, odds ratio
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assessment with the QUIPS and GRADE tools to grade the quality of included evidence, 
strength of recommendations and risk of bias. Critical evaluation subsequently showed 
a low to high risk of bias for individual studies and very low quality of outcome-specific 
evidence, thereby leading to limited confidence in the provided evidence with regards to 
our hypothesis. An important explanation for less trust in the provided evidence is the 
study design of included articles. All but one study consisted of explanatory phase 1 stud-
ies, which are performed in early phases of investigation to generate a hypothesis and are 
considered weaker evidence than studies which confirm the independent effect of a specific 
prognostic factor on outcome (phase 2 studies), or studies that explore the underlying 
mechanism for prognosis of certain diseases (phase 3 studies).30,59 Moreover, variation 
in inclusion criteria, sample size, wide confidence intervals crossing the null value, and 
different definitions of outcomes, were factors that negatively affected the quality of the 
evidence specified for our hypothesis. Considering these findings, no solid conclusions 
can be drawn, and this study cannot provide clinical advice on the topic. Some studies 
showed contrasting data, which may be partially explained by different inclusion criteria. 
While patients who received bevacizumab were intentionally excluded in some studies,26,50 
other studies did not include these patients.22,47 Bevacizumab, an angiogenesis inhibitor 
that inhibits tumour growth by binding to vascular endothelial growth factor, is often 
co-administered in oxaliplatin-based chemotherapy regimens for patients with CRLM.60 
Apart from the ongoing discussion about the potential benefit of prevention or revers-
ibility of histological injury,2,61 bevacizumab itself may induce relevant toxic side effects 
which can affect recovery after partial liver resection.62-64 Moreover, it is usually advised to 
end chemotherapy, particularly when bevacizumab is co-administered, at least five weeks 
before liver surgery.65 Studies included in this systematic review report a range from 2 to 
9 weeks for the interval between the last cycle of chemotherapy and surgery. It is currently 
unclear whether pathological characteristics of SOS are reversible, if a lower grade of 
SOS is linked to a higher likeliness of reversibility, and in which time frame this would 
occur. Patients with a long-time interval between chemotherapy cessation and surgery 
were observed to have less SD compared to a short time interval,20 whereas irreversibility 
of SOS and even deterioration in time have been described by Mentha et al.15 Likewise, a 
link between the number of administered cycles of chemotherapy and grade of liver injury 
is uncertain, and the median number of administered cycles in this meta-analysis ranged 
from 6 to 12. Whereas Karoui et al. found that the morbidity rate was correlated with the 
number of chemotherapy cycles,46 this correlation was not confirmed by Van Der Pool et 
al. who compared patients who received less than six cycles with those who received six 
or more cycles.54 One could speculate that patients with longer duration of chemotherapy 
may have had more extensive disease and therefore more complex surgical interventions. 
Almost all studies corrected for the extent of liver resection, but extrahepatic procedures 
and vascular reconstructions were not taken into account in more than half of the studies. 



66

C
ha

pt
er

 3

The impact of these procedures on outcome can be substantial.66,67 In patients with a 
critical future liver remnant due to anticipated extensive surgery, portal vein embolization 
(PVE) is the preferred procedure to induce preoperative enlargement of the future liver 
remnant.68 The effect of SD on liver regeneration after PVE has been investigated in one 
study, in which PVE had a negative effect on postoperative liver regeneration.33 Moreover, 
post-PVE histopathological changes in a previous report were the rationale for Vauthey et 
al.55 and Brouquet et al.44 to exclude these patients from their cohorts.69 This resulted in a 
less complete reflection of the general surgical population. However, inclusion of these pa-
tients may have an impact on postoperative outcomes either by a diminished hypertrophic 
response or because this group of patients often undergoes extended hepatectomies and 
is already at higher risk. Regarding variations in definitions, outcome after liver resection 
was expressed in numerous terms and time frames. Mortality was assessed within 30, 
60, or 90 days after surgery or during hospital admission, and morbidity was described 
as overall, medical, surgical, liver-related, or infectious, with no consensus on employed 
definitions. This underscores the necessity of a uniform outcome set after liver surgery in 
order to ensure clear and consistent clinically relevant data, and to allow comparison be-
tween future trials and cohort studies in meta-analyses.39 On the basis of stated differences 
in inclusion criteria and outcome, which all might have influenced the outcome after liver 
resection to an unknown extent, ideally a phase two study in which all confounders are 
corrected for in a statistically appropriate way should be conducted. Our group recently 
initiated such a study in the form of an individual patient data meta-analysis.70

Conclusion

This study aimed to evaluate the influence of moderate to severe SD on outcome in patients 
undergoing partial hepatectomy for CRLM. Although many individual studies suggest a 
negative impact on postoperative (liver-related) morbidity, liver failure and mortality, the 
present meta-analysis could not confirm this data. However, trust in the obtained evidence 
was low and therefore no solid conclusions can be drawn. This study emphasizes the 
importance of critical risk of bias assessment and evaluation of quality in meta-analyses, 
to provide the most robust level of evidence for clinical decision making. It also highlights 
the need for unambiguous definitions of outcomes in surgical oncology.
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Supplemental data

Appendix 1. Study protocol
The study protocol is available online via: doi: 10.1016/j.suronc.2016.05.030

Appendix 2. Full electronic search
The full electronic search strategy that was performed for the present study in multiple 
international databases

Searches were limited to retrieve results from 01.01.2004-09.06.2015
•	 Medline (OvidSP): 2004-2015/05/WK5
•	 Medline In-Process Citations & Daily Update (OvidSP): up to 2015/06/08
•	 Embase (OvidSP): 2004-2015/06/08
•	 Cochrane Central Register of Controlled Trials (CENTRAL) (Wiley) 2004-Issue 5, 

2015/05
•	 LILACS (Latin American and Caribbean Health Sciences Literature) (Internet) http://

lilacs.bvs.alud.org/en/: 2004-2015/06/03
•	 CINAHL (Cumulative Index to Nursing and Allied Health Literature) (EBSCO): 

2004-2015/06/05

Strategies
Medline (OvidSP): 2004-2015/05/WK5
Searched 9.6.15
1	 Hepatic Veno-Occlusive Disease/ (1105)
2	 ((venocclusi$ or venoocclusi$ or veno occlusi$) adj2 (liver or livers or hepato$ or 

hepatic$)).ti,ab,ot. (667)
3	 Stuart bras syndrome.ti,ab,ot. (3)
4	 ((SOS or VOD or HVOD) adj5 (liver or livers or hepatic$ or hepato$)).ti,ab,ot. (460)
5	 (sinusoid$ adj2 (obstruct$ or dilat$ or injur$ or damage$)).ti,ab,ot. (898)
6	 or/1-5 (2164)
7	 exp animals/ not (exp animals/ and humans/) (4056152)
8	 6 not 7 (1785)
9	 limit 8 to yr=”2004 -Current” (742)

Medline In-Process Citations (OvidSP): up to 2015/06/08
Medline Daily Update (OvidSP): up to 2015/06/08
Searched 9.6.15
1	 Hepatic Veno-Occlusive Disease/ (0)
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2	 ((venocclusi$ or venoocclusi$ or veno occlusi$) adj2 (liver or livers or hepato$ or 
hepatic$)).ti,ab,ot. (26)

3	 Stuart bras syndrome.ti,ab,ot. (0)
4	 ((SOS or VOD or HVOD) adj5 (liver or livers or hepatic$ or hepato$)).ti,ab,ot. (22)
5	 (sinusoid$ adj2 (obstruct$ or dilat$ or injur$ or damage$)).ti,ab,ot. (91)
6	 or/1-5 (112)
7	 exp animals/ not (exp animals/ and humans/) (2153)
8	 6 not 7 (112)
9	 limit 8 to yr=”2004 -Current” (110)

Embase (OvidSP): 2004-2015/6/8
Searched 9.6.15
1	 liver venoocclusive disease/ (1279)
2	 ((venocclusi$ or venoocclusi$ or veno occlusi$) adj2 (liver or livers or hepato$ or 

hepatic$)).ti,ab,ot. (887)
3	 Stuart bras syndrome.ti,ab,ot. (3)
4	 ((SOS or VOD or HVOD) adj5 (liver or livers or hepatic$ or hepato$)).ti,ab,ot. (769)
5	 (sinusoid$ adj2 (obstruct$ or dilat$ or injur$ or damage$)).ti,ab,ot. (1514)
6	 or/1-5 (3329)
7	 animal/ (1665207)
8	 animal experiment/ (1854326)
9	 (rat or rats or mouse or mice or murine or rodent or rodents or hamster or hamsters or 

pig or pigs or porcine or rabbit or rabbits or animal or animals or dogs or dog or cats 
or cow or bovine or sheep or ovine or monkey or monkeys).ti,ab,ot,hw. (5941840)

10	 or/7-9 (5941840)
11	 exp human/ (16002764)
12	 human experiment/ (337714)
13	 or/11-12 (16004207)
14	 10 not (10 and 13) (4709608)
15	 6 not 14 (2805)
16	 limit 15 to yr=”2004 -Current” (1833)

Cochrane Central Register of Controlled Trials (CENTRAL) (Wiley): Issue 5/ May 2015
Searched 11.3.15
#1	 MeSH descriptor: [Hepatic Veno-Occlusive Disease] explode all trees	40
#2	 ((venocclusi* or venoocclusi* or veno occlusi*) near/2 (liver or livers or hepato* or 

hepatic*)): ti,ab,kw 	 62
#3	 Stuart bras syndrome:ti,ab 	 1
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#4	 ((SOS or VOD or HVOD) near/5 (liver or livers or hepatic* or hepato*)):ti,ab,kw 	
36

#5	 (sinusoid* near/2 (obstruct* or dilat* or injur* or damage*)) .ti,ab,ot. 	 0
#6	 #1 or #2 or #3 or #4 or #5 Publication Year from 2004 to 2015	 40
CENTRAL results = 30

Literature in the Health Sciences in Latin America and the Caribbean (LILACS) (Inter-
net): 2004-2015/06/03
Searched 9.6.15
Advanced search
Limited to 2004-2015
Limited to Humans only
Limited to: LILACS
(tw:((mh: c06.552.360 OR mh: c14.907.460 OR mh: hepatic veno-occlusive disease OR 
sinusoidal obstruction OR sinusoidal injury OR „stuart bras syndrome“ OR „Enfermedad 
Veno-Oclusiva Hepática“ OR „Hepatopatia Veno-Oclusiva“)) OR (tw:(((sos OR vod OR 
venocclusi* OR venoocclusi* OR veno-occlusi*) AND (liver OR livers OR hepatic* OR 
hepato*))))) OR (tw:((sinusoid* AND (obstruct* OR dilat* OR injur* OR damage*))))
N=26

CINAHL (Cumulative Index to Nursing and Allied Health Literature) (EBSCO): 2004-
2015/06/05
Searched 9.6.15
S1  MH Hepatic Veno-Occlusive Disease  Search modes  0
S2  TI ((venocclusi* or venoocclusi* or veno occlusi*) N2 (liver or livers or hepato* or 
hepatic*))  7
S3  AB ((venocclusi* or venoocclusi* or veno occlusi*) N2 (liver or livers or hepato* or 
hepatic*))  13
S4  TI Stuart bras syndrome  0
S5  AB Stuart bras syndrome  0
S6  TI ((SOS or VOD or HVOD) N5 (liver or livers or hepatic* or hepato*))  0
S7  AB ((SOS or VOD or HVOD) N5 (liver or livers or hepatic* or hepato*))  6
S8  TI (sinusoid* N2 (obstruct* or dilat* or injur* or damage*))  14
S9  AB (sinusoid* N2 (obstruct* or dilat* or injur* or damage*))  19
S10  S1 OR S2 OR S3 OR S4 OR S5 OR S6 OR S7 OR S8 OR S9  44
S11  S1 OR S2 OR S3 OR S4 OR S5 OR S6 OR S7 OR S8 OR S9  Limiters  - Published 
Date: 20040101-20151231 36
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Appendix 3. Sub analyses of postoperative short-term outcomes Sd 
grade 1-3 vs. Sd grade 0
Meta-analyses on the infl uence of sinusoidal dilatation (SD) grade 1-3 versus SD grade 0 
on the complication rate after partial hepatectomy for colorectal liver metastases

Appendix 4. Sub analyses of postoperative short-term outcomes Sd 
grade 1-3 vs. Sd grade 0 – major liver resections
Meta-analyses on the infl uence of sinusoidal dilatation (SD) grade 1-3 versus SD grade 0 
on the complication rate after major hepatectomy for colorectal liver metastases

Appendix 3A. Postoperative overall morbidity

SD; sinusoidal dilatation, M-H; Mantel-Haenszel, Random; random eff ects model, 95% CI; 95% confi dence interval

Appendix 3b. Postoperative overall mortality

SD; sinusoidal dilatation, M-H; Mantel-Haenszel, Random; random eff ects model, 95% CI; 95% confi dence interval

Appendix 3C. Postoperative liver-related morbidity

SD; sinusoidal dilatation, M-H; Mantel-Haenszel, Random; random eff ects model, 95% CI; 95% confi dence interval
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Appendix 5. Quality in prognostic studies tool (QuIPS) detailed risk of 
bias assessment of all individual included studies
A detailed risk of bias assessment using the quality in prognostic studies tool (QUIPS) 
checklist. Per study, every criterion of the six domains is rated and subsequently a sum-
mary score per domain is assigned. Eventually, a total score is calculated

Appendix 4A. Postoperative overall morbidity

SD; sinusoidal dilatation, M-H; Mantel-Haenszel, Random; random eff ects model, 95% CI; 95% confi dence interval

Appendix 4b. Postoperative liver failure

SD; sinusoidal dilatation, M-H; Mantel-Haenszel, Random; random eff ects model, 95% CI; 95% confi dence interval
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1. Study Participation

Source of target population ü ü ü ü ü û ü- ü

Method used to identify population ü ü ü ü ü ü ü ü

Recruitment period ü ü- ü ü ü- ü- ü ü

Place of recruitment ü ü- ü ü ü ü- ü ü

Inclusion and exclusion criteria ü ü ü ü ü ü- ü ü

Adequate study participation ü ü ü- ü ü ü ü ü

Baseline characteristics ü ü ü ü ü- ü ü ü

Summary Study participation low low low low low high low low

2. Study Attrition n/a n/a n/a n/a n/a n/a n/a n/a

3. Prognostic Factor Measurement

Definition of the PF ü ü ü ü ü ü ü ü

Valid and Reliable Measurement of PF ü- ü ü- ü ü- ü- ü- ü-

Reporting continuous variables n/a n/a n/a n/a n/a n/a n/a n/a

Method and Setting of PF Measurement ü ü ü ü ü ü ü ü

Proportion of data on PF available for analysis ü ü ü ü ü ü ü ü

Method used for missing data n/a n/a n/a n/a n/a n/a n/a n/a

PF Measurement Summary low low low low low low low low

4. Outcome Measurement

Definition of the Outcome ü- û ü ü ü- ü- ü ü-

Valid and Reliable Measurement of Outcome ü ? ü ü ü ü ü ü

Method and Setting of Outcome Measurement ü ? ü ü ü ü ü ü

Outcome Measurement Summary mod high low low mod mod low mod

5. Study Confounding

Important Confounders Measured ü ü- ü- ü ü- ü ü ü

Definition of the confounding factor ü ü ü- ü ü ü ü ü

Valid and Reliable Measurement of Confounders ü ü ü ü ü ü ü ü

Method and Setting of Confounding Measurement ü ü ü ü ü ü ü ü

Method used for missing data ü ü ü ü ü ü ü ?

Appropriate Accounting for Confounding in study design û û û û û û û û

Appropriate Accounting for Confounding in analysis û û û û û ü û ü-

Study Confounding Summary mod mod mod mod mod low mod mod

6. Statistical Analysis and Reporting

Presentation of analytical strategy ü ü ü ü ü ü- ü- ü

Appropriate model building û û ü- ü û ü ü- ü

Adequate statistical model û û ü- ü û ü ü- ü

Reporting of results ü ü ü ü ü ü ü ü

Statistical Analysis and Presentation Summary high high mod low high low mod low

Overall assessment high high low low high high low low

PF; prognostic factor, ü; yes, ü-; partial, û; no, ?; unsure, mod; moderate, n/a; not applicable
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1. Study Participation

Source of target population ü ü ü ü ü ü ü ü

Method used to identify population ü ü ü ü ü ü ü ü

Recruitment period ü ü- ü ü ü ü ü ü

Place of recruitment ü ü ü ü ü ü ü ü

Inclusion and exclusion criteria ü ü ü ü ü ü ü ü

Adequate study participation ü- ü ü- ü- ü ü ü ü

Baseline characteristics ü ü ü- ü- ü- ü ü ü

Summary Study participation low low low low low low low low

2. Study Attrition n/a n/a n/a n/a n/a n/a n/a n/a

3. Prognostic Factor Measurement

Definition of the PF ü ü ü ü ü ü ü ü

Valid and Reliable Measurement of PF ü- ü- û ü- ü- ü ü- ü

Reporting continuous variables n/a n/a n/a n/a n/a n/a n/a n/a

Method and Setting of PF Measurement ü ü ü ü ü ü ü ü

Proportion of data on PF available for analysis ü ü ü ü ü ü ü ü

Method used for missing data n/a n/a n/a n/a n/a n/a n/a n/a

PF Measurement Summary low low high low low low low low

4. Outcome Measurement

Definition of the Outcome ü- ü- ü- û ü- ü- ü ü

Valid and Reliable Measurement of Outcome ü ü ü ? ü ü ü ü

Method and Setting of Outcome Measurement ü ü ü ? ü ü ü ü

Outcome Measurement Summary mod mod mod high mod mod low low

5. Study Confounding

Important Confounders Measured ü ü ü- ü- ü- ü ü ü

Definition of the confounding factor ü ü ü ü ü ü ü ü

Valid and Reliable Measurement of Confounders ü ü ü ü ü ü ü ü

Method and Setting of Confounding Measurement ü ü ü ü ü ü ü ü

Method used for missing data ü ü ? ü ü ü ü ü

Appropriate Accounting for Confounding in study design û û û û û û û û

Appropriate Accounting for Confounding in analysis û û û û û ü û û

Study Confounding Summary mod mod high mod mod low mod mod

6. Statistical Analysis and Reporting

Presentation of analytical strategy ü ü ü ü ü ü ü ü

Appropriate model building û ü û û ü- ü ü û

Adequate statistical model û ü û û ü- ü ü û

Reporting of results ü ü ü ü ü ü ü ü

Statistical Analysis and Presentation Summary high low high high mod low low high

Overall assessment high low high high mod low low high

PF; prognostic factor, ü; yes, ü-; partial, û; no, ?; unsure, mod; moderate, n/a; not applicable
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1. Study Participation

Source of target population ü ü ü ü ü ü ü

Method used to identify population ü ü ü ü ü ü ü

Recruitment period ü- ü ü ü- ü ü ü

Place of recruitment ü- ü ü ü- ü ü ü

Inclusion and exclusion criteria ü ü ü ü ü ü ü

Adequate study participation ü ü ü ü ü ü ü

Baseline characteristics ü ü ü- ü ü ü ü

Summary Study participation low low low low low low low
2. Study Attrition n/a n/a n/a n/a n/a n/a n/a
3. Prognostic Factor Measurement

Definition of the PF ü ü ü ü ü ü ü

Valid and Reliable Measurement of PF ü- ü- ü ü ü- ü- ü-

Reporting continuous variables n/a n/a n/a n/a n/a n/a n/a
Method and Setting of PF Measurement ü ü ü ü ü ü ü

Proportion of data on PF available for analysis ü ü ü ü ü ü ü

Method used for missing data n/a n/a n/a n/a n/a n/a n/a
PF Measurement Summary low low low low low low low
4. Outcome Measurement

Definition of the Outcome ü ü- ü ü- ü- ü ü-

Valid and Reliable Measurement of Outcome ü ü ü ü ü ü ü

Method and Setting of Outcome Measurement ü ü ü ü ü ü ü

Outcome Measurement Summary low mod low mod mod low mod
5. Study Confounding

Important Confounders Measured ü ü ü- ü ü ü ü

Definition of the confounding factor ü ü ü ü ü ü ü

Valid and Reliable Measurement of Confounders ü ü ü ü ü ü ü

Method and Setting of Confounding Measurement ü ü ü ü ü ü ü

Method used for missing data ü ü ? ü ü ü ?

Appropriate Accounting for Confounding in study design û û û û û û û

Appropriate Accounting for Confounding in analysis û û û û û û û

Study Confounding Summary mod mod high mod mod mod mod
6. Statistical Analysis and Reporting

Presentation of analytical strategy ü- ü ü- ü ü ü ü

Appropriate model building ü ü- ü ü ü ü ?

Adequate statistical model ü ü- ü ü ü ü ?

Reporting of results ü ü ü ü ü ü ü

Statistical Analysis and Presentation Summary low mod low low low low mod
Overall assessment low mod high low low low mod

PF; prognostic factor, ü; yes, ü-; partial, û; no, ?; unsure, mod; moderate, n/a; not applicable
SD; sinusoidal dilatation, CRLM; colorectal liver metastases, No; number, CI; confidence interval, OR; odds ratio, n/a; not ap-
plicable, ü; no serious limitations, û; serious limitations (-1 point), ûû; very serious limitations (-2 points), ++++; high quality, +++; 
moderate quality, ++; low quality, +; very low quality
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Appendix 7. Modified grade summary of findings table for the influence 
of SD grade 1-3 vs. SD grade 0 on outcome after partial hepatectomy
A table depicting the influence of sinusoidal dilatation (SD) grade 1-3 versus SD grade 
0 on morbidity, liver failure, mortality, and liver-related morbidity after partial liver 
resection. The grading of recommendations assessment, development and evaluation tool 
(GRADE) is applied per outcome and a subsequent rationale for the overall GRADE 
assessment score is given

Patient or population: patients with CRLM
Setting: hospital
Prognostic factor: SD grade 1-3

Outcomes
Number of 
participants

Number of
studies

Estimated effect size
(95% CI)

GRADE 
assessment1

Morbidity
Follow-up: 30 to 90 
days or in-hospital

577 3 OR 1.53 (0.96 to 2.44) Very low2,3,6

Liver failure
Follow-up: 30 to 90 
days or in-hospital

0 0 Not estimable n/a

Mortality
Follow-up: 30 to 90 
days or in-hospital

433 2 OR 0.51 (0.06 to 4.38) Very low4,6

Liver-related morbidity
Follow-up: 30 to 90 
days or in-hospital

473 2 OR 2.22 (0.34 to 14.32) Very low2,3,4,6

1 �In the exemplar review for prognostic studies of Hayden et al.30, phase 2 and 3 explanatory studies start with a high grade score 
(four points), while phase 1 explanatory studies start with a moderate score (three points). Since all outcomes consisted for ≥50% 
of Phase 1 studies, the starting score for all outcomes was set on three points by the authors of this review.

2 �The definition of the outcome was not clearly stated in all included articles or there were differences in outcome definition between 
the included studies for this outcome.

3 �The time period for measurement of the outcome was not clearly stated in ≥50% of the included studies.
4 �(Almost) no overlap in intervals and estimate points of effect could be found on both sides of the null line in meta-
analysis for this outcome.

5 �There was significant unexplained heterogeneity for this outcome as defined by an I2≥65% and a p-value <0.10.
6 �This outcome contains imprecise results, defined as an inclusion of only two studies and/or an insufficient sample size, 
wide confidence intervals or confidence intervals crossing the null value in ≥50% of studies.

SD; sinusoidal dilatation, CRLM; colorectal liver metastases, No; number, CI; confidence interval, RR; risk ratio, n/a; not ap-
plicable, ü; no serious limitations, û; serious limitations (-1 point), ûû; serious limitations (-2 points), ++++; high quality, +++; 
moderate quality, ++; low quality, +; very low quality
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ABSTRACT

Background. The impact of chemotherapy-associated liver injury (CALI) on postopera-
tive outcome in patients undergoing partial hepatectomy for colorectal liver metastases 
(CRLM) remains controversial. The objective of this study was to clarify the effect of CALI 
(i.e., sinusoidal dilatation (SD), steatosis, and steatohepatitis) on postoperative morbidity 
and mortality by investigating a large dataset from multiple international centres.

Methods. PubMed and Embase were searched for studies published between 01.01.2004 
and 31.12.2013 with keywords: “chemotherapy”, “liver resection”, “outcome”, and 
“colorectal metastases” to identify potential collaborating centres. Uni- and multivariable 
analyses were performed using binary logistic regression models and depicted in odds ratio 
(OR) with 95% confidence interval (CI).

Results. A consolidated database comprising 788 patients who underwent hepatectomy for 
CRLM in eight centres was obtained. In multivariable analyses, severe SD was associated 
with increased major morbidity (Dindo-Clavien grade III-V, OR 1.73, 95%CI 1.02-2.95, 
p=0.043). Moreover, severe steatosis was associated with decreased liver surgery-specific 
complications (OR 0.52, 95%CI 0.27-1.00, p=0.049), whereas steatohepatitis was linked 
to an increase in these complications (OR 2.08, 95%CI 1.18-3.66, p=0.012). Subgroup 
analysis showed that lobular inflammation was the sole component associated with in-
creased overall morbidity (OR 2.22, 95%CI 1.48-3.34, p=0.001) and liver surgery-specific 
complications (OR 3.35, 95%CI 2.11-5.32, p<0.001). Finally, oxaliplatin treatment was 
linked to severe SD (OR 2.74, 95%CI 1.67-4.49, p<0.001).

Conclusion. An increase in postoperative major morbidity and liver surgery-specific 
complications was observed after partial hepatectomy in patients with severe SD and 
steatohepatitis. Moreover, postoperative liver failure occurred more often in patients with 
severe SD.
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Introduction

Colorectal cancer is the third most common cancer worldwide, affecting over 1.3 million 
patients annually.1 Approximately 50% of these patients develop colorectal liver metastases 
(CRLM).2,3 Although liver resection provides the best prospect of cure, only 10-30% of 
patients with liver metastases are eligible for hepatic surgery.3,4 For patients with tumours 
deemed irresectable, neoadjuvant systemic chemotherapy can prolong survival, and allow 
potential future hepatic resection.2,5

For decades, 5-fluorouracil (5-FU) was the sole option for treating CRLM. This has 
changed markedly in the new millennium: with the approval of irinotecan, oxaliplatin, 
and humanized monoclonal antibodies, approximately 15% of patients with initially ir-
resectable tumours became eligible for liver resection.6,7 Unfortunately, administration of 
irinotecan- and/or oxaliplatin-based chemotherapeutic agents has been associated with a 
harmful side-effect in the form of liver injury.8,9

Chemotherapy-associated liver injury (CALI) is often reported in patients with CRLM 
and appears to be regimen specific. For instance, oxaliplatin treatment is associated with 
sinusoidal obstruction syndrome (SOS),10 and linked to an increased occurrence of nodu-
lar regenerative hyperplasia (NRH).11 Coadministration of bevacizumab with oxaliplatin, 
however, has been reported to be associated with a decrease in both incidence and severity 
of SOS and NRH.10-12 Irinotecan-based regimens appear to be related to the development 
of steatohepatitis.8,13,14 Importantly, since patients commonly receive several chemothera-
peutic agents to offer optimal benefit in downsizing tumours, it is difficult to identify the 
specific agents responsible for injury of the hepatic parenchyma.

Whereas certain studies claim an evident negative correlation between CALI and post-
operative outcome (i.e., postoperative morbidity, mortality),9,13,15-18 others could not 
reproduce this.19-23 Therefore, it remains unclear whether CALI influences postoperative 
morbidity and mortality. The aim of the present study was to explore whether sinusoidal 
dilatation (SD), steatosis, and steatohepatitis are associated with increased morbidity and 
mortality rates after partial hepatectomy by performing a meta-analysis of individual 
participant data based on a systematic literature review. Additionally, factors associated 
with the occurrence of CALI were identified.



88

C
ha

pt
er

 4

Methods

Inclusion criteria for this study
An extensive protocol, written before the start of this study, can be found in Appendix 
1 (online: doi: 10.1002/bjs.10572). The PRISMA and Moose guidelines were followed 
for conducting and reporting this review.24,25 Studies meeting the following criteria were 
considered eligible for inclusion: (a) adult patients (>18 years), (b) who underwent liver 
resection for CRLM, (c) with description of postoperative short-term overall morbidity, 
liver surgery-specific complications, postoperative liver failure, or overall mortality (≤90 
days or in-hospital) after liver resection and, (d) with pathological assessment of non-
tumorous liver specimens for SD, steatosis, and/or steatohepatitis. Studies with patients 
that received preoperative hepatic arterial infusion of chemotherapy were excluded, as 
were case reports, comments, published abstracts only, editorials, and reviews.

Search strategy for identification of studies
Systematic searches were performed (JZ, KvM) in Medline (PubMed) and Embase for 
studies published between 01.01.2004 and 31.12.2013 using a search matrix including 
the following four categories: liver resection, chemotherapy, tumour type, and outcome. 
For the purpose of performing a more comprehensive search, the type of liver injury was 
not included in the searching matrix. The full search strategy is listed in the supplemental 
data (Appendix 2). The first publication date was fixed on 2004 because the widely used 
criteria for scoring SD, steatosis, and steatohepatitis were developed in 200426 and 2005.27 
No language filter was applied.

Study identification and data collection
Identified studies were listed in EndNote X7. Duplicates were automatically and manually 
removed. Two authors (JZ, KvM) independently screened all titles and abstracts and ex-
cluded those not pertinent. Discrepancy was solved by consensus. The remaining articles 
were included for full-text revision and independently assessed for eligibility (JZ, KvM). 
Reference lists of full-text reviewed articles were manually checked for additional potential 
citations, next to exploration of a personal library (JZ, KvM) that was established because 
of previous research on this topic.28,29

Definitions
SD was graded according to Rubbia-Brandt et al.,26 with grade 2-3 (‘severe SD’) consid-
ered clinically relevant since it reflects rupture of sinusoidal wall integrity. SD is one of 
the most important histological features of SOS, and its severity is generally accepted to 
correspond to the severity of SOS. Steatosis and steatohepatitis were graded according to 
Kleiner et al.27 Severe steatosis was defined as >33% of parenchyma affected by steatosis.27 
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A non-alcoholic steatohepatitis activity score (NAS) ≥4 was considered steatohepatitis to 
provide a working cut-off value in conformity with the literature.30 CALI was defined as 
any occurrence of the following: severe SD, severe steatosis, or steatohepatitis. Comorbid-
ity was defined as any disease affecting the patient apart from colorectal liver metastases 
(e.g., diabetes mellitus, and pulmonary, renal, cardiovascular, and other diseases). Overall 
morbidity was defined as any complication occurring within 90 days after surgery or dur-
ing hospital stay and graded according to the classification of Dindo et al.31 Major morbid-
ity was defined as Dindo-Clavien score III (requiring invasive intervention) or higher. The 
concept of a liver surgery-specific complication was in correspondence to the liver surgery-
specific composite endpoint (CEP) developed in 2011, and included one or more of the 
following events: ascites, postoperative liver failure, bile leakage, intra-abdominal abscess, 
intra-abdominal haemorrhage, and operative mortality.32 Postoperative liver failure was 
defined as the concurrent presence of a prothrombin time of less than 50% and a serum 
bilirubin greater than 50 µM/L on (the “50-50” criteria) or after postoperative day 5.33 
Postoperative mortality was defined as death due to any cause occurring within 90 days 
after surgery or during hospital admission. Major hepatectomy was defined as resection of 
three or more Couinaud liver segments.34

Risk of bias assessment
Risk of bias of the final included studies was assessed independently by two blinded re-
searchers (JZ, KvM) using the quality in prognosis studies (QUIPS) tool.35,36 Discrepancies 
were discussed by the two authors and consensus was reached. The QUIPS tool includes 
six bias domains: participation, attrition, prognostic factor measurement, confounding 
measurement and account, outcome measurement, and analysis and reporting. For each 
of six domains, assessment of separate items was taken together to calculate an overall low, 
moderate, or high risk of bias. The following definitions were chosen for rating the overall 
risk of bias: ‘low’ was defined by ≤2 domains rated as moderate risk and the remaining 
domains as low, ‘moderate’ was defined by ≥3 domains rated as moderate risk and the 
remaining domains as low, ‘high’ was defined as ≥1 domain rated as high risk, independent 
of the rating of the remaining domains.

Data handling and statistical methods
Corresponding authors from studies that fulfilled the inclusion criteria were contacted 
by email for collaboration and sharing coded data (by numbering) of the published 
cohort. Each author was asked to sign a specific data transfer agreement form, which 
assured careful handling of the data. Coded data were arranged in a preconstructed Excel 
file and subsequently imported into IBM SPSS Statistics for Windows (version 20.0). 
Patient characteristics were compared using the Student’s t-test for numerical variables. 
For categorical variables, the Pearson Chi-square test with continuity correction was ap-
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plied, or the Fisher’s exact test when any of the expected values was smaller than five. 
The influence of preoperative chemotherapeutic agents on liver injury, and subsequently 
the effect of liver injury on short-term postoperative outcome were analysed applying 
one-step binary logistic regression models (the individual participant data from all studies 
were pooled and modelled simultaneously). This approach was considered most optimal 
because each study showed relatively few events per outcome and small sample sizes, and 
the one-step approach for pooled data allowed the exact binomial distribution to be used 
and did not require continuity corrections when zero events occurred.37,38 As for missing 
values, multiple imputations were performed, assuming missing at random. The number 
of imputations was determined by the maximum percentage of missing data in the dataset. 
In this study, 30 imputations were performed, as the maximum percentage of missing 
data was 26% (minor/major morbidity). Variables in multiple imputations are listed in 
Appendix 3. Complete case analysis was also conducted for sensitivity analysis. Clustering 
of patients from different studies was integrated as a separate covariate (‘database source’) 
and included in binary logistic regression models in every analysis.38 A single variable 
together with database source created the univariable model. All variables with p-value 
≤0.20 in univariable analysis were included in the multivariable analysis. In addition, 
database source and variables known to be related to the outcome (either well-described in 
literature or based on careful discussion and consensus between the authors) were forced 
into the multivariable model. A subgroup analysis including only patients who received 
oxaliplatin-based treatment was performed to investigate the impact of bevacizumab on 
the occurrence of severe SD. At a later stage of the study, data to investigate the influence 
of separate NAS-subcategories (steatosis, lobular inflammation, and hepatocellular bal-
looning) on postoperative outcome were requested. A subgroup analysis including cohorts 
which did have available data of NAS-subcategories was performed. Analyses of these data 
were identical to the method described before. Unadjusted and adjusted odds ratios (OR) 
with 95% confidence intervals (95% CI) were calculated. A p-value ≤0.05 was considered 
significant for all analyses.

Results

The search strategy resulted in 1191 unique hits. In total, 1093 articles were excluded 
on the base of title or abstract, and the remaining 98 articles were subjected to full-
text evaluation. Thirty-two studies met the inclusion criteria, and the respective thirty 
corresponding authors were contacted by email. Nineteen authors responded, of which 
eight authors from eight studies agreed to share their raw data. Other authors could not 
participate because of loss of correspondence. Potential publication bias was excluded by 
testing for asymmetry in a funnel plot. A flow chart summarizing the inclusion process 
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can be found in Appendix 4. The included eight studies were subjected to the QUIPS 
tool for assessment of risk of bias. Overall ratings of the included studies are depicted 
in Table 1. Six articles showed an overall low risk of bias and one study each showed a 
moderate or high risk of bias. Detailed scorings can be found in Appendix 5. Since the 
individual participant data from all studies were pooled and modelled simultaneously, the 
domains rating study confounding and statistical analysis were not taken into account 
for the overall rating. After this consideration, all studies showed low risk of bias on the 
remaining four domains.

Details of participated studies are depicted in Table 1. The subsequent consolidated cohort 
consisted of 816 patients. Twenty-eight patients were excluded because they underwent 
surgery for other indications than CRLM; hence 788 patients were included for analysis. 
Figure 1 shows a detailed overview of the selection process. Patient characteristics, surgical 
details, and postoperative outcomes of the consolidated cohort are listed in Table 2. In 
short, in total 453 (57.5%) patients were male and 335 (42.5%) patients were female with 
a median age of 61 years (range 25-86). Severe SD was found in 183 (24.1%) patients, 
severe steatosis in 117 (15.6%) patients, and steatohepatitis in 100 (14.5%) patients. Of 
the 525 patients that received 5-FU, 396 (75.4%) patients received simultaneous treat-
ment with oxaliplatin and 135 (25.7%) patients with irinotecan. Of the 136 patients 
that received capecitabine, 119 (87.5%) patients received simultaneous treatment with 
oxaliplatin. Cetuximab and bevacizumab were most frequently administered together 
with oxaliplatin. All patients receiving cetuximab (n=61), and 138 of 164 (84.1%) pa-
tients receiving bevacizumab, were co-treated with oxaliplatin. Of 635 patients with NAS 
subcategory data, 96 (15.1%) patients had NAS ≥4. Only 3 (3.1%) patients with NAS ≥4 
did not present lobular inflammation. The relationship between NAS and lobular inflam-
mation is summarized in Appendix 6.

Sensitivity analysis showed similar results between complete and multiple imputation 
case analysis (detailed information available upon request). The influence of severe SD, 
severe steatosis, steatohepatitis, and other potential factors related to short-term overall 
morbidity, liver surgery-specific complications, and major morbidity is depicted in Table 
3 and supplemental Figure 1. Severe SD was significantly associated with increased major 
morbidity only (OR 1.73, 95% CI 1.02-2.95, p=0.043). Severe steatosis was not signifi-
cantly associated with the occurrence of postoperative overall or major morbidity, but was 
related to a decreased occurrence of liver surgery-specific complications (OR 0.52, 95% 
CI 0.27-1.00, p=0.049). In contrast, patients with steatohepatitis showed a significantly 
increased rate of postoperative liver surgery-specific complications (OR 2.08, 95% CI 
1.18-3.66, p=0.012), and a trend towards increased overall morbidity (OR 1.58, 95% CI 
0.99-2.52, p=0.057).
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Table 4 summarizes the effects of several factors associated with postoperative liver failure 
and mortality. Because of the small number of events, multivariable logistic regression was 
not performed. Within the study cohort, postoperative liver failure occurred in 24 of 779 
patients (3.1%) (Table 2). Of these patients, seven were female and 17 were male, with a 
median age of 61 years (range 48-75). All patients with liver failure had undergone major 
hepatectomy. Only severe SD and perioperative blood transfusion were strongly associated 
with increased liver failure in univariable analysis (OR 4.47, 95% CI 1.69-11.82, p=0.003 
and OR 3.06, 95% CI 1.18-7.92, p=0.021, respectively).

Figure 1. Selection process of included articles
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CTx, chemotherapy; SD, sinusoidal dilatation; CALI, chemotherapy-associated liver injury; PH, partial hepatectomy; HCC, hepa-
tocellular carcinoma; CCA, cholangiocarcinoma
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In total, eight patients (1.0%) died in the perioperative period after liver resection. Seven 
deaths happened within 90 days, and one occurred at 101 days during hospital stay. The 
six males and two females had a median age of 64 years (range 48-75 years). Perioperative 
blood transfusion (OR 14.00, 95% CI 2.74-71.51, p=0.002) was the sole factor related 
to increased mortality in univariable analysis. A trend was found for major liver resection 
(OR 6.56, 95% CI 0.77-55.90, p=0.085) and preoperative comorbidity (OR 7.84, 95% 

Table 2. Patient, surgical, and postoperative characteristics

SD, standard deviation; NAS, non-alcoholic fatty liver diseases activity score; BMI, body mass index; 5-FU, fluorouracil; PVE, 
portal venous embolization; RBCs, red blood cells; DC, Dindo-Clavien; *p-value was not adjusted by database source; ‡ Student’s 
t-test; †Pearson Chi-Square test with continuity correction; §Fisher’s exact test; data represent original data without multiple impu-
tations; due to missing values, some numbers do not add up to the total number of patients
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CI 0.92-66.65, p=0.059) as factors associated with increased postoperative mortality. 
Severe SD (OR 2.79, 95% CI 0.68-11.44, p=0.155), severe steatosis (OR 0.86, 95% CI 
0.10-7.09, p=0.887), and steatohepatitis (OR 2.71, 95% CI 0.57-12.87, p=0.210) were 
not related to postoperative mortality.

Because steatohepatitis, but not severe steatosis, negatively affected postoperative short-
term outcomes, lobular inflammation and hepatocellular ballooning were considered key 
factors for poor outcome. A subgroup analysis supported this hypothesis. In multivari-
able analyses, severe (grade 2-3) lobular inflammation was associated with an increased 
occurrence of postoperative overall morbidity (OR 2.22, 95% CI 1.48-3.34, p=0.001), 
liver surgery-specific morbidity (OR 3.35, 95% CI 2.21-5.32, p<0.001), but not major 
morbidity (OR 1.63, 95% CI 0.85-3.10, p=0.138). In contrast, neither severe steatosis 
(>33%) nor the presence of hepatocellular ballooning (grade 1-2) were associated with an 
increased complication rate in all multivariable analyses.

Lastly, Table 5 and supplemental Figure 2 summarize the association between several 
preoperative variables and the occurrence of severe SD, severe steatosis, and steatohepa-
titis. Oxaliplatin (OR 2.74, 95% CI 1.67-4.49, p<0.001) was related to an increased 
occurrence of severe SD in multivariable analysis, whereas the addition of bevacizumab 
was related to a twofold decrease in the occurrence of severe SD in patients who received 
oxaliplatin (OR 0.50, 95% CI 0.30-0.82, p=0.006) when solely adjusted by database 

Table 3. The influence of liver injury on short-term postoperative outcome (continued)

Major morbidity (DC III-V)

Univariable analysis* Multivariable analysis*

Variable OR [95% CI] p-value OR [95% CI] p-value

Gender (female) 1.01 [0.65-1.57] 0.980

Age (years) 1.02 [0.99-1.04] 0.179 1.02 [0.99-1.04] 0.137

BMI (kg/m2) 0.99 [0.93-1.05] 0.654

Comorbidity 1.01 [0.63-1.61] 0.972

PVE 2.01 [1.11-3.64] 0.021 1.50 [0.76-2.96] 0.246

Preoperative Ctx 1.43 [0.73-2.82] 0.298

Resection type (major) 1.72 [1.03-2.85] 0.037 1.21 [0.67-2.22] 0.526

Pringle manoeuver 1.38 [0.86-2.19] 0.179 1.12 [0.67-1.88] 0.667

Blood transfusion 3.28 [2.01-5.35] <0.001 2.77 [1.66-4.61] <0.001

Severe SD 2.09 [1.30-3.38] 0.003 1.73 [1.02-2.95] 0.043

Severe steatosis 1.07 [0.55-2.09] 0.835

Steatohepatitis 1.85 [0.94-3.63] 0.073 1.67 [0.85-3.30] 0.139

SD, sinusoidal dilatation; OR, odds ratio; 95% CI, 95% confidence intervals; BMI, body mass index; PVE, portal venous emboliza-
tion; Ctx, chemotherapy; DC, Dindo-Clavien; *Multiple imputations
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source. Furthermore, patients with severe steatosis showed a decreased incidence of severe 
SD (OR 0.44, 95% CI 0.24-0.83, p=0.011) and vice versa (OR 0.36, 95% CI 0.15-0.88, 
p=0.025). Body-mass index (BMI) was related to an increase in severe steatosis (OR 1.15, 
95% CI 1.08-1.21, p<0.001), whereas a decreased incidence of severe steatosis was seen in 
patients with portal venous embolization (OR 0.29, 95% CI 0.08-1.00, p=0.050). Only 
severe steatosis was significantly associated with an increased occurrence of steatohepatitis 
(OR 15.09, 95% CI 6.25-36.45, p<0.001).

Discussion

In this study, an increase in postoperative major morbidity and liver surgery-specific 
complications after partial hepatectomy in patients with sinusoidal dilatation and steato-
hepatitis were observed, whereas steatosis was associated with a decreased occurrence of 
complications. Moreover, postoperative liver failure occurred more often in patients with 
severe SD. With respect to steatohepatitis, lobular inflammation, but not severe steatosis 
and hepatocellular ballooning, was strongly linked to increased postoperative morbidity. 
Oxaliplatin-based chemotherapy was the sole factor independently associated with an 
increase in the occurrence of severe SD, whereas a decrease in the occurrence of severe SD 

Table 4. Factors influencing short-term postoperative outcome

Postoperative liver failure (n=24) Mortality (n=8)

Univariable analysis* Univariable analysis*

Variable OR [95% CI] p-value OR [95% CI] p-value

Gender (female) 0.65 [0.25-1.68] 0.376 0.50 [0.10-2.25] 0.408

Age (years) 1.00 [0.96-1.04] 0.937 1.03 [0.96-1.05] 0.402

BMI (kg/m2) 0.90 [0.80-1.01] 0.070 0.96 [0.80-1.14] 0.630

Comorbidity 1.28 [0.53-3.13] 0.583 7.84 [0.92-66.65] 0.059

PVE 2.62 [0.95-7.26] 0.064 1.09 [0.13-9.09] 0.938

Preoperative chemotherapy 2.41 [0.30-19.32] 0.409 1.51 [0.52-4.42] 0.702

Resection type (major) n/aϮ n/aϮ 6.56 [0.77-55.90] 0.085

Pringle manoeuver 1.45 [0.57-3.72] 0.437 1.91 [0.43-8.54] 0.399

Blood transfusion 4.47 [1.69-11.82] 0.003 14.00 [2.74-71.51] 0.002

Severe SD 3.06 [1.18-7.92] 0.021 2.79 [0.68-11.44] 0.155

Severe steatosis 0.47 [0.06-3.77] 0.473 0.86 [0.10-7.09] 0.887

Steatohepatitis 1.90 [0.31-22.83] 0.492 2.71 [0.57-12.87] 0.210

BMI, body mass index; PVE, portal venous embolization; SD, sinusoidal dilatation; OR, odds ratio; 95% CI, 95% confidence 
intervals; n/a, not applicable; *Multiple imputations; Ϯthe proportion of patients with liver failure is 100% for patients with major 
hepatectomy and 0% for those with minor hepatectomy (Fisher’s exact test: p <0. 001)
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was seen with the addition of Bevacizumab. Moreover, an inverse relationship between 
severe SD and severe steatosis was found.

Mechanisms for the negative influence of severe SD on major morbidity are unknown, 
although preoperative hepatic dysfunction, impairment of liver regeneration, Kupffer cell 
dysfunction, enhanced blood loss due to haemorrhagic pools, fragility of the liver, and 
increased hepatocellular necrosis as seen in human and animal models can all be reasons 
for poor liver function and an increased complication rate after severe SD.39,40 However, 
since the p-value was borderline significant, the effect of severe SD on major morbidity 
must be interpreted with caution.

The progression of steatohepatitis is estimated by the so-called NAS score, which is com-
posed of scores for steatosis, lobular inflammation, and hepatocellular ballooning.27 Mul-
tivariable subgroup analyses concerning the influence of these separate NAS-subcategories 
on postoperative outcome showed a detrimental influence of lobular inflammation on 
all outcomes, whereas severe steatosis and hepatocellular ballooning had no effect. The 
mechanism behind steatohepatitis being discriminant for postoperative short-term out-
comes is uncertain. Electron microscopy revealed that mitochondrial structural defects 
in hepatocytes are correlated with steatohepatitis, but not with steatosis.41 Moreover, the 
ability of the liver to recover from ATP depletion was severely impaired,42 liver regen-
eration was diminished,43 and humoral and cellular immune responses in reaction to 
enhanced oxidative stress were found in patients with steatohepatitis. These factors may 
be accountable for postoperative complications.

Severe steatosis did not significantly influence short-term overall morbidity, major mor-
bidity, or mortality after partial hepatectomy in this study, which is in line with previous 
reports44, 45 but in contrast to other studies.46,47 Patients with severe steatosis even showed 
a decreased occurrence of liver surgery-specific complication. This might be explained by 
surgeons being more careful during surgery when observing a severely steatotic (“yellow”) 
liver. However, with a p-value of 0.049, this evidence needs to be validated by future 
research.

Patients who received oxaliplatin showed an increased occurrence of severe SD compared 
to patients who did not receive oxaliplatin (29.6% vs. 14.0%). This is in line with former 
studies which showed a similarly high occurrence of severe SD after oxaliplatin-based 
regimens.10,17 The addition of bevacizumab, an angiogenesis inhibitor, to oxaliplatin-based 
chemotherapy has been associated with a decreased incidence of SD.48 Indeed, when the 
analysis was restricted to the population that received oxaliplatin-based treatment, beva-
cizumab was associated with a remarkably decreased occurrence of severe SD. Although 
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mechanisms underpinning those observations remain unclear, activation of vascular 
endothelial growth factor and coagulation pathways in oxaliplatin-related SD might be 
accountable.49

Importantly, severe steatosis was linked to a decreased occurrence of severe SD and vice 
versa, raising the possibility that these events are mutually exclusive. Several phenomena 
could underlie this observation. First, mechanical pressure exerted by fat-laden, swollen 
hepatocytes may distort the hepatic microvasculature. In mice with severe steatosis, a 
decrease in sinusoidal perfusion, loss of fenestrae, and narrowing of the sinusoidal lumen 
were observed.50 Spatially, sinusoidal dilatation may therefore not develop. Conversely, 
atrophied hepatocellular plates in severe SD may render these hepatocytes incapable of 
fatty acid (FA) uptake. Alternatively, histological assessment may be more challenging in a 
liver affected by both severe SD and steatosis, increasing the likelihood of misclassification 
of either one of these injury types. However, several independently contacted pathologists 
with hepatobiliary expertise considered this probability very small. Although the reduc-
tion in sinusoidal dilation in patients with severe steatosis is interesting, central pathology 
review should be performed to verify this finding.

Apart from oxaliplatin, the preoperative performance of PVE showed to be associated with 
an increased occurrence of severe SD. Previous studies already acknowledged a possible 
influence of PVE on the development of vascular injury, probably by the induction of 
ischemia.51 We hypothesize that the hepatic artery buffer response after PVE might play 
an even more profound role as shown by the induction of microvascular remodelling 
and sinusoidal dilatation in the embolized lobe after portal branch ligation in a rodent 
model.52 However, PVE-induced histopathological changes in the embolized lobe might 
not be indicative for the non-embolized lobe, and may thus not indubitably affect liver 
histology and function after resection.53

In the present study it is observed that the occurrence of severe SD is lower in patients 
receiving additional bevacizumab compared to those receiving oxaliplatin alone. Severe 
SD was shown to be associated with an increased complication rate and vice versa. Al-
though the effect of co-administration with bevacizumab on surgical outcome could not 
be investigated directly, adding bevacizumab might provide an advantageous effect on 
postoperative outcome in patients treated with oxaliplatin.

Parenchymal damage due to chemotherapy can be preoperatively diagnosed by radiologi-
cal and biochemical tools, as reviewed recently in detail by our group.54 Despite (experi-
mental) research focusing on CALI, little evidence is available for the treatment of CALI 
in the human setting.54 When liver injury is confirmed preoperatively, surgeons are thus 
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advised to adapt surgical management to prevent complications. In the present study, 
the transfusion of packed red blood cells was associated with an increased postoperative 
complication rate, which is in line with previous literature.55 Central venous pressure 
should be low during surgery to prevent excessive blood loss. Moreover, the performance 
of a major hepatectomy was confirmed to be associated with an increased postoperative 
complication rate, which encourages minimizing the resection volume. Performing wedge 
resections instead of a hemihepatectomy, and the use of radiofrequency ablation might be 
beneficial when feasible.

To our knowledge, this is the first study demonstrating both the effect of chemotherapy on 
liver injury and the subsequent effect of liver injury on short-term postoperative outcome 
in a large, multicentre patient cohort. Some limitations of this study should be discussed. 
NRH has recently caused concern because of its relationship to increased postoperative 
morbidity.11 Although analysis of the effect of NRH on postoperative outcome would 
have been of interest, this was not possible due to unavailability of data. Establishment of 
included databases before or around the year 2013, when NRH did not yet gain the atten-
tion it deserves, may be the reason for missing data. With respect to the negative influence 
of NRH on postoperative outcomes, it is recommended to include NRH in future studies 
when exploring the relationship between CALI and postoperative outcomes. Next, data 
on the interval between cessation of chemotherapy and partial hepatectomy, as well as the 
number of administered cycles, were not available for every study cohort. Therefore, the 
influence of these factors on the occurrence of CALI and short-term complications could 
not be evaluated. Next, central review of all histopathology slides would have strengthened 
the paper substantially. Unfortunately, this was not feasible due to logistical reasons. It 
must be highlighted nonetheless, that all sections were reviewed by local pathologists with 
hepatobiliary expertise and assessed according to uniform, well-established, and globally 
accepted scoring systems for SD, steatosis, and steatohepatitis. Lastly, since no random-
ized controlled trials exist on the topic, mainly retrospective cohort studies were included 
in this review. Despite this limitation, all included studies showed low risk of bias and 
nearly all original data could be retained, making it the most comprehensive multicentre 
data cohort currently available.

Conclusion

This study demonstrated that after partial hepatectomy, severe SD and steatohepatitis were 
related to increased postoperative major morbidity and liver surgery-specific complica-
tions. Regarding steatohepatitis, lobular inflammation, but not steatosis or hepatocel-
lular ballooning, was associated with increased postoperative overall morbidity and liver 



102

C
ha

pt
er

 4

surgery-specific complications. Furthermore, severe SD was linked to an increased occur-
rence of postoperative liver failure. Lastly, oxaliplatin was strongly related to an increased 
occurrence of severe SD, and the addition of bevacizumab to oxaliplatin-based regimen 
reduced the occurrence of severe SD. Considering the negative relationship between CALI 
and postoperative morbidity, it is advised to adapt surgical management when CALI is 
diagnosed. Moreover, with decreased chemotherapy responsiveness,28,56 shortened overall 
survival,57 and increasing doubts about the usefulness of neoadjuvant chemotherapy in 
certain patient groups,58 one could even speculate that some patients would benefit from 
immediate resection instead of neoadjuvant chemotherapeutical treatment. Prospective 
registrations such as the ALPPS-registry59 provide a way to obtain a higher level of evi-
dence on this topic.
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Supplemental data
Appendix 1 is available online via: doi: 10.1002/bjs.10572

Appendix 2. Search strategy

Category 1st Category 2nd Category 3rd Category 4th Filters

Liver resection Chemotherapy Tumour type Outcomes

Liver resection
OR Liver transection 
OR Hepatic 
transection OR
Hepatectomy
AND

Chemotherap* OR
Oxaliplatin OR
Irinotecan OR 
FOLFOX OR
FOLFIRI OR
CAPOX OR 5FU OR 
Fluorouracil
AND

Colorectal neoplasm 
OR Colorectal 
cancer OR 
Colorectal metastas* 
OR
Colon cancer Liver 
metastas*
AND

Morbidity OR 
Mortality OR 
Survival OR Dead 
OR Outcome OR 
Recurrence OR 
Liver failure OR 
Regeneration OR 
Hepatic insufficiency

Dates: Jan 1, 2004 
– Dec 31, 2013

Species: human

Age: >18 years

Asterisks indicate blurred searching in case of synonymous words

Appendix 3. Variables in multiple imputations

Patient 
cluster

General Chemotherapy   Liver injury  Surgical 
factors

Outcome

Database 
source

Gender, 
age, BMI, 
comorbidity

5-Fluorouracil, 
capecitabine, 
irinotecan, 
bevacizumab, 
cetuximab, 
oxaliplatin

Sinusoidal 
dilatation, steatosis, 
steatohepatitis

Resection type, 
PVE, pringle 
manoeuvre, 
transfusion of 
packed RBCs

Hospital stay, 
overall morbidity, 
complications 
(minor/
major), liver 
surgery-specific 
complication, 
mortality, liver 
failure

BMI, body mass index; PVE, portal venous embolization; RBC, red blood cells
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Appendix 4. Flow chart inclusion process

Sent kind reminder

No
(n=11)

*All authors that responded were 
willing to participate

Response?* Yes
(n=14)

Sent request for data file

Sent kind reminder for data file

Yes
(n=5)

Authors sent 
data file 

(n=8)

Yes
(n=3)

Sent kind reminder for data file 
with letter from Prof. CHC Dejong

No
(n=11)

Yes
(n=0)

Authors willing 
to participate

(n=19)

Yes
(n=5)

Response?*

Data 
received?

Data 
received?

Data 
received?

Authors loss to 
follow-up

(n=22)

No
(n=16)

Authors of 32 included studies 
contacted by e-mail (n=30) 

No
(n=16)
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Appendix 5. Quality in prognostic studies tool (QUIPS) detailed risk of bias assessment of individual in-
cluded studies
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1. Study Participation

Source of target population ü ü ü ü ü ü ü ü

Method used to identify population ü ü ü ü ü ü ü ü

Recruitment period ü ü ü ü ü– ü ü– ü

Place of recruitment ü ü ü ü ü– ü ü– ü

Inclusion and exclusion criteria ü ü ü ü ü ü ü ü

Adequate study participation ü– ü ü ü ü ü ü ü

Baseline characteristics ü ü ü ü ü ü ü ü

Summary study participation low low low low low low low low

2. Study Attrition n/a n/a n/a n/a n/a n/a n/a n/a

3. Prognostic Factor Measurement

Definition of the PF ü ü– ü ü ü ü ü ü

Valid and reliable measurement of PF ü– ü– ü ü ü– ü– ü ü–

Reporting continuous variables n/a n/a n/a n/a n/a n/a n/a n/a

Method and setting of PF measurement ü ü ü ü ü ü ü ü

Proportion of data on PF available for analysis ü ü ü ü ü ü ü ü

Method used for missing data n/a n/a n/a n/a n/a n/a n/a n/a

PF measurement summary low low low Low low low low low

4. Outcome Measurement

Definition of the outcome ü ü ü ü– ü ü– ü– ü

Valid and reliable measurement of outcome ü ü ü ü ü ü ü ü

Method and setting of outcome measurement ü ü ü ü ü ü ü ü

Outcome measurement summary low low low mod low mod mod low

5. Study Confounding

Important confounders measured ü– ü ü ü ü ü ü ü

Definition of the confounding factor ü– ü ü ü ü ü ü ü

Valid and reliable measurement of confounders ü ü ü ü ü ü ü ü

Method and setting of confounding measurement ü ü ü ü ü ü ü ü

Method used for missing data ü ? ü ? ü ü ü ü

Appropriate accounting for confounding in study design û û û ü û û û û

Appropriate accounting for confounding in analysis û û û û û û û û

Study confounding summary mod mod mod low mod mod mod mod

6. Statistical Analysis and Reporting

Presentation of analytical strategy ü ü ü ü ü– ü ü ü



112

C
ha

pt
er

 4

G
óm

ez
-R

am
ír

ez
 60

N
am

61

Pe
ss

au
x62

Pi
lg

ri
m

16

So
ub

ra
ne

63

Ta
ka

m
ot

o64

Va
n 

de
r 

Po
ol

48

V
ig

an
ò17

Appropriate model building ü– ü û ü– ü ü– ü ü

Adequate statistical model ü– ü û ü ü ü– ü ü

Reporting of results ü ü ü ü ü ü ü ü

Statistical analysis and presentation summary mod low high low low mod low low

Overall assessment low low high low low mod low low

PF, prognostic factor; ü, yes; ü–, partial; û, no; ?, unsure; mod, moderate; n/a, not applicable

Appendix 6. Cross tabulation showing the relationship between NAS and lobular inflammation

Lobular inflammation

NAS No foci
<2 foci per 200x 
field

2–4 foci per 200x 
field

>4 foci per 200x 
field

Total number of 
patients

0 100 0 0 0 100

1 59 130 0 0 189

2 24 100 24 0 148

3 6 46 39 11 102

4 3 26 32 7 68

5 0 5 7 4 16

6 0 1 4 4 9

7 0 0 2 1 3

Total number of 
patients

192 308 108 27 635

NAS, non-alcoholic fatty liver disease activity score

kim
Markering
Teken weggevallen
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Abstract

Background. Although the safety of liver surgery has improved enormously, hepatic 
surgery continues to face challenging complications. Therefore, improvements supported 
by evidence-based guidelines are still required. The conduct of randomized controlled 
trials in liver surgery using dichotomous outcomes requires a large sample size. The use of 
surrogate endpoints (SEPs) reduces sample size but SEPs should be validated before use. 
The aim of this review was to summarize the SEPs used in hepatic surgery related trials, 
their definitions and recapitulating the evidence validating their use.

Methods. A systematic computerized literature search in the biomedical database 
PubMed using the MeSH terms ‘hepatectomy’ or ‘liver resection’ or ‘liver transection’ was 
conducted. Search was limited to papers written in the English language and published 
between 1 January 2000 and 1 January 2010.

Results. A total of 593 articles met the search terms and 49 articles were included in the 
final selection. Standard biochemical liver functions tests were the most frequently used 
SEP (32 of 49 the studies). The used definitions of SEPs varied greatly among the studies. 
Most studies referred to earlier published material to justify their choice of SEP. However, 
no validating studies were found.

Conclusion. Many SEPs are used in liver surgery trials however there is little evidence 
validating them.
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Introduction

In the last decades, liver surgery has been a constantly evolving field and its prominent 
role in the treatment of primary, secondary, malignant or non-malignant liver diseases has 
been well established.1 Although considerable improvements in mortality and morbidity 
rates have been achieved in many surgical centres, complications as a result of surgically 
induced liver damage still represent challenging events.2 Consequently, trials evaluating 
surgical techniques and therapeutic interventions with appropriate endpoints are still 
needed in this field.

Randomized controlled trials (RCTs) are considered mandatory in evaluating the sig-
nificance of clinical interventions and their potential implementation in daily clinical 
practice.3 However, conducting adequately powered RCTs is frequently not feasible in 
many medical fields such as hepatic surgery.4-6 In spite of calls for more rigorous surgical 
research trials, the overall number and quality of RCTs in surgery remains suboptimal.6 
The introduction of standards in reporting RCTs such as the Consolidated Standards 
of Reporting Trials (CONSORT)7 has led to the necessity of defining primary and, if 
required, secondary outcomes.7 Thus, it is imperative to standardize the definitions of the 
endpoints reported in hepatic surgery trials. Currently, the chosen outcomes are mostly 
clinical endpoints and can be divided in short- (e.g., peri-operative complications and 
peri-operative or 30 days mortality) and long-term outcomes (e.g., survival and disease-
free survival). Van den Broek et al. recently demonstrated that conducting an adequately 
powered RCT in liver surgery using the clinical dichotomous outcomes mortality and 
morbidity was not feasible because of the required large sample size.8 The introduction 
of surrogate endpoints (SEPs) in RCTs is considered a potential solution for solving the 
problems which usually compromise the conduct of a sound trial such as complexity, 
sample size, long-term follow-up, and costs.9

A SEP is a laboratory measurement or a physical sign used as a substitute for a clinically 
meaningful endpoint that measures directly how a patient feels, functions or survives.10-12 
Ideally, changes on a SEP induced by a therapy should reflect a clinically meaningful end-
point. In practice, this requirement frequently fails.13 Moreover, SEPs should be validated 
before being used to assess clinical outcomes.

Nonetheless, validation is usually overlooked, especially if biologically plausible grounds 
are given.14 In practice, a correlation is often considered as validation for a SEP. However, 
it has been demonstrated that a correlate does not make a surrogate.13
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The aim of the present systematic review was to summarize the SEPs representing the 
effect of surgically induced damage used in liver surgery trials. Additionally, this study 
aimed at finding common definitions of the used SEPs and at recapitulating the evidence 
or validation justifying the use of those endpoints.

Methods

Search strategy
Three authors (KvM., DL and SOD) performed a systematic computerized literature 
search according to the methodology recommended by the Cochrane Collaboration. The 
worldwide database of biomedical literature PubMed was searched using the Medical 
Subject headings (MeSH) terms: ‘hepatectomy’ or ‘liver resection’ or ‘liver transection’. 
Additionally, the three authors (LM, KvM and DL) manually reviewed all the articles’ ref-
erences lists for identification of relevant studies. Search results were stored in an Endnote 
file (Endnote X2, Philadelphia, PA, USA).

Study eligibility
The search was limited to patients older than 18 years, and to articles published between 
1 January 2000 and 1 January 2010. Exclusion criteria were non-human studies and 
papers published in languages other than English. Studies were eligible if they used 
SEPs as primary or secondary outcome measures. They were excluded if they reported 
only on dichotomous outcomes, such as mortality and morbidity, or only reported on 
survival. Papers using outcome measures that were not considered as surrogate markers 
for liver injury, i.e., the need for a blood transfusion, the amount of operative blood loss 
or transection time, were also excluded as well as studies reporting on surgical procedures 
other than liver resection or assessing the effects of different therapeutic modalities such 
as chemotherapy, radio-frequency ablation, or liver transplantation. Trials focusing on 
non-surgical interventions such as imaging, the effect of portal vein embolization as well 
as on liver regeneration were also excluded.

Search of evidence justifying the use of SEPs
All included studies were further scrutinized for references justifying the choice of the used 
SEPs. All references related to the endpoints mentioned either in the ‘introduction’ or in 
the ‘materials and methods’ sections were considered as references providing evidence and 
justification for the choice of the SEP. All references were assessed for compliance with 
the Boissel criteria for validation of SEPs.15 Briefly, SEPs were checked upon three criteria: 
convenience, prediction validity and relationship with clinical endpoint.
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Data collection and analysis
Two authors (KvM and LM) extracted the data, and the results were reviewed indepen-
dently by two other authors (DL and SOD). Disagreements were solved by discussion. 
The following data were recorded systematically after formation of the final list of studies 
fulfilling the inclusion criteria: first author, year of publication, study design, number of 
patients, defined endpoints, and the association of defined endpoints with morbidity, 
mortality, or survival. The references given by the authors to explain the choice of the 
surrogate endpoints were also recorded in a separate Endnote file.

Results

Quality and quantity of evidence
A total of 593 articles met the search terms. Overall, 552 were excluded. Of those, 320 
were excluded after reading the abstract and 232 were excluded after reading the full text. 
Cross-checking through the references of the included papers delivered an additional 8 
studies, resulting in a total of 49 articles being included in this review (Figure 1). All 
studies were either RCTs or consecutive case series. The search for references justifying the 
choice of endpoints delivered 125 articles. These studies were mainly reviews or previously 
published clinical trials (data not shown).

Used SEPs and their definitions
Several biomarkers of hepatic functions as well as systemic parameters were used as SEPs 
(Table 1). Standard biochemical liver functions tests to quantify hepatocellular damage 
(post-operative plasma alanine transaminase (ALT), aspartate transaminase (AST), gamma 
glutamyl transpeptidase (GGT) and alkaline phosphatase (AP)) were the most frequently 
used SEPs (32 of the 49 studies). Hepatic synthetic function quantified with various hae-
matological factors such as prothrombin time (PT) and platelet count was also frequently 
used (29 studies). Only two studies used a single SEP. The remaining studies examined a 
combination of two or more SEPs. Eleven studies did not find a correlation between the 
used SEP and a clinical outcome.

The definitions of the used SEPs varied greatly among studies (Table 2). The most fre-
quently used SEPs (biochemical liver function tests) were often defined as plasma peak 
values over a period of 3 to 7 days post-operatively. These discrepancies in definitions 
and timing of measurement of the SEPs were seen throughout the studies included in 
this review (Table 2). Authors aimed at showing a correlation between clinical outcomes 
(mortality and/or morbidity) or an independent predicting factor of these dichotomous 
outcomes.
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Evidence justifying the choice of SEPs
A total of 26 studies referred to earlier published studies to support their choice of SEP 
(Table 3). From the retrieved studies justifying the SEP, 46% were experimental studies 
and 77% were clinical studies. Only 6 studies used RCTs as a reference for the selection of 
their endpoint. Of these none was a validating study for a SEP.

Validation of the SEPs using the three criteria defined by Boissel et al.
The used SEPs occurred more often than clinical endpoints, therefore complying to the 
first criterium described by Boissel et al.15 The two other criteria of Boissel et al. could not 
be verified in this review as they required full insight of the original data and potential 
follow-up of the patients.

Discussion

The present systematic literature review is an attempt at a comprehensive and critical 
evaluation of surrogate endpoints used in liver surgery-related clinical trials. Most stud-
ies used biological plausible, though not validated, surrogate outcomes. As the liver is 
involved in a multitude of processes, many functions could serve as surrogate endpoints. 
In line with this, many surrogate outcomes have been used in reporting the results of trials 
in hepatic surgery. However, there was a lack in standardized definitions of the most used 
SEPs.

Liver surgery has been a subject of extensive research in the past two decades.16 As a 
result, the safety and efficacy of surgical interventions have increased substantially while 
the indications for performing a liver resection are continuously extending.17-20 In spite of 
a decrease in mortality and morbidity rates, there is still a need for standardized outcome 
parameters to evaluate therapeutic efficacy or hazards of liver operations.21 Composite and 
surrogate outcomes are considered as statistically adequate alternatives for replacing the 
standard short-term dichotomous outcome of mortality and morbidity in many medical 
fields.21-25 Formulation of surrogate outcomes requires, first and foremost, standardization 
of definitions of the used SEPs. The lack of adequate definitions of outcomes impairs 
comparison and evaluation of diagnostic and therapeutic trials. Recently, van den Broek et 
al.21 conducted a survey among hepato-biliary surgeons to reach a consensus on definitions 
of complications after liver surgery. These definitions were extracted from the currently 
available literature and standardized by the authors before being subjected to discussion 
by experts. The need for the aforementioned survey on definitions was because of the 
lack of uniformity on definitions as shown in the present review. To reach a consensus on 
the definitions of the SEPs frequently used in liver surgery related trials, a questionnaire 
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similar to the survey above stated should be designed. Defining SEPs for hepatic surgery 
trials should consider the numerous targets of interventions in liver surgery related trials. 
As all the currently used SEPs are yet to be validated, many definitions can be proposed 
and adapted to the different effects expected from various interventions.

In the present comprehensive literature review, we were able to retrieve references rational-
izing the selection of SEPs used in the majority of the studies. These references were studies 
using similar endpoints either in clinical trials or in experimental settings. Unfortunately, 
no study using validated SEPs was found. Validation and value of SEPs has been, and still 
is, a matter of debate.13,26 Prentice developed four criteria that are sufficient to validate 
a SEP in phase three clinical trials.12 However, these criteria have been considered too 
stringent and difficult to verify.27,28 In a comprehensive review, Boissel et al.15 redefined the 
three main criteria that a SEP must meet to be considered as valid surrogate for a clinical 
endpoint. First, a surrogate should be convenient, i.e., it should occur more often than 
the corresponding clinical point. The time course of the SEP should precede that of the 
clinical endpoint so that disease or its progression can be recognized or predicted quicker 
than the actual clinical endpoint using the SEP.25 Second, the relationship between the 
surrogate and the clinical endpoint should be established both quantitatively and qualita-
tively through relevant epidemiological and clinical studies. The nature of this relationship 
should be understood in terms of pathophysiology or in terms of an expression of joint 
risk.25 Lastly, a surrogate endpoint should produce parallel estimates of risks and benefits 
as the clinical endpoints. The endpoints selected by the authors in the last 10 years all 
seemingly comply to the first criterion as they describe alterations either in hepatic or 
systemic parameters. However, we were not able to verify if the other criteria were met, 
challenging the validity of the obtained results in the studies included in this review. 
The complexity of validation is perhaps clearly illustrated by two elegant studies which 
attempted to validate surrogates for mortality following postresectional liver failure.29,30 
Balzan et al. prospectively evaluated 704 patients undergoing hepatic resection.29 They 
were able to show that the 50-50 criteria (PT <50% and serum total bilirubin >50 mmol/l 
on day 5 postoperatively) were an accurate predictor of liver failure and death after a hepa-
tectomy. However, their findings were soon contested by Mullen et al.30 who conducted a 
similar study in 1,059 patients undergoing major hepatectomy in which the 50-50 criteria 
could not be reproduced. The authors therefore introduced a new criterion (peak bilirubin 
>7.0 mg/dl) that should be considered as a more reliable marker predicting postresectional 
liver failure and mortality.

Several other medical fields have been trying to standardize the outcomes that are used 
in clinical trials. Recently, the National Institutes of Health (NIH) and the Agency for 
Healthcare Research and Quality in the United Kingdom convened an expert group to 
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propose which biomarkers should be assessed as standardized asthma outcomes in future 
clinical research studies.31-33 The challenging task of validating SEPs in liver surgery related 
trials should follow a similar design and start by assessing and standardizing the definitions 
of the most used SEPs. It could be achieved either by the conduct of a survey among 
worldwide HPB surgeons or the formation of an expert panel as demonstrated by the 
NIH. As a result, a common international prospective database with clear definitions of 
SEPs could be established. This database would allow the conduct of multicentre trials 
validating the SEPs in liver surgery. Alternatively, a large multi-centre, multi-national 
prospective study could be designed to validate the potentially most valuable SEPs. As 
an example, the Medical Research Council (UK) recently funded a prospective validation 
study of a combination of the SEPs dimethyl-arginine and ischaemia modified albumin 
(DASIMAR; MRC 08/H0714/8) in decompensated cirrhosis. Moreover, a recently pub-
lished study presented an international, multicentre, external validation analysis of the 
utility interval to biochemical failure (IBF) in predicting prostate cancer mortality at the 
time of biochemical failure.34 IBF was chosen as prostatic cancer progression defined by 
prostate specific antigen, otherwise known as biochemical failure (BF), is almost always 
the earliest sign of recurrent prostate cancer and can predate clinical manifestations of 
disease by months to years. Earlier, a large study of 221 men who experienced BF after 
radiotherapy, a shorter time interval between the completion of treatment and BF [i.e., in-
terval to BF (IBF)] had been shown to be related to the development of distant metastasis 
and prostate cancer mortality.35 Thereafter the extensive validation study was designed to 
substantiate IBF as a SEP for identification of the potentially lethal prostate cancer. These 
studies are solid examples liver surgery researchers can follow.

In an attempt to define and validate SEPs in hepatic surgery trials, caution should be taken 
in the choice of SEPs considering the different types of hepatic surgery that can be studied 
and the patient population that is being investigated.

Conclusion

The present systematic review showed that many SEPs are used in hepatic surgery related 
research. Although these endpoints are biologically plausible, there is little evidence on 
their validity as true surrogates of clinical endpoints. It is important to standardize SEP 
definitions and validate the SEPs used in liver surgery trials as the safety is steadily in-
creasing making the differences between interventions smaller and therefore leading to 
enormous sample sizes. Validated SEPs could be reliable surrogates of clinical endpoints.
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Abstract

Introduction. Postoperative liver failure (PLF) is a dreaded complication after partial 
hepatectomy. The peak bilirubin criterion (>7.0 mg/dL or ≥120 µmol/L) is often used to 
define PLF. This study aimed to validate the peak bilirubin criterion as a risk indicator for 
liver-related mortality within 90 days after partial hepatectomy.

Methods. Patient and surgical characteristics of 956 consecutive patients who underwent 
partial hepatectomy at the Maastricht University Medical Centre (the Netherlands) or the 
Royal Free Hospital (United Kingdom) between January 2005 and December 2012 were 
analysed by uni- and multivariable analyses with odds ratios (OR) and 95% confidence 
intervals (95%CI).

Results. Thirty-five patients (3.7%) met the postoperative peak bilirubin criterion at 
median day 19 with a median bilirubin level of 183 [121-588] µmol/L. Sensitivity and 
specificity for liver-related mortality after major hepatectomy were 41.2% and 94.6%, 
respectively. The positive predictive value was 22.6%. Independent predictors of liver-
related mortality were the peak bilirubin criterion (p<0.001, OR=15.9 [95%CI 5.2-48.7]), 
moderate-severe steatosis and fibrosis (p=0.013, OR=8.5 [95%CI 1.6-46.6]), ASA 3-4 
(p=0.047, OR=3.0 [95%CI 1.0-8.8]) and age (p=0.044, OR=1.1 [95%CI 1.0-1.1]).

Conclusion. The peak bilirubin criterion has a low sensitivity and positive predictive 
value for 90-day liver-related mortality after major hepatectomy.
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Introduction

Postoperative liver failure (PLF) is a serious complication after partial hepatectomy for 
benign or malignant liver disease.1 PLF occurs in approximately 5% of all patients under-
going partial liver resection.2,3 A liver remnant volume of 25% is regarded as the minimum 
to prevent PLF.2 In patients with compromised liver function, up to 40% needs to be 
preserved.1

PLF is characterized by an impaired synthetic, secretory, and detoxifying function of the 
liver, and accounts for most of the mortality after extensive partial hepatectomy.1 Strategies 
to avoid an insufficient remnant liver include staged resection (two-stage hepatectomy,4 
associating liver partition and portal vein ligation for staged hepatectomy (ALPPS)),5 
and portal vein embolization (PVE).6 Postoperative treatments lack, and only intensive 
support can be provided when PLF occurs. It is therefore essential to have an accurate 
postoperative clinical risk indicator that can predict PLF to provide early optimal support.

Three postoperative clinical risk indices that are currently used are the 50-50 criteria 
(prothrombin time <50% and serum bilirubin >50 μmol/L on postoperative day 5),7,8 the 
definition of PLF by the International Study Group of Liver Surgery,9 and the Model for 
End-stage Liver Disease.10,11 However, these parameters have revealed to be suboptimal 
to detect patients with developing PLF based on their definitions as shown by recent 
validation studies.12-14

In 2007, Mullen et al. proposed a definition for PLF based on analysis of 1,059 patients 
without cirrhosis who underwent major hepatectomy between 1995 and 2005 at three 
hepatobiliary centres in the United States and Italy.15 The authors stated that the occur-
rence of a systemic bilirubin level of >7.0 mg/dL (≥120 μmol/L, ‘peak bilirubin criterion’) 
within 90 days after major hepatectomy provides a sensitivity of 93.3% for liver-related 
death and an odds ratio (OR) of 250 (95% confidence interval, 25.0 to >1000) for 90-day 
liver-related mortality.

Recently, this risk indicator has been retrospectively validated in a prospectively con-
structed single centre European database.14 Analysis of 680 hepatectomies in patients 
without cirrhosis resulted in a positive predictive value of 61.4% for major morbidity and 
40.5% for overall mortality when the peak bilirubin criterion was applied within 10 days 
after hepatectomy.14 However, this is a rather short period of time since the majority of 
complications occur within 90 days after liver resection.16
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The peak bilirubin criterion is one of the main predictors used in daily practice,17 but 
modern practice has changed in the last decade. With the increasing incidence of non-
alcoholic fatty liver disease, extending indications for resection,18 and complex vascular 
procedures,19 postoperative morbidity and mortality are negatively affected.20,21 In 
addition, chemotherapy-associated liver injury (e.g. sinusoidal obstruction syndrome, 
steatohepatitis) seems to increase liver-related morbidity and 90-day mortality after liver 
resection.21,22

We hypothesized that following current practice, the criterion would be met more often, 
and mortality rates would be higher. Therefore, this study aimed to validate the peak 
bilirubin criterion as a postoperative clinical risk indicator regarding major morbidity 
and liver-related death within 90 days after partial hepatectomy in two European tertiary 
hepatobiliary referral centres.

Methods

Patients
Prospectively collected data from all consecutive patients who had undergone minor or 
major hepatic resection between January 2005 and December 2012 at the Maastricht 
University Medical Centre (the Netherlands) or the Royal Free Hospital London (United 
Kingdom) were reviewed. All patients with age >18 years who underwent liver resection 
were included, independent of ethnicity, quality of the background liver and preopera-
tive systemic levels of liver-related parameters (e.g., bilirubin, alanine aminotransferase). 
Before surgery, a complete medical history was taken, and patients underwent physical 
examination and liver-related blood tests. All patients were discussed at a multidisciplinary 
meeting to determine optimal medical and surgical treatment. Patients who underwent 
extended hepatectomy received computed tomography-volumetry prior to surgery. Preop-
erative PVE was performed in patients with a limited predicted functional liver remnant.

Surgical techniques and perioperative management
All liver resections were classified in accordance with the International Hepato-Pancreato-
Biliary Association Brisbane nomenclature.23 Liver resection was performed as described 
before.24 To prevent excessive blood loss, central venous pressure was maintained below 
5 cm H2O during transection. Intermittent Pringle manoeuvre was performed in case of 
increased bleeding risk. Haemostasis was achieved using bipolar coagulation and argon 
beam coagulation, sutures, and clips. Intraoperative transfusion of packed red blood cells 
(RBCs) and fresh frozen plasma (FFP) was performed according to hospital protocols. 
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Postoperatively, patients were admitted to the overnight recovery room or intensive care 
unit and transferred to the surgical ward the next day if clinically stable.

Definitions
Liver resections were divided into minor (<3 Couinaud segments) and major (≥3 
Couinaud segments) resections26. Background steatosis was morphologically quantified 
by histopathologists using a four-graded scale (0-3) as defined by Kleiner et al.26 Scores 
1-3 were considered to correspond with fat deposition in 5-33%, 33-66% and >66% 
of hepatocytes. Preoperative chemotherapy consisted of adjuvant chemotherapy for the 
primary tumour, or neoadjuvant chemotherapy to downsize liver metastases within six 
months before liver surgery. The number of units of transfusion of RBCs or FFP peri-
operatively and within 24 hours after surgery was documented. Liver failure was defined 
according to the peak bilirubin criterion of Mullen et al.15 Postoperative 90-day morbidity 
was defined in accordance with the surgical Dindo-Clavien classification,27 and clinically 
relevant (major) morbidity was defined as a Dindo-Clavien score of 3 or more. Overall 
mortality was defined as all cause death within 90 days after liver resection. Ninety-day 
morbidity and mortality were included irrespective of whether this occurred during first 
admission, after discharge or during readmission. Mortality was subdivided into overall 
and liver-related (i.e., liver failure, multi-organ failure including liver failure) mortality 
for validation analyses. Moreover, the liver surgery-specific composite endpoint (LSSCEP) 
composed of ascites, postoperative liver failure, bile leakage, intra-abdominal haemor-
rhage, intra-abdominal abscess, and mortality, was used to assess liver surgery-specific 
complications.28 Due to implementation of enhanced recovery after surgery (ERAS) pro-
grams in liver surgery,29 bilirubin levels were determined on postoperative day 1, 3, and if 
deemed necessary, day 5 or beyond. Medical records of all patients were checked up to 90 
days after partial hepatectomy.

Statistical analyses
Statistical analyses were performed using SPSS® version 20 (IBM, Armonk, New York, 
USA). Data are expressed as median [range] and percentages. Sensitivity, specificity, and 
predictive values for major postoperative morbidity and 90-day liver-related mortality 
were computed. Clinicopathologic variables associated with morbidity and mortality were 
examined using univariable and, where applicable, multivariable analyses using logistic 
regression. For multivariable analysis, a univariable inclusion criterion of p≤0.15 was used. 
Statistical significance was considered at a p-value<0.05. Results were depicted in p-values 
with odds ratio (OR) and 95% confidence interval (95%CI).
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Results

Patient characteristics
A total of 956 patients were included in this study (Table 1). Four hundred forty-two 
patients (45.0%) underwent liver resection at the Maastricht University Medical Centre, 
whereas 514 patients (55.0%) underwent liver surgery at the Royal Free Hospital. Median 
age of the patients was 64 [20-88] years. Cardiovascular comorbidity (e.g., hypertension, 
previous myocardial infarction) was present in 442 patients (46.2%) and diabetes mel-
litus was present in 118 patients (12.3%). ‘Other comorbidity’ (228 patients, 23.8%) 
comprised conditions such as hypothyroidism, a history of deep venous thrombosis and/
or pulmonary embolism.

Malignant liver disease was the indication for resection in 841 patients (88.0%), with 
hepatocellular carcinoma as the most common indication in primary liver disease (61 pa-
tients, 6.4%), and colorectal liver metastases in metastatic disease (657 patients, 68.7%). 
Hepatocellular adenoma and cavernous haemangioma (both 19 patients, 2.0%) were the 
most common benign indications for hepatic resection. Impaired background liver quality 
was present in 320 patients (219 patients with moderate to severe steatosis, 77 patients 
with moderate to severe fibrosis and 24 patients with cirrhosis).

Operative details
A total of 490 patients (51.3%) underwent limited resection and 466 patients (48.7%) 
underwent resection of 3 or more segments (Table 2). Multi-segmentectomies (303 patients, 
31.7%) and wedge resections (288 patients, 30.1%) were the most performed surgical pro-
cedures followed by a right hepatectomy in 196 patients (20.5%). A total of 426 patients 
(44.9%) received neoadjuvant chemotherapy. Median surgery time was 267 [45-1200] min-
utes and median perioperative blood loss was 600 [20-11600] mL. Perioperative transfusion 
of RBCs and FFP was carried out in 235 (27.5%) and 90 (10.6%) patients, respectively.

Postoperative details
The median length of hospital stay following partial hepatectomy was 9 [2-167] days (Table 
2). Overall complications were present in 453 patients (47.4%) and death occurred in 37 
patients (3.9%) within 90 days after surgery. Ninety-day major morbidity was present in 
244 patients (25.5%) and liver-related mortality in 23 patients (2.4%). Non-liver-related 
causes of death were of pulmonary (respiratory insufficiency, pneumonia, pulmonary 
embolus), renal (renal failure), cardiac (myocardial infarction) and gastroenterological 
(haemorrhage or ischemia) origin. A total of 194 patients (20.3%) met at least one of the 
criteria of the liver-surgery specific composite endpoint,28 with intra-abdominal abscess 
(77 patients, 8.1%) and bile leakage (70 patients, 7.3%) as most frequent complications.
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Table 1. Demographic and clinical characteristics of the cohort

Characteristic n=956

Age (years) 64 [20-88]

Female 409 (42.8)

Comorbidity

  Cardiovascular 442 (46.2)

  Pulmonary 107 (11.2)

  Diabetes mellitus 118 (12.3)

  Renal 16 (1.7)

  Other 228 (23.8)

  ASA 3 or 4 148 (15.5)

Indication

  Primary hepatic tumour 123 (12.9)

    Hepatocellular carcinoma 61 (6.4)

    Cholangiocarcinoma 38 (4.0)

    Gallbladder carcinoma 21 (2.2)

    Other 3 (0.3)

  Metastasis 718 (75.1)

    Primary colorectal carcinoma 657 (68.7)

    Other primary tumour 61 (6.4)

  Benign 115 (12.0)

Histology

  Moderate/severe steatosis 219 (22.9)

  Moderate/severe fibrosis 77 (8.1)

  Cirrhosis 24 (2.5)

Values in parentheses are percentages, values in square brackets depict range. ASA, American Society of Anesthesiologists

Table 2. Peri -and postoperative details of the cohort

Characteristic n=956

Procedure

Right hepatectomy 196 (20.5)

Extended right hepatectomy 62 (6.5)

Left hepatectomy 56 (5.9)

Extended left hepatectomy 22 (2.3)

Central resection 27 (2.8)

Wedge/segmentectomy 288 (30.1)

Multisegmentectomy 303 (31.7)

Surgery type

Minor (<3 Couinaud segments) 490 (51.3)

Major (≥3 Couinaud segments) 466 (48.7)

Preoperative procedures
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Characteristic n=956

Portal vein embolization 59 (6.2)

Chemotherapy 426 (44.9)

Previous liver resection 106 (11.1)

Intraoperative details

Laparoscopy 95 (9.9)

Operation time (minutes) 267 [45-1200]

Intraoperative blood loss (mL) 600 [20-11600]

Vascular clamping

    Patients (number) 214 (25.2)

    Clamping time (minutes) 30 [8-75]

Transfusion RBCs (units)

    Patients (number) 235 (27.5)

    Units (number) 0 [0-25]

Transfusion FFP (units)

    Patients (number) 90 (10.6)

    Units (number) 0 [0-13]

Length of stay

  Initial length of stay in hospital 9 [2-167]

Complication grade

  Complications present 453 (47.4)

Dindo-Clavien grade 1 67 (7.0)

Dindo-Clavien grade 2 142 (14.9)

Dindo-Clavien grade 3 134 (14.0)

Dindo-Clavien grade 4 73 (7.6)

Dindo-Clavien grade 5 37 (3.9)

Liver surgery-specific composite endpoint

  Liver surgery-specific composite
  endpoint present

194 (20.3)

Ascites 19 (2.0)

Liver failure 32 (3.3)

Bile leak 70 (7.3)

Intra-abdominal haemorrhage 25 (2.6)

Intra-abdominal abscess 77 (8.1)

90-day mortality 37 (3.9)

Liver-related mortality 23 (2.4)

Re-admission

  30-day re-admission 97 (10.1)

Values in parentheses are percentages, values in square brackets depict range. RBCs, packed Red Blood Cells; FFP, Fresh Frozen 
Plasma
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validation of the peak bilirubin criterion
During the postoperative course, the median of the highest bilirubin level measured in 
all patients was 25 [0-588] μmol/L and occurred on postoperative day 1 [0-53]. Th e 
peak bilirubin criterion was met in 35 patients (3.7%), with a median bilirubin level of 
183 [121-588] μmol/L on postoperative day 19 [5-53]. Th e positive predictive value of 
the peak bilirubin criterion for liver-related death within 90 days after major liver resec-
tion (n=458) was 22.6% (Table 3). Specifi city for liver-related death within 90 days was 
94.6% after major liver surgery, but sensitivity was only 41.2%. In addition, of all patients 
with severely elevated bilirubin levels (for the present study defi ned as >250 μmol/L), 10 
patients (66.7%) out of 15 survived and bilirubin levels normalized (Figure 1).

Table 3. Sensitivity, specifi city and predictive values of the peak bilirubin criterion

overall 90-day mortality Liver-related 90-day mortality

All resections
(n=936)

major liver resections
(n=459)

All resections
(n=934)

major liver resections
(n=458)

Sensitivity 28.6 34.8 36.4 41.2

Specifi city 97.2 94.7 97.0 94.6

PPV 28.6 25.8 22.9 22.6

NPV 97.2 96.5 98.4 97.7

PPV, positive predictive value; NPV, negative predictive value

Figure 1. Predictors for liver-related 90-day mortality
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In univariable analysis (Table 4), five factors (age, major liver resection, duration of surgery, 
Pringle manoeuvre, and peak bilirubin criterion) were identified as significant prognostic 
factors affecting liver-related 90-day mortality. Two additional variables (American Society 
of Anesthesiologists (ASA) 3-4, and the co-occurrence of moderate-severe steatosis and 
moderate-severe fibrosis/cirrhosis, p<0.15) were included in the multivariable analysis. 
Four independent predictors for liver-related 90-day mortality were identified, with 
the peak bilirubin criterion being the strongest predictor (p<0.001, OR=15.9 [95%CI 
5.2-48.7]). The other significant predictors for 90-day liver-related mortality were the co-
occurrence of moderate-severe steatosis and moderate-severe fibrosis/cirrhosis (p=0.013, 
OR=8.5 [95%CI 1.6-46.6]), ASA 3-4 (p=0.047, OR=3.0 [95%CI 1.0-8.8]) and age 
(p=0.044, OR=1.1 [95%CI 1.0-1.1]).

Discussion

In the present patient cohort, sensitivity, and specificity of the peak bilirubin criterion for 
90-day liver-related death after major liver resection were 41.2% and 94.6%, respectively, 

Table 4. Uni –and multivariable analyses on liver-related 90-day mortality (n=956)

Prognostic factor
Univariable Multivariable

p-value OR [95%CI] p-value OR [95%CI]

Age† 0.002 1.1 [1.0-1.1] 0.044 1.1 [1.0-1.1]

Female sex 0.232 0.6 [0.2-1.4]

ASA 3-4 0.052 2.5 [1.0-6.1] 0.047 3.0 [1.0-8.8]

Presence of co-morbidities 0.783 1.1 [0.5-2.7]

Malignant indication (vs benign) 0.275 3.1 [0.4-23.0]

Preoperative chemotherapy 0.566 0.8 [0.3-1.8]

Background liver histology

Normal Reference Reference

Moderate-severe steatosis 0.499 0.7 [0.2-2.3] 0.754 0.8 [0.2-3.7]

Moderate-severe fibrosis or cirrhosis 0.504 1.7 [0.4-7.5] 0.446 1.9 [0.4-9.8]

Moderate-severe steatosis and fibrosis or cirrhosis 0.116 3.4 [0.7-15.6] 0.013 8.5 [1.6-46.6]

Open liver resection (vs. laparoscopic) 0.385 0.4 [0.1-3.1]

Major liver resection (vs. minor) 0.008 3.9 [1.4-10.6] 0.093 2.9 [0.8-9.7]

Duration of surgery (hours)* 0.026 1.2 [1.0-1.3]

Blood transfusion* 0.064 2.2 [1.0-5.3]

Pringle manoeuvre 0.032 2.5 [1.1-6.0] 0.097 2.3 [0.9-5.9]

Peak bilirubin ≥120 µmol/L <0.001
18.7
[7.3-48.4]

<0.001
15.9
[5.2-48.7]

†Age as nominal variable (per year). *Left out due to potential collinearity. OR, odds ratio; CI, confidence interval; ASA, American 
Society of Anesthesiologists
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whereas the positive predictive value only reached 22.6%. In multivariable analysis, the 
peak bilirubin criterion (p<0.001, OR=15.9 [95%CI 5.2-48.7]), co-existing moderate-
severe steatosis and moderate-severe fibrosis/cirrhosis (p=0.013), ASA 3-4 (p=0.047), and 
age (p=0.044) were independent predictors of liver-related death.

The study of Mullen et al. suggests that patients who meet the criterion of the peak bili-
rubin have a more than 30% chance of dying from liver failure after major hepatectomy, 
in addition to a sensitivity of 93.3% and specificity of 94.3% for liver failure-related 
mortality. The recent validation study of Skrzypczyk et al. showed a positive predictive 
value of 40.5% for overall mortality when the peak bilirubin criterion was met within 10 
days after partial hepatectomy, with a sensitivity and specificity for overall mortality of 
56.7% and 96.1%, respectively.

We hypothesized that in the current era of extensive surgeries in patients with (hepatic) 
comorbidity, more patients would meet the peak bilirubin criterion postoperatively and 
90-day mortality could be increased due to a lack of treatment. In addition, more patients 
were expected to meet the criterion when the observation period was 90 days instead of 10 
days as in Skrzypczyk et al. Whereas we indeed observed that combined moderate to severe 
steatosis and severe fibrosis was a significant risk factor for 90-day liver-related mortality 
after partial hepatectomy, we found a much lower positive predictive value of the peak 
bilirubin criterion. Moreover, of the 15 patients with a severely elevated bilirubin level, 10 
patients survived, and bilirubin levels normalized. This confirms the statement of Mullen 
et al. that the peak bilirubin criterion is a turning point instead of a point of no return.15 In 
addition, improvements in surgical techniques, preoperative PVE and perioperative care 
might have led to better support and timely transfer to the intensive care ward.

Even though the present prognostic values were lower than reported by others, the peak 
bilirubin was still identified as conferring the highest risk for 90-day postoperative liver-
related mortality in multivariable analysis. Whereas other risk indicators such as the 50-50 
criteria or the validation study of Skrzypczyk et al. focus on detection of PLF in the early 
postoperative course, the present analysis showed that bilirubin levels peaked on median 
postoperative day 19 indicating that 10 days is too short to detect most patients with this 
complication.

Although its clinical use is widespread, serum bilirubin reflecting secretory liver function 
might not be the optimal indicator for poor outcome after partial hepatectomy as shown in 
a systematic literature review.30 In the past decades, human and animal studies have shown 
that plasma and hepatic bile salts are direct indicators of secretory liver function.31 The 
relative hepatic overload of bile salts after liver resection32 in combination with toxicity of 
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excess hydrophobic bile salts and ensuing impairment of secretory function,33 can cause 
a vicious cycle of hepatotoxicity in the remnant liver. Moreover, a delicate intrahepatic 
balance of bile salts is needed for proper liver regeneration as shown in animal studies.34 It 
may be worthwhile to explore the prognostic potential of bile salts in PLF.

Although the clinical characteristics of the present study resemble those of the cohort 
of Mullen et al., some dissimilarities were present. Whereas having a cirrhotic liver was 
an exclusion criterion in the latter study, we included patients with cirrhosis (n=24). 
Furthermore, we included patients with a preoperative serum bilirubin level >2.0 mg/dL 
(or >34 µmol, n=25), whereas these patients were excluded in Mullen’s cohort. Statistical 
testing, however, did not reveal differences in sensitivity, specificity, and predictive values 
for the peak bilirubin criterion when aforementioned patient groups were excluded (data 
not shown).

While prospectively collected, data of this study were retrospectively analysed. Due to 
implementation of enhanced recovery after surgery (ERAS) programs in liver surgery, 
several systemic parameters such as the international normalized ratio and C-reactive 
protein were not measured daily.29,35 Validation of for instance the 50-50 criteria were 
thus not possible in this cohort.

In conclusion, the present study found a rather low positive predictive value and sensitiv-
ity of the peak bilirubin criterion for liver-related mortality within 90 days after major liver 
resection. Nevertheless, it was still identified as the most risk-bearing factor for postop-
erative liver-related mortality within 90 days after partial liver resection in multivariable 
analysis. Prospective studies should focus on novel liver function-related parameters such 
as bile salts, and/or combined functional and volumetric criteria.36
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Abstract

Background. Animal studies indicated that systemic ophthalmic acid (OPH) is a bio-
marker for hepatic glutathione (GSH) homeostasis, an important determinant of liver 
function. We aimed to clarify whether OPH levels can be used as a read-out for hepatic 
GSH homeostasis after paracetamol (APAP) challenges during pylorus-preserving pancre-
aticoduodenectomy (PPPD) or partial hepatectomy (PH).

Methods. Nineteen patients undergoing PPPD (n=7, control group) or PH (n=12) were 
included. APAP (1000 mg) was administered intravenously before resection (first chal-
lenge), and six and twelve hours later, with sequential blood sampling during this period. 
Arterial, hepatic and portal venous blood samples and liver biopsies were taken on three 
occasions during the first APAP challenge. Plasma and hepatic OPH and GSH levels were 
quantified, and venous-arterial differences were calculated to study hepatic release.

Results. Systemic GSH levels decreased during the APAP challenge in both surgical 
groups, without notable change in OPH levels. Hepatic GSH and OPH content was not 
affected within ~3 hours after administration of the first APAP dose in patients undergo-
ing PPPD or PH. In this period, net release of OPH by the liver was observed only in 
patients undergoing PPPD.

Conclusion. The drop in circulating GSH levels following APAP administrations, did 
not result in an increase in plasma OPH in both patients with an intact liver and in those 
undergoing liver resection. Hepatic content of GSH and OPH was not affected during the 
first APAP dose. It is uncertain if hepatic GSH homeostasis was sufficiently challenged in 
the present study (trial number: NL26884.068.09 / 09-3-010).
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Introduction

Prediction of remnant liver function is becoming increasingly important to identify pa-
tients at risk of postresectional liver failure.1-3 One of the important functions of the liver 
is the defence against diverse forms of (chemical) stress and intoxications.4-6 For example, 
radicals are scavenged through reaction with glutathione (GSH), a tripeptide abundantly 
present in the liver. GSH is synthesized in the cytoplasm, while its degradation by plasma 
membrane-associated ectoenzymes takes place in the extracellular compartment. The liver 
releases GSH in bile and sinusoidal blood and is considered to be the predominant source 
of GSH in the circulation, thus providing extrahepatic tissues with the constituents for 
local GSH (re)synthesis. Hepatic GSH depletion occurs if the balance between synthesis, 
intracellular consumption, and release of GSH cannot be maintained, and results in 
impaired antioxidant defence and attendant cell damage.7

One of the processes in which GSH is involved, is the metabolism of the analgesic ac-
etaminophen (APAP). At high doses, a significant fraction of APAP is metabolized by 
cytochrome P450s giving rise to the reactive compound N-acetyl-p-benzoquinone imine 
(NAPQI) and phenoxyl radicals derived thereof.8,9 NAPQI can be neutralized by GSH for 
subsequent export from the liver. Additionally, GSH reacts with the phenoxyl radical of 
APAP, resulting in the formation of a less reactive thiyl radical.10 High doses of APAP may 
result in a drop in hepatic GSH levels and may cause acute liver failure.11

Animal and in vitro studies showed that systemic ophthalmic acid (OPH) levels increased 
when hepatocellular glutathione and its constituent L-cysteine, were depleted in APAP-
induced hepatotoxicity models.12 OPH is an endogenous tripeptide analogue of GSH and 
is formed by the same enzymes, with incorporation of 2-aminobutyric acid rather than 
L-cysteine in the initial biosynthetic step.12-15 OPH lacks a reactive thiol group and is thus 
devoid of antioxidant properties. It has been suggested that OPH makes use of the same 
transporter system as GSH and therefore minimizes cellular GSH efflux to preserve cell 
integrity.12 Since L-cysteine availability is considered the rate-limiting factor in hepatic 
GSH formation, elevated plasma OPH concentrations may be a read-out of hepatic GSH 
depletion.

Patients undergoing partial hepatectomy for benign or malignant liver disease often receive 
APAP pre- and postoperatively to enhance their recovery through reduction of pain.16 
Reduced preoperative liver quality and chemotherapy, as well as extended resections can 
result in reduced liver function following resection. In the presence of a diminished liver 
volume and additional surgical stress during partial hepatectomy (PH), the administration 
of a normal dose of APAP has been suggested to lead to a faster depletion of hepatic 
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GSH stores.17 This is one of the reasons why APAP is considered contraindicated after 
hepatic resection by many clinicians. In the present study we investigated whether an 
APAP challenge resulted in altered plasma levels and liver content of GSH and OPH in 
patient groups undergoing abdominal surgery.

Materials and methods

Patient inclusion
All consecutive patients between October 2010 and October 2011 who were older than 18 
years and underwent non-laparoscopic liver resection at the Maastricht University Medi-
cal Center for malignant disease, were considered for inclusion in this prospective study. 
In the same time frame, patients undergoing pancreatic surgery were included as a control 
group with the following rationale: (I) they experience comparable surgical stress as pa-
tients undergoing liver resection but their functional liver capacity remains conserved, (II) 
there are no major differences in anaesthetics during liver and pancreatic surgery, and (III) 
during pancreatic surgery blood can be drawn more easily from the portal and hepatic 
vein than during other types of major abdominal surgery allowing the study of splanchnic 
GSH/OPH release. Exclusion criteria in both groups were alcohol abuse up to six months 
before participation in this study, aberrations or insufficiency of kidney, liver, gut, heart, 
or lungs, apart from the underlying malignancy, the presence of persistent inflammation 
in the gut or liver, the use of drugs known to affect liver metabolism, anaemia or infection, 
HIV infection, or hepatitis.

Patients were included at the outpatient department and admitted to the hospital one 
day prior to operation. Routine blood tests were performed at this time. The study was 
approved by the medical ethical committee of the Maastricht University Medical Center 
(study number: NL26884.068.09/09-3-010) and conducted according to the revised 
version of the Declaration of Helsinki (October 2008, Seoul) and the Medical Research 
Involving Human Subjects Act (WMO). All patients participating in this study gave writ-
ten informed consent. After surgery, standard clinical care was provided according to the 
enhanced recovery after surgery (ERAS) protocol.16

Outcome and definitions
The primary aim of the study was to investigate whether systemic OPH levels could be 
an indicator of hepatic GSH depletion. Secondary outcome was the effect of an APAP 
challenge on generation of thiyl radicals. Liver resections were classified as major (≥3 
Couinaud segments) or minor (<3 segments) resections. Morbidity was defined as any 
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complication within 90 days after surgery, whereas major morbidity comprised complica-
tions with a Dindo-Clavien grade of 3 or higher.18

operative procedure
Patients were anaesthetized using isofl urane and propofol. Th ey routinely had an epidural 
catheter, urinary catheter, two peripheral venous catheters and catheters in a jugular vein 
and radial artery. Pylorus-preserving pancreaticoduodenectomy (PPPD; modifi ed Whipple 
procedure) was performed for curation; in case of irresectability, a palliative double bypass 
was created. In this study, double bypass surgery and PPPD are both referred to as PPPD. 
PH was performed as detailed elsewhere.19

Intravenous APAP-challenge model
APAP (1000 mg, Perfalgan® solution for intravenous infusion, 10 mg/ml, Bristol-Myers 
Squibb Pharmaceuticals LtD, no organic solvents added) was administered intravenously 
during surgery directly after mobilization of the liver but before resection (APAP#1), and 
six (APAP#2) and 12 (APAP#3) hours later (Figure 1). Th e APAP solution (100ml) was 
administered in less than fi ve minutes.

blood and tissue sampling
Radial artery blood samples were obtained at eight predefi ned time points: after induction 
of anaesthesia, after incision of the liver/pancreas, immediately before the fi rst APAP chal-
lenge (APAP#1), one hour after the fi rst APAP challenge (APAP#1+1h), and after resection 
of the liver/pancreas (Figure 1). Postoperatively, radial artery blood samples were taken 
immediately before the second and third APAP challenge (APAP#2 resp. APAP#3), and 
six hours after the fi nal challenge (APAP#3+6h). For study of venous-arterial diff erences 
(ΔVA), blood was drawn near-simultaneously from the radial artery, portal vein, and one 
of the hepatic veins. Th is was performed on three occasions, viz. at APAP#1, APAP#1+1h, 
and after completion of liver/pancreatic resection. Concurrent intra-operative liver bi-
opsies were taken in both groups on these time points. In case of liver resection, blood 
samples and biopsies were taken from the non-tumour bearing hemi-liver.

Figure 1. Timeline of sample collection and APAP-challenges

Transection, transection of the liver or pancreas; APAP, 1000 mg paracetamol intravenously; Bx, liver biopsy; Arterial, blood sample 
from radial artery, PV, blood sample from portal vein; HV, blood sample from one of the hepatic veins



152

C
ha

pt
er

 7

VA differences (ΔVA) across the portal drained viscera (PDV), liver and splanchnic area 
(SPL) were calculated using the following formulae:

ΔVAPDV = portal venous [X] – arterial [X]

Liver input = 0.30 * arterial [X] + 0.70 * portal venous [X]

ΔVALiver = hepatovenous [X] – liver input

ΔVASPL = hepatovenous [X] – arterial [X]

Sample preparation and OPH/GSH measurements
Blood samples were collected in pre-chilled heparinized vacuum tubes (6 mL) and im-
mediately centrifuged at 4°C at 3500*g for 10 minutes in the operating theatre. Obtained 
plasma samples were stored at -80°C until analysis. For OPH and GSH measurements, 
plasma samples were deproteinized by the addition of an equal volume of a freshly 
prepared 5% (w/v) 5-sulphosalicylic acid solution containing 0.1% (w/v) vitamin C 
(British Drug Houses, Amsterdam, The Netherlands) to prevent oxidation of GSH. Liver 
samples were homogenized by microbeating 10 mg of liver tissue in 100 microliters of the 
above solution, and homogenates were stored at -80°C until analysis. Prior to analysis, 
all samples were centrifuged for 10 minutes at 50000 *g at 4°C. OPH and GSH were 
measured in plasma and liver homogenate supernatants using liquid chromatography-
mass spectrometry.20

Quantification of thiyl radicals
Thiyl radicals were assayed using electron spin resonance (ESR) spectroscopy at low tem-
perature.21 For this, frozen human liver biopsies were placed in liquid nitrogen in a quartz 
liquid finger Dewar at the centre of the spectrometer’s high sensitivity cavity. ESR spectra 
were recorded on an X-band spectrometer (Bruker EMX 1273, Biospin, Rheinstetten, 
Germany) operating at 9.50 GHz. Instrumental settings were magnetic field: 3325 G; 
scan range: 150 G; modulation frequency 100 kHz modulation amplitude: 5 G; receiver 
gain: 1 x 105; power: 20 mW; time constant: 20.84 ms; scan time: 40.96 ms; number of 
scans: 20. Thiyl radicals were quantified by peak surface measurements using the WIN-
EPR spectrum manipulation program (Version 2.11, Bruker, Rheinstetten, Germany).

Statistical analyses
Statistical analysis was performed using the Statistical Package for the Social Sciences 
(SPSS®) version 24.0 (IBM, New York). All data are expressed as median with interquartile 
range. To compare categorical variables in the two surgical groups the Mann-Whitney U 



153

O
ph

th
al

m
ic

 a
ci

d 
an

d 
he

pa
tic

 g
lu

ta
th

io
ne

 m
et

ab
ol

ism

and Fisher’s Exact Test were applied where appropriate. Effects of the peri-operative APAP 
challenge on circulating and hepatic GSH and OPH levels were analysed using the Fried-
man test for repeated measurements. If appropriate, pre-defined pair-wise comparisons 
for circulating (baseline (=anaesthesia) versus all other time points) and hepatic (baseline 
(=APAP#1) versus all other time points) analytes were made with a posthoc Wilcoxon 
signed-rank test and Bonferroni-Holm correction for multiple comparisons. Correlations 
between systemic GSH and OPH were evaluated with Spearman’s rank test for non-
parametric data. Venous-arterial gradients (ΔVA) of GSH and OPH were tested versus 
a theoretical median of zero using the Wilcoxon signed-rank test. A p-value <0.05 was 
considered statistically significant.

Results

Patient characteristics
Nineteen patients (seven females; 12 males) scheduled for a PPPD or liver resection were 
included in this study (Table 1). Seven patients had a pancreatic malignancy, of whom 
four underwent a PPPD and three received a palliative double bypass. None of these 
patients received neoadjuvant chemotherapy. Twelve patients underwent a liver resection 
for primary (n=2; isolated cases of intrahepatic cholangiocarcinoma and hepatocellular 
carcinoma) or secondary (n=10, nine cases of CRLM, single case of metastases of a mela-
noma) liver malignancies. Neoadjuvant chemotherapy was administered in six out of 12 
patients undergoing liver resection.

Three patients underwent major liver resection. Biochemical assessment showed no 
significant differences between the surgical groups in liver-related parameters (Table 1). 
Histopathological evaluation revealed that none of the patients had cirrhosis of the liver (a 
condition associated with reduced intrahepatic GSH levels).22 Regarding the postoperative 
course, no significant differences were observed between surgical groups regarding length 
of hospital stay, overall and major morbidity (Table 1).

Effect of APAP challenge on arterial GSH and OPH levels
Plasma levels of GSH and OPH were not different (p=0.536 and p=0.432, respectively) 
between surgical groups at baseline (i.e., time point of anaesthesia) (Figure 2). A signifi-
cant change in time was observed for plasma GSH levels in both surgical groups (p=0.001 
for both groups). Post-hoc pair wise comparisons of the respective time points versus 
baseline reached no significance in the PPPD group, whereas GSH levels were significantly 
lower 2-3 hours after resection of the liver (i.e., APAP#2 time point, p=0.003, Figure 
2A). Plasma OPH levels changed significantly over time in patients undergoing PPPD 
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Table 1. Patient and surgery-related characteristics

Pancreatic resection
group (PPPD)

(n=7)

Partial hepatectomy (PH)
(n=12)

p-value

Gender

    Male 3 9
1.000§

    Female 4 3

Median age (years) 67 [60-73] 65 [40-71] 0.592†

Median BMI 24.4 [21.1-31.8] 26.5 (22.8-35.8] 0.261†

Preoperative laboratory values

AST (IU/L) 19 [17-24] 24 [8-85] 0.368†

ALT (IU/L) 34 [24-41] 29 [12-140] 0.659†

LDH (IU/L) 138 [122-154] 197 [125-455] 0.073†

GGT (IU/L) 75 [74-128] 66 [28-308] 0.659†

AP (IU/L) 138 [125-138] 112 [68-522] 0.100†

Bilirubin (micromol/L) 21 [18-45] 13 [6-53] 0.145†

Creatinine (micromol/L) 65 [43-108] 77 [49-108] 0.227†

Preoperative chemotherapy

    No 7 6
0.044§

    Yes 0 6

Indication for surgery

    Primary malignancy 7 2
n/a

    Secondary malignancy 0 10

PVE

    No 7 11
n/a

    Yes 0 1

Pringle maneuver

    No 7 8
n/a

    Yes 0 4

Postoperative short-term outcome

Median hospital stay 12 [3-57] 9 [5-29] 0.227†

Overall morbidity

    No 1 7
0.147§

    Yes 6 5

Major morbidity (DC III-V)

    No 3 9
0.326

    Yes 4 3

Liver surgery-specific complications

    No 6 10 1.000§

    Yes 1 2

Values depicted in median with range. §Fisher’s Exact test, †Mann-Whitney U test. PVE, portal vein embolization
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(p=0.013) or PH (p=0.005), although the directionality in time was less clear than for 
GSH (Figure 2B). The latter appeared to be reflected in lack of significant changes in 
direct pair wise comparisons of time points versus baseline. Direct comparisons between 
the surgical groups revealed that neither GSH nor OPH levels differed significantly at any 
of the time points during the APAP challenge (data not shown).

Similar directionality of correlations between arterial GSH and OPH was observed upon 
stratification for type of surgery (data not shown), hence data of all patients were pooled to 
increase power of correlation analysis. Arterial GSH and OPH were positively correlated 
at all time points (ρ between 0.51-0.90, supplemental data, Appendix 1).

Effect of APAP challenge on hepatic levels of GSH, OPH and APAP 
thiyl radicals
Hepatic GSH content prior to first APAP administration (APAP#1 time point) was 
similar in patients undergoing PPPD and PH ((1338 [769-1617] vs. 1425 [1030-1475] 
nanomol/g liver, resp.; p=0.750) (Figure 3A). The median time between start (APAP#1) 
and end of resection was 122 [70-215] minutes and did not differ between surgical 
groups (p=0.145). Hepatic GSH did not change over time in patients undergoing PPPD 
(p=0.779) or PH (p=0.247).

Baseline hepatic OPH content was not different in patients undergoing PPPD or PH 
(73 [45-119] vs. 64 [42-131] nanomol/g liver, resp.; p=0.892), and levels did not change 
during the course of resection in either patients undergoing PPPD (p=0.779) or PH 
(p=0.247) (Figure 3B).

Figure 2. Ophthalmic acid and glutathione levels in arterial plasma
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Likewise, baseline levels of APAP-derived thiyl radicals were similar in liver of patients 
undergoing PPPD or PH (2.1·109 [0.36-5.6·109] vs. 3.4·109 [0.11-6.7·109] radicals/g 
liver, resp.; p=0.335), and levels did not change over time in either group (p=0.717 and 
p=0.867, resp.) (Figure 3C).

Effect of APAP on hepatic movement of GSH and OPH
Simultaneous drawing of portal venous, radial arterial and hepatic venous blood at three 
occasions during the first APAP administration, allowed the assessment of the early effects 
of this challenge on the net extraction or net release of GSH and OPH by the liver (Ap-
pendix 2).

Contrary to expectation, there was no net release of GSH from the liver at baseline in 
patients undergoing PPPD (p=0.297) or PH (p=0.677), although net release was apparent 
one hour after APAP administration in the PPPD group (p=0.031) (Figure 4A, grey bars). 
In contrast, net hepatic and splanchnic release of OPH was observed at baseline and both 
time points after APAP challenge in patients undergoing PPPD (p between 0.016 and a 
trend of 0.063), but not in patients undergoing liver resection (Figure 4B).

VA differences for GSH across the PDV were not significant at baseline or at later time 
points in either group, indicating that there was no net movement of GSH across the 
tissues draining into the portal vein (Figure 4A, white bars). Likewise, in general there was 
no net movement of OPH across the PDV during the first APAP administration, although 
net extraction by the PDV did occur after completion of liver resection (p=0.031) (Figure 
4B, white bars).

Figure 3. GSH, OPH and thiyl radicals in liver tissue
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DISCUSSION

In the present study we investigated whether plasma OPH is useful as a read-out for 
hepatic GSH depletion in humans. To this end, a total of three doses of APAP were 
administered in a peri-operative time frame of 18 hours, to patients with preserved (PPPD 
group) and reduced (PH group) liver mass. Our main finding is that the decline in plasma 
GSH, observed in both groups during APAP challenge, was not accompanied by a recipro-
cal increase in plasma OPH. Rather, the positive correlation between circulating GSH and 
OPH under a clinically realistic APAP regimen, calls for careful consideration of data from 
earlier animal and in vitro experiments.

Acute effects of the first gift of APAP on hepatic GSH homeostasis could be studied in 
the ~3-hour interval between start and completion of the respective resection procedures. 
Within this time frame there were no alterations in hepatic GSH or OPH content, nor was 
there enhanced production of thiyl radicals in either patient group (Figure 3). Although 
the liver is considered the predominant source of GSH in the circulation,23 we did not 
observe net hepatic GSH release prior to, or after APAP administration in the present 
study (Figure 4). Net hepatic and splanchnic release of OPH was observed though in 
patients undergoing PPPD, with a similar magnitude maintained during the 3 hours after 

Figure 4. Venous-arterial differences in visceral tissues
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the first APAP administration. Above findings indicate that APAP did not result in acute 
oxidative stress or prompt alterations in hepatic GSH homeostasis. Obviously, longer term 
effects of the sequential APAP administrations could not be studied at the level of the 
liver. The integral APAP challenge resulted in significant lowering of circulating GSH 
levels (Figure 2). Plasma GSH levels were similar in both surgical groups at all studied 
time points. Hence, removal of part of the liver, considered the main source of circulating 
GSH, did not result in a further decline of plasma GSH. The latter is consistent with the 
absence of net hepatic GSH release in the current study.

Although animal studies revealed elevation of plasma OPH following APAP-induced 
depletion of hepatic and circulating GSH, an inverse relationship between plasma GSH 
and OPH was not apparent in our patients. The applied APAP doses in this study were 
equal to doses used in standard postoperative care and comparable with normal clinical 
practice (maximum of 4000 milligrams a day). Cumulative APAP dose was rather low 
in comparison to levels attained in in vitro models and mouse studies, the latter with 
concentrations up to 600 mg/kg body weight.9,12,13 Geenen et al. used a mathematical 
model based on data from hepatic cell lines to predict intracellular and extracellular con-
centrations of OPH following APAP administration.24 Extracellular OPH concentrations 
remained stable until the intracellular GSH concentration decreased under a threshold, 
after which OPH production increased. Based on above studies it can be concluded that 
OPH is a good marker for hepatic GSH homeostasis under conditions of severe GSH 
depletion. Unchanged intra-operative hepatic content of GSH, OPH, and APAP-derived 
thiyl radicals indicate that those conditions were not met in the current human model, 
at least not in the first three hours after the initial APAP dose. Assuming an average liver 
weighs 1500g, the current experiment consumed 0.22 µmol GSH/ g liver during the con-
jugation of NAPQI. Considering hepatic GSH levels of 1.5 µmol GSH/ g liver, about 15% 
of the hepatic GSH levels are being used. This is far less than the 70->90% of hepatic GSH 
loss after an overdose in mice. Increasing the APAP dose would not be justified because of 
concerns of acute liver failure,25,26 especially for patients undergoing (liver) surgery.

Arterial GSH and OPH were positively correlated at all studied time points. Since OPH 
and GSH are synthesized through the same enzymatic machinery,12 is it likely that there 
is competition between the initial substrates which may explain the same dynamics in 
plasma. In the present study, hepatic GSH and OPH levels did not correlate with their 
respective levels in plasma (p between 0.071-1.000). This is in contrast with findings 
of Soga et al. who showed a good correlation between hepatic and systemic OPH in an 
APAP-related mouse model,12 and demonstration by Kombu et al. that 2H labelling of 
plasma GSH was an indicator for 2H labelling of liver GSH in a rat model.14 An explana-
tion could be that in the rat model of Kombu et al. arterial blood samples were taken from 
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the aorta, whereas in the mouse model of Soga et al. it is unclear from what puncture site 
blood samples were taken. Geenen et al. measured OPH concentrations in medium of 
cultured hepatic cell lines.27 All studies thus have potentially assessed OPH concentrations 
in different fluid compartments, and the influence of this on the results is unclear.

The fact that APAP administration during liver surgery did not lead to (immediate) 
GSH depletion or increased OPH levels granted valuable information about the safety of 
administration of APAP used after liver surgery in a standard postoperative care program. 
Based on stable levels of hepatic GSH, OPH and thiyl radicals during surgery, standard 
APAP administration seems to be safe in this specific population with regards to GSH 
homeostasis. However, no general statements can be made on the basis of the current 
experiment, since GSH homeostasis and susceptibility to xenobiotic toxicity are influ-
enced by numerous factors including genetic polymorphism in glutamate cysteine ligase,28 
altered levels of the expression of genes encoding the γ-glutamyl transpeptidase enzyme, 
and GSH synthase deficiency and changes in methionine metabolic pathway (i.e. in cir-
rhotic patients and in patients with homocysteinemia).29 Even in healthy individuals, peak 
ALT levels more than 8 times their baseline have been reported in 27% of participants 
upon APAP administration in therapeutic doses.30-32 Therefore, caution is still warranted 
with APAP as a postoperative analgesic following liver resection.

The present study is hampered by some limitations. The APAP solution that was used 
in this study contained 0.1 mg/mL L-cysteine. Although this could have affected GSH/
OPH synthesis, this amount is 80 times lower on a molar basis than the amount of APAP 
administered. In patients suffering from APAP-intoxication, the amount of L-cysteine 
that is repeatedly administered is more than 1000 times higher. In addition, only three 
patients underwent major hepatectomy. It was therefore impossible to determine the effect 
of liver resection volume on arterial or hepatic GSH and OPH. At last, the influence of 
anaesthesia on GSH and OPH metabolism is unknown, and it would be worthwhile to 
assess arterial OPH and GSH before induction of anaesthesia as optimal baseline measure.

In conclusion, this is the first human study in which the usefulness of OPH as a read-out 
for hepatic GSH metabolism was explored. APAP administration had no acute effects on 
hepatic levels of GSH and OPH, and eventually resulted in lowering of GSH in the circula-
tion. Plasma GSH and plasma OPH were positively correlated at all time points during the 
APAP challenges, and this raises the question whether hepatic GSH homeostasis was suf-
ficiently challenged in the current study. Alternatively, findings from animal studies may be 
explained by APAP dosing effects. Future studies are needed to examine validity of plasma 
OPH as a biomarker for hepatic GSH depletion in clinical practice. Informative patient 
groups may be patients with acute (APAP intoxication) or postresectional liver failure.33,34
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Supplemental data

Figure 1. Correlations between arterial GSH and OPH levels
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Figure 2. Values of venous-arterial differences of GSH and OPH in visceral tissues
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Abstract

Background. Postresectional liver failure (PLF) is a dreaded complication after extended 
liver resection. Post-operative hyperbilirubinemia suggests that impaired hepatobiliary 
transport with intrahepatic accumulation of harmful cholephiles plays an etiological role. 
Bile salts serve dual roles as signalling molecules engaged in liver regeneration after partial 
hepatectomy (PH) and biological detergents. In this study we tested the hypothesis that 
excessive accumulation of bile salts in the regenerating liver results in PLF.

Methods. Twelve weeks old male C57BL6/J mice were subjected to 70% PH and post-
operatively challenged with a diet supplemented with cholic acid (CA, 0.5 or 1.0%; n=5-6 
per group) or a control diet. After 48 hours mice were sacrificed, and liver injury, secretory 
function, and regenerative indices were assessed.

Results. Mice fed a 1.0% CA diet displayed more pronounced weight loss following PH 
and had a deranged post-operative glucose course. Liver injury (aminotransferase eleva-
tions) and impaired hepatobiliary transport function (hyperbilirubinemia) were apparent 
in the group fed a 1.0% CA diet, but not in animals fed a 0.5% CA diet. No differences in 
liver mass recovery were observed among groups. However, the percentage of hepatocytes 
staining positive for the proliferation marker Ki67 were reduced in mice receiving a 1.0% 
CA diet relative to animals fed a 0.5% CA diet. PH-induced expression of key factors 
involved in cell cycle progression (e.g., Foxm1b, Cdc25b) was abrogated in the 1.0% CA 
diet group.

Conclusion. A postresectional challenge with a 1.0% CA diet induces signs of liver 
injury and defective liver regeneration. A longer duration of the dietary challenge and/or 
secondary hits may further improve the model. Once validated, it can be used to evaluate 
pharmaceutical strategies to prevent or treat PLF.
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Introduction

Annually, approximately 7.000 patients develop primary liver cancer or liver metastases 
in the Netherlands alone.1,2 Liver resection is the preferred curative treatment for liver 
malignancies. The feasibility of this procedure is largely dependent on tumour mass exten-
sion and localization, resulting in only 15-20% of patients with liver cancer qualifying 
for resection.3 Although liver resection is a relatively safe intervention, it is still associated 
with a mortality rate as high as 2-5% in patients with colorectal liver metastasis and up 
to 10% in patients with peri-hilar cholangiocarcinoma.4 Up to 75% of this mortality can 
be attributed to postresectional liver failure (PLF), where the capacity of the remnant 
liver to regenerate and simultaneously exert its normal functions is hampered due to an 
inadequate quantity and quality of the residual liver mass.3,5

Post-operative elevation of bilirubin, used in all current clinical definitions of PLF, sug-
gests that impairment of hepatobiliary transporters may underlie development of PLF.5 
Moreover, after liver resection, the remnant liver faces a relative overload of bile salts (BS) 
because the original BS pool passes through a smaller liver remnant that apparently has 
insufficient spare capacity to properly handle this increment. This results in increased 
systemic spill-over and elevation of circulating BS.6 BS are known to bind to and thus 
activate several nuclear receptors (NRs), including farnesoid X receptor (FXR or NR1H4) 
and pregnane X receptor (PXR). FXR is highly expressed in the small intestine and liver 
(Figure 1), but also in the adrenal glands and kidneys.7 Upon activation, upregulation 
of target genes of FXR such as the canalicular bile salt export pump (BSEP) and the 
sinusoidal BS efflux protein SLC51A/B, maintain hepatic BS homeostasis, thus, limiting 
BS toxicity and subsequent liver injury. Moreover, FXR is responsible for feedback inhibi-
tion of hepatic BS synthesis by MAPK- and SHP-dependent repression of CYP7A1, via 
upregulation of ileal (fibroblast growth factor 19, FGF19) and hepatic (small heterodimer 
partner, SHP) FXR target genes (Figure 1).7,8 BS uptake by the enterocyte is the trigger for 
FXR-mediated transcriptional induction of FGF19 expression, resulting in the enterokine 
FGF19 (or Fgf15 in rodents) being secreted into the portal circulation. Subsequent bind-
ing of FGF19/Fgf15 to FGFR4 on the surface of hepatocytes results in transcriptional 
repression of CYP7A1 and lowering of bile salt synthesis (Figure 1).

Mouse studies have shown that Fgf15 knockout (KO) mice have increased levels of hepatic 
Cyp7a1, both at mRNA as well as protein level, with a parallel increase in enzyme activity.9 The 
role of Fgf15 in liver regeneration was demonstrated by Uriarte et al. (2013), who showed the 
importance of Fgf15 in maintaining BS homeostasis and preventing liver damage and mortal-
ity after hepatectomy. Moreover, this study also showed that Fgf15 mediates spontaneous liver 
growth, viz. in the absence of a surgical trigger, by a diet containing the bile salt cholic acid.10
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Systemic and intrahepatic accumulation of bile salts are considered a causative factor in 
acute liver failure (ALF)3, as observed in mice models of extended hepatectomy (85% 
liver resection).11 In these models, the relative overload of BS after hepatectomy caused 
hepatocellular injury leading to impaired liver regeneration and increased mortality.11,12 
We hypothesized that excessive accumulation of BS in the regenerating liver is the actual 
culprit in PLF. To test this hypothesis, we aimed to develop a mouse model of PLF by 
inducing BS overload in the regenerating liver.

Figure 1. Enterohepatic actions of FXR and FGF19

Bile acids (here exemplified as CDCA) are produced in the liver. Bile acids are conjugated and thence referred to as bile salts, and are 
secreted into the canalicular space for eventual release in the small intestinal lumen. Bile salts are reabsorbed in the terminal ileum. 
Here, they bind and activate FXR, and this stimulates the production of endocrine acting FGF19. In the liver, FGF19 signalling 
causes repression of bile acid synthesis. Reclaimed bile salts return to the liver via the portal circulation. In the liver, bile salts activate 
FXR to regulate (along with FGF19) a multitude of processes, including liver regeneration. BS, bile salt(s); FXR, farnesoid X recep-
tor; MAPK, mitogen activated protein kinase; ASBT, apical sodium-dependent bile salt transporter; BSEP, bile salt export pump; 
CDCA, chenodeoxycholic acid; CYP7A1, cholesterol 7α-hydroxylase; FGF, fibroblast growth factor; FGFR, fibroblast growth 
factor receptor; NTCP, sodium-taurocholate co-transporting polypeptide; OST, organic solute transporter; SHP, small heterodimer 
partner. Figure copied with permission from the publisher from Schaap, FG. et al. Bile acid receptors as targets for drug development. Nat 
Rev Gastroenterol Hepatol 2014; 11(1): 55-67
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Materials and methods

Animals
Male C57BL6/J mice (N=18, 11 weeks old) were obtained from Janvier Labs ( Le Genest-
Saint-Isle, France) and housed in the animal facility of the Université catholique de Lou-
vain (UCL; Brussels, Belgium). The animals were kept under controlled conditions with 
exposure to a 12-h light/12-h dark cycle and a constant temperature of 20-22°C. Animal 
experiments and care were conducted in accordance with European regulations and 
FELASA guidelines for humane care for laboratory animals provided by UCL. Postopera-
tive welfare was assessed with a welfare scoring sheet (Supplemental table 1). The study 
protocol was approved by the university ethics committee. All mice were fed standard 
chow (SAFE diets A03 Augry, France) for one week, after which they were subjected to 
70% PH (T=0). The procedure was performed essentially according to the protocol of 
Mitchell and Willenbring (2008), whereby in this study only a small abdominal incision 
was made, and the gallbladder was removed simultaneously.13 After the weight of excised 
median and lateral lobes (‘anterior/resected lobes’, ~70% of liver mass) was recorded, they 
were fixed in 4% formalin or snap-frozen in liquid nitrogen and stored at -80°C until 
analyses. After resection, mice (N=5-6 per group) were fed the same diet supplemented 
with 0.0%, 0.5% or 1.0% cholic acid (CA; Custom diet, Harlan Laboratories). Mice were 
sacrificed by exsanguination 48 hours after 70% PH. One mouse (0.0% CA diet) was 
excluded from the analyses based on elevated liver enzymes, deviating gene expression 
levels and elevated liver bile salt levels, most likely resulting from a technical failure of the 
surgical procedure.

Sample preparation
Mice were anesthetized via intraperitoneal injection with ketamine/xylazine at the time 
of sacrifice. Ten minutes later, the abdominal cavity was opened via midline incision and 
blood was drawn by portal vein puncture, kept on ice, and serum was prepared and stored 
at -80°C until further use. After harvesting and weighing the liver (‘posterior lobes’), the 
ileum (distal ⅓ part of the small intestine) was also harvested and both tissues were fixed 
in 4% formalin, or snap-frozen in liquid nitrogen and stored at -80°C until analysis.

Liver mass recovery
The rate of liver mass recovery was estimated using the following formula:

Liver mass recovery (%) = 100 × Ms
Mt

where Ms is the liver weight at sacrifice, and Mt is the total liver mass before PH (estimated 
by dividing the mass of resected segments by 0.7).
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Biochemical analyses
Body weight (g) of the animals was monitored daily during weekdays at set time points. 
Blood glucose levels (mg/dL) were measured in blood drawn from the lateral tail vein 
(Accu-chek Aviva, Roche diagnostics, Mannheim, Germany) every 4 hours after PH, with 
a final measurement 2 hours prior to sacrifice. Serum aminotransferases (ALT, AST) and 
bilirubin were determined 48 hours after PH via automated procedures (Department 
of Bio-Medical Chemistry and Clinical Biology, St Luc University Hospital, Brussels, 
Belgium).

Immunohistochemistry
Hepatocyte proliferation was assessed via Ki67 immunohistochemical staining. Firstly, 
liver tissue was fixed in 4% formalin, dehydrated in graded ethanol, and embedded in 
paraffin to allow the creation of serial tissue sections of 4 μm thickness. Mouse monoclo-
nal antibody against Ki67 (dilution 1:50; Code No. M7249, Dako, Glostrup, Denmark) 
was used. Anti-mouse Envision system (Dako) was used for secondary detection. For 
visualization, the 3,3’-Diaminobenzidine (DAB) Substrate-Chromogen System (Dako) 
was used. Nuclei were counterstained with haematoxylin. The proliferative index (%) was 
measured by dividing the amount of Ki67 positive hepatocyte nuclei by the total number 
of hepatocyte nuclei in four high-power (40x) fields.

Total bile salt assay
A 5% liver homogenate was made by homogenizing ca. 50 mg of tissue in 1 mL of 75% 
ethanol by means of a Mini-Beadbeater (Biospec Products, Bartlesville, USA). Thereafter, 
BS were extracted by incubating the homogenates for 2 hours at 50°C.14 Supernatant was 
collected after centrifugation (10 min., 20620g at 4°C). Total BS in liver extract or serum 
was quantified with an enzymatic assay according to the manufacturer’s protocol (Total 
bile acid assay, Diazyme Laboratories, Dresden, Germany). The amount of BS present in 
liver extracts was normalized to wet liver mass.

Real-time polymerase chain reaction
Expression levels of genes involved in BS homeostasis, cell cycle regulation, and prolifera-
tion, were measured in liver and ileum samples via RT-qPCR. To study the effect of PH 
on gene expression per se, non-regenerating liver samples (Resected lobe, T=0h) were 
included. RNA was isolated from a resected liver lobe (T=0h), the regenerating lobe at 
sacrifice (T=48h), as well as ileum tissue (T=48h), with TRI reagent solution according to 
the manufacturer’s protocol (Sigma-Aldrich, St. Louis, Missouri). The concentration and 
purity of RNA were determined by measuring absorbance with the NanoDrop 1000A 
spectrophotometer (Thermo Scientific). After isolation, RNA was treated with DNAse 
(Promega, Madison, Wisconsin) to degrade residual genomic DNA, efficiency of DNAse 
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treatment was verified by PCR. Next, 750 ng total RNA was reverse transcribed to form 
cDNA according to the manufacturer’s protocol (SensiFAST™ cDNA Synthesis Kit, 
Bioline, Luckenwalde, Germany). Real-time PCR analyses were performed on a MyiQ 
Single-Color Real-Time PCR detection system (Bio-Rad, Veenendaal, the Netherlands), 
employing SYBR Green chemistry (SensiMix™ SYBR® & Fluorescein Kit, Bioline). PCR 
reactions contained 2 μL diluted cDNA sample (corresponding to 7.5 ng total RNA) in 
a total volume of 10 μL. qPCR data was analysed using LinReg software.15 Results were 
normalized using Rplp0 as a reference gene. Data are expressed as fold expression relative 
to the median expression in the control group (value set at 1.0). Supplemental table 2 
summarizes sequences of primer pairs used for RT-qPCR analyses.

Statistical analysis
The experimental results were statistically analysed using IBM SPSS statistics version 22. 
Friedman test with Dunn’s multiple comparisons testing was used to analyse the evolution 
of body weight and glycaemia during the study period for all groups (N=5-6 per dose 
group). Pre- (day -5 until T=0) and post-operative (from T=0 until sacrifice) trajectories 
were analysed separately. Between-group comparison of glucose levels at each time point, 
was performed with a Kruskal-Wallis test. The effect of PH (resected lobes at T=0 [N=9] 
vs. T=48 regenerating lobes of 0.0% CA group [N=5]) was analysed via a Mann-Whitney 
U test. P-values ≤0.05 were considered statistically significant. Differences between the 
three dose groups (N=5-6 per group) were analysed by means of a Kruskal-Wallis test. 
If the Kruskal-Wallis test showed significance (p≤0.05), post-hoc Mann-Whitney U tests 
were performed between all groups with Bonferroni-Holm correction for multiple com-
parisons. For visual purposes, biochemical data in graphs is depicted as mean ± SEM. All 
experimental data on gene expression is graphically presented as median with interquartile 
range.

Results

Effect of a CA diet on evolution of body weight, glycaemia, and liver 
regeneration.
During the pre-operative course in which mice were fed normal chow, significant weight 
gain was observed in time (ptime <0.001-0.0370), Figure 2A). PH resulted in a decrease in 
body weight in all groups (ptime<0.001). At postoperative day one, the highest dose group 
suffered from more pronounced weight loss compared to the 0.0% and 0.5% CA diet 
groups (p=0.016 resp. p=0.009). Before PH, glucose levels were not different between the 
three groups (data not shown). PH induced a transient decrease in glucose levels in all 
groups (ptime=0.005 for 0.0% CA, ptime<0.001 for 0.5 and 1.0% CA), with mice fed a 1.0% 



174

C
ha

pt
er

 8

CA diet showing an overall deviating course compared to the two other groups. Serum 
glucose was significantly reduced in mice receiving diet containing 1.0% CA, at T=10, 
T=14, T=22 and T=38h (Figure 2B).

No differences in liver mass recovery (based on wet liver mass) were observed between the 
three groups (Figure 2C). However, mice fed a 1.0% CA diet were found to have a lower 
percentage of proliferating hepatocytes in comparison with mice fed a 0.5% CA diet (49% 
vs. 20%, p=0.002, Figure 2D).

Effect of a CA diet on markers for liver injury and secretory function
Mice fed a 1.0% CA diet had significantly increased levels of alanine aminotransferase 
(ALT) and aspartate aminotransferase (AST) in comparison to the 0.0% CA diet group 
(both p=0.004, Figure 3A, B). Moreover, serum AST was increased in the mice fed a 
0.5% diet compared to the 0.0% CA diet group. Regarding total and direct bilirubin 

Figure 2. Metabolic derangement and abrogated hepatocyte proliferation in hepatectomized mice fed a diet 
containing 1.0% cholic acid
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PH, partial hepatectomy; CA, cholic acid
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levels, mice fed a 1.0% CA diet showed higher levels than mice fed a 0.5% CA diet 
(p=0.002 resp. p=0.007; Figure 3C, D), indicating an impaired secretory function of the 
liver in the highest dose group. Moreover, mice in the 1.0% CA group did clinically worse 
than the other groups as observed by reduced physical activity, hunched posture, squinted 
eyes and piloerection. At sacrifice, their livers appeared yellow, and ascites was observed 
(Supplemental figure 1).

Influence of a CA diet on hepatic and serum bile salt content
After PH, hepatic BS content dropped significantly (T=0 vs. T=48 hrs in the 0.0% CA 
group, p=0.009, Figure 4). After PH, mice fed a 0.5% and 1.0% CA diet both showed 
significantly higher hepatic BS levels compared to a 0.0% CA diet (p=0.004 resp. p=0.017; 
Figure 4A). Serum BS levels were increased in the mice fed a 0.5% CA diet in comparison 
to the control group and mice fed a 1.0% CA diet. (p=0.004 resp. p=0.015, Figure 4B).

Bile salt synthesis and regulation
Maintenance of bile salt homeostasis in the remnant liver is a prerequisite for normal 
progression of liver regeneration after PH. Notably, hepatic BS accumulation was ac-
companied by reduced hepatocyte proliferation in mice receiving diet with 1.0% CA. 
Expression of genes engaged in different aspects of bile salt homeostasis was determined 
to investigate this further.

Expression levels of genes involved in BS synthesis and regulation thereof, were measured 
in liver and ileum. The regulatory genes include ileal Fgf15 and hepatic Fxr and its direct 
target gene Shp, while genes engaged in BS synthesis include Cyp7a1, Cyp8b1 and Cyp7b1 
(liver). PH induced a downregulation in hepatic gene expression of Fxr and Shp (p<0.001 

Figure 3. Elevated liver enzymes and hyperbilirubinemia in hepatectomized mice fed diet containing 1.0% 
cholic acid
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resp. p=0.029) in the 0.0% CA diet group (Figure 5A, B). No differences in expression of 
Fxr and Shp in the different diet groups were observed after PH. After PH, gene expression 
of ileal Fgf15 was elevated 16.5-fold in mice fed a 0.5% CA diet in comparison with a 
0.0% CA diet (p=0.011) (Figure 5C). However, no significant difference was found in 
comparison with the 1.0% CA group (p=0.628).

In concordance with previous studies, PH induced a 4.1-fold reduction in Cyp7a1 expres-
sion levels in mice fed a 0.0% CA diet (p<0.001; Figure 5D), and further downregulation 
occurred in the 0.5% and 1.0% CA diet groups (p=0.004 resp. p=0.015). Cyp8b1 expres-
sion levels followed the same pattern, although expression after PH was higher in mice fed 
1.0% CA compared to those fed 0.5% CA (p=0.002) (Figure 5E). Cyp7b1 gene expression 
was neither influenced by PH nor by CA feeding (Figure 5F).

Bile salt uptake and export
Expression levels of genes engaged in the uptake and export of BS in liver and ileum 
were studied next (Figure 6). Regarding uptake transporters, a difference was only seen 
for hepatic Ntcp expression, namely a 3-fold reduction after PH (p<0.001), with no ad-
ditional effects of CA feeding (Figure 6A). Regarding Fxr-regulated transporters engaged 
in basolateral (Slc51b) or canalicular (Bsep) BS efflux, PH caused marked upregulation 
(4-fold) of hepatic Slc51b expression (p<0.001) (Figure 6B). This was further induced in 

Figure 4. Metabolic derangement and abrogated hepatocyte proliferation in hepatectomized mice fed a diet 
containing 1.0% cholic acid
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mice fed a 0.5% CA diet, which had 3.1 resp. 3.9-fold higher Slc51b expression in relation 
to mice fed a 0.0% CA diet or a 1.0% CA diet (p=0.004 resp. p=0.002). PH induced a 
slight reduction (1.7-fold) in expression of Bsep (p=0.004) and feeding the mice 0.5% CA 
diet partially restored expression (p=0.017 vs. 0.0% CA diet) (Figure 6C). In contrast, the 
1.0% CA diet repressed Bsep expression relative to mice receiving a 0.0% or 0.5% CA diet 
(p=0.008 resp. p=0.002).

No significant differences were seen in hepatic expression of transporters mediating cana-
licular secretion of bilirubin (Mrp2) and phospholipids (Mdr3), and basolateral secretion 
of BS (Mrp3, Mrp4) after PH (Supplemental figure 2). In addition, CA feeding had no 
effect on expression of genes involved in intestinal uptake (Asbt) and secretion (Slc51b) of 
BS (Figure 6D, E).

Figure 5. Suppression of bile salt synthetic genes in hepatectomized mice
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Mice were subjected to 70% partial hepatectomy (PH) and post-operatively challenged with diet containing 0.0%, 0.5% or 1.0% 
cholic acid (n=5-6 per group). Mice were sacrificed at 48 hrs after PH. Bile salt homeostasis was assessed after PH by activation of 
the Fxr-pathway in liver (A, B) and ileum (C). De novo bile salt synthesis was assessed by cytochrome P450 liver enzymes from the 
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Cell cycle regulation and proliferation
Since hepatocyte proliferation was impaired in hepatectomized mice receiving a 1.0% 
CA diet, we examined hepatic expression of genes engaged in cell cycle regulation and 
proliferation. PH resulted in marked upregulation of cell cyclins Ccnd1 (2.6-fold), Ccne1 
(8.8-fold), Ccna2 (106-fold) and Ccnb1 (159-fold) in control mice (p<0.002; Figure 7A-
D), and with exception for Ccnb1, the extent of induction was comparable between diet 
groups. Mice fed a 1.0% CA diet had lower Ccnb1 expression levels than mice fed a 0.0% 
CA diet (p=0.009).

Regarding expression of the cell cycle regulating transcription factor Foxm1b, whilst 
expression was virtually undetectable in quiescent liver, PH caused a marked induction 
(64-fold) (p<0.001; Figure 7E). When comparing the different dose groups, the 1.0% 
CA group showed reduced PH-induced Foxm1b expression compared to both the 0.0% 
and 0.5% CA diet group (both p=0.004). Gene expression level of cell division cycle 
25b (Cdc25b), a direct target gene of Foxm1b and required for entry into mitosis, was 
induced by PH (p<0.001) (Figure 7F). Analogous to Foxm1b, the 1.0% CA group had 
an abrogated induction of Cdc25b compared to mice receiving a 0.0% or 0.5% CA diet 
(p=0.017 resp. p=0.002). PH or CA feeding had no effect on expression of proliferating 
cell nuclear antigen (Pcna) (Figure 7G).

Discussion

PLF is a serious complication following liver resection with high morbidity and mortality. 
To find an appropriate therapy to treat and/or prevent the occurrence of liver failure 

Figure 6. Expression of genes involved in hepatic and intestinal bile salt transport

0 .0

0 .5

1 .0

1 .5

R
e

la
ti

v
e

m
R

N
A

e
xp

re
s

si
o

n

L iv e r N tc p

T = 4 8
T = 0

***

0

5

1 0

1 5

2 0

R
e

la
ti

v
e

m
R

N
A

e
xp

re
s

si
o

n

L iv e r S lc 5 1 b

T = 4 8
T = 0

*** *** ***

0 .0

0 .5

1 .0

1 .5

R
e

la
ti

v
e

m
R

N
A

e
xp

re
s

si
o

n

L iv e r B s e p

T = 4 8
T = 0

******
**

*

0 .0

0 .5

1 .0

1 .5

2 .0

R
e

la
ti

v
e

m
R

N
A

e
xp

re
s

si
o

n

I le a l A s b t

0 .0

0 .5

1 .0

1 .5

R
e

la
ti

v
e

m
R

N
A

e
xp

re
s

si
o

n

I le a l S lc 5 1 b

A B C D E

Mice were subjected to 70% partial hepatectomy (PH) and post-operatively challenged with diet containing 0.0%, 0.5% or 1.0% 
cholic acid (n=5-6 per group). Mice were sacrificed at 48 hrs after PH. Hepatocellular bile salt transport was assessed by gene expres-
sion of proteins engaged in sodium-dependent (A) and -independent (B) hepatocellular bile salt uptake, and canalicular bile salt 
export (C). Ileal bile salt uptake was assessed by gene expression of apical (D) and basolateral (E) transporters. Values are expressed 
relative to the median expression in the control group. ***p<0.005; **p<0.01; *p<0.05; CA, cholic acid; Ntcp, sodium-taurocholate 
cotransporting polypeptide; Slc51b, organic solute transporter beta; Bsep, bile salt export pump; Asbt, apical sodium-dependent 
bile transporter
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after resection, an animal model of PLF is of great value. We hypothesized that excessive 
accumulation of BS in the regenerating liver remnant is the actual culprit in PLF. To test 
this, we induced BS overload in the regenerating liver of mice by feeding them a CA diet 
after 70% PH. Concentrations of CA in the diet ranged from 0.0 to 1.0%, and mice 
were sacrificed around the time of maximal hepatocyte proliferation (normally peaking 
between 36-48 hrs).

Some interesting findings were observed. Mice in the highest dose group had poorer ‘clini-
cal’ performance (i.e., squinted eyes, reduced physical activity) as indicated by our welfare 
assessment (Supplemental figure 1), with overall decreased glucose levels after PH, and 
more pronounced body weight loss in the postresectional course (Figure 2A, B). More-
over, in this group, assessment of injury (aminotransferases) and secretory function (total 
bilirubin) of the liver revealed hepatic injury and an impaired secretory function (Figure 
3). Although no effect of a 1.0 % CA diet was seen on liver mass recovery, impaired 
hepatocyte proliferation was noted (Figure 2C, D).

Figure 7. Abrogated cell cycle progression in hepatectomized mice fed a diet containing 1.0% cholic acid

0 .0

2 .0

4 .0

6 .0

8 .0

R
e

la
ti

v
e

m
R

N
A

e
x

p
re

s
s

io
n

L iv e r C c n d 1

***

T = 4 8
T = 0

0

5

1 0

1 5

R
e

la
ti

v
e

m
R

N
A

e
x

p
re

s
s

io
n

L iv e r C c n e 1

***

T = 4 8
T = 0

0

5 0

1 0 0

1 5 0

R
e

la
ti

v
e

m
R

N
A

e
x

p
re

s
s

io
n

L iv e r C c n a 2

***

T = 4 8
T = 0

0

1 0 0

2 0 0

3 0 0

R
e

la
ti

v
e

m
R

N
A

e
x

p
re

s
s

io
n

L iv e r C c n b 1

***

T = 4 8
T = 0

**

0

5 0

1 0 0

1 5 0

R
e

la
ti

v
e

m
R

N
A

e
x

p
re

s
s

io
n

L iv e r F o x m 1 b

T = 4 8
T = 0

*** ***
***

0 .0

2 .0

4 .0

6 .0

8 .0

R
e

la
ti

v
e

m
R

N
A

e
x

p
re

s
s

io
n

L iv e r C d c 2 5 b

T = 4 8
T = 0

*** *
***

0 .0

0 .5

1 .0

1 .5

2 .0

R
e

la
ti

v
e

m
R

N
A

e
x

p
re

s
s

io
n

L iv e r P c n a

T = 4 8
T = 0

A B C D

E F G

Mice were subjected to 70% partial hepatectomy (PH) and post-operatively challenged with diet containing 0.0%, 0.5% or 1.0% 
cholic acid (n=5-6 per group). Mice were sacrificed at 48 hrs after PH. Cell cycle progression was assessed by gene expression of 
enzymes involved in cell cycle regulation (A-D), entry into mitosis (E, F) and DNA synthesis (G). Values are expressed relative to 
the median expression in the control group. ***p<0.005; **p<0.01; *p<0.05; CA, cholic acid; Ccn, cyclins; Fox, forkhead box; Cdc, 
cell division cycle; Pcna, proliferating cell nuclear antigen
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In contrast, despite a cholic acid-supplemented diet, mice fed a 0.5% CA diet seemed 
to perform similar or even better than the 0.0% CA diet group in terms of hepatocyte 
proliferation. Ileal Fgf15 was upregulated in mice fed a 0.5% CA diet compared to a 0.0% 
CA diet (Figure 5C). No signs of liver injury and a maintained hepatocytic proliferative 
capacity were seen in the 0.5% CA group. Since FGF19/Fgf15 has been identified as 
a direct hepatic mitogen, maintained proliferative capacity in the 0.5% CA group may 
relate to enhanced ileal Fgf15 expression.10

In our study, a reduction in hepatic BS content was seen in control mice 48 hrs after PH 
(Figure 4A). We studied gene expression of Fxr-regulated genes to obtain a mechanistic ex-
planation for this observation. PH is known to result in a relative overload of endogenous 
BS in the remnant liver directly after PH, likely resulting in a compensating rapid increase 
in bile salt signalling with activation of Fxr and induction of Fxr target genes, such as Shp 
and Slc51b.16 Previously, Uriarte et al. demonstrated a transient increase in intrahepatic BS 
levels 24 hours after PH, followed by a decrease to values almost equal to baseline levels 
after 48 hours.10 This is in accordance with Huang et al., who showed that PH induced a 
decrease in hepatic BS content in mice after 48 hours.17 The decreased hepatic BS content 
48 hours after PH may be linked to Fxr/Fgf15-mediated repression of bile salt synthesis 
(Cyp7a1) and downregulation of the hepatocytic BS uptake transporter Ntcp in reaction to 
the relative overload,7 which was also observed in our study (Figure 5D, 6A).

Although an elevation in hepatic BS content was seen in both CA-fed groups compared to 
a 0.0% CA diet, no difference was found between the various dose groups. These results 
were not in accordance with the expectation that a 1.0% CA diet would result in more 
accumulation of BS in the remnant liver and consequent impaired liver mass regrowth 
(regeneration). Possible differences in hepatic bile salt composition, an important deter-
minant of cytotoxicity, have not been assessed. Likewise, hepatic BS measurements are 
inevitably based on homogenates, and information on the actual spatial localization (i.e., 
within the hepatocytes, within the biliary network) of BS is not available. Yet, it is plausible 
that accumulation of BS within the hepatocytes, negatively impacts hepatocyte prolifera-
tion. Divergent changes in Bsep expression in the CA diet groups, favouring localization 
of BS within the biliary network in the group (0.5% CA diet) that has highest percentage 
of proliferating hepatocytes, supports this idea. To determine the spatial distribution of a 
variety of bile salts in liver sections and therewith investigate its local functions, innovative 
techniques such as matrix-assisted laser desorption/ionization-mass spectrometry imaging 
(MALDI-MSI) have proven profitable.18

CA feeding led to an elevation of serum BS in the 0.5% CA group only. This can be 
interpreted as adaptive mechanisms that serve to maintain low intracellular BS levels, e.g., 
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enhanced basolateral (via Slc51b) and canalicular export (via Bsep), being functional in 
the 0.5% CA diet group. By extension, these protective mechanisms may have failed in the 
1.0% CA diet group. Again, data on spatial localization of BS in the CA groups, would 
be informative.

Postresectional hepatocellular proliferation proceeds through tightly regulated transitions 
which are, amongst others, controlled by cell cycle regulatory genes. PH induced an 
upregulation in gene expression of all cyclins that were studied, as well as Foxm1b and 
Cdc25b. This is in accordance with the literature, and the consequence of cell cycle re-entry 
upon hepatic resection.19 Importantly, mice fed a 1.0% CA diet had lower PH-induced 
Ccnb1, Foxm1b and Cdc25b levels compared to mice fed a 0.0% or 0.5% CA diet (Figure 
7), and this translates to the reduced percentage of proliferating (i.e., Ki67+) hepatocytes 
(Figure 2D). This means that cell cycle progression is hampered in the 1.0% CA group. 
Impaired cell proliferation could be due to initiation of liver injury that interferes with 
proper regeneration and/or outbalances cell gain. In contrast with the study of Uriarte et 
al., we did not find any differences in Pcna at the mRNA level (Figure 7G).

After PH, we regard liver mass recovery as one of the most important regeneration indices. 
Although calculation of liver mass recovery had been used in previous studies as index for 
liver regeneration,20,21 it is a rough estimate based on wet weight that assumes removal of 
exactly 70% of the liver in all cases and does not consider unrelated causes of liver mass 
gain. Especially regarding the poor clinical performance of mice fed a 1.0% CA diet, for 
instance hepatic oedema may have affected wet liver weight measurement. In this regard, 
direct indices to assess hyperplasia of the liver, such as Ki67 staining that was employed 
here, are more informative.

In conclusion, a postresectional BS challenge of 1.0% CA induced signs of liver injury 
and resulted in impaired liver regeneration. Based on these data, we can conclude that 
the approach (postresectional CA-challenge) to establish a PLF model looks promising, 
but modifications to the protocol are required. To test if the pre-damaged liver is extra 
susceptible for (bile salt) injury, we could apply the current model in mice with cholestatic 
liver disease due to occlusion of the common bile duct.



182

C
ha

pt
er

 8

References
	 1.	 IKNL – Cijfers over kanker. Incidentie | Lever en intrahepatische galwegen L, 2018.
	 2.	 IKNL – Colorectale levermetastasen Lr, Versie: 1.0 (2006).
	 3.	 van den Broek MA, Olde Damink SW, Dejong CH, et al. Liver failure after partial hepatic resection: 

definition, pathophysiology, risk factors and treatment. Liver int 2008; 28:767-780.
	 4.	 Franken LC, Schreuder AM, Roos E, et al. Morbidity and mortality after major liver resection in patients 

with perihilar cholangiocarcinoma: A systematic review and meta-analysis. Surgery 2019; 165:918-928.
	 5.	 van Mierlo KM, Schaap FG, Dejong CH, Olde Damink SW. Liver resection for cancer: New devel-

opments in prediction, prevention and management of postresectional liver failure. J Hepatol 2016; 
65:1217-1231.

	 6.	 Doignon I, Julien B, Serriere-Lanneau V, et al. Immediate neuroendocrine signaling after partial hepa-
tectomy through acute portal hyperpressure and cholestasis. J Hepatol 2011; 54:481-488.

	 7.	 Jonker JW, Liddle C, Downes M. FXR and PXR: potential therapeutic targets in cholestasis. J Steroid 
Biochem Mol Biol 2012; 130:147-158.

	 8.	 Schaap FG, Trauner M, Jansen PL. Bile acid receptors as targets for drug development. Nat Rev Gastro-
enterol Hepatol 2014; 11:55-67.

	 9.	 Inagaki T, Choi M, Moschetta A, et al. Fibroblast growth factor 15 functions as an enterohepatic signal 
to regulate bile acid homeostasis. Cell Metab 2005; 2:217-225.

	 10.	 Uriarte I, Fernandez-Barrena MG, Monte MJ, et al. Identification of fibroblast growth factor 15 as a 
novel mediator of liver regeneration and its application in the prevention of post-resection liver failure 
in mice. Gut 2013; 62:899-910.

	 11.	 Zhang L, Huang X, Meng Z, et al. Significance and mechanism of CYP7a1 gene regulation during the 
acute phase of liver regeneration. Mol Endocrinol 2009; 23:137-145.

	 12.	 Perez MJ, Briz O. Bile-acid-induced cell injury and protection. World J Gastroenterol 2009; 15:1677-
1689.

	 13.	 Mitchell C, Willenbring H. A reproducible and well-tolerated method for 2/3 partial hepatectomy in 
mice. Nat Protoc 2008; 3:1167-1170.

	 14.	 Modica S, Murzilli S, Moschetta A. Characterizing Bile Acid and Lipid Metabolism in the Liver and 
Gastrointestinal Tract of Mice. Curr Protoc Mouse Biol 2011; 1:289-321.

	 15.	 Ramakers C, Ruijter JM, Deprez RH, Moorman AF. Assumption-free analysis of quantitative real-time 
polymerase chain reaction (PCR) data. Neurosci Lett 2003; 339:62-66.

	 16.	 Fan M, Wang X, Xu G, Yan Q, Huang W. Bile acid signaling and liver regeneration. Biochim Biophys 
Acta 2015; 1849:196-200.

	 17.	 Huang W, Ma K, Zhang J, et al. Nuclear receptor-dependent bile acid signaling is required for normal 
liver regeneration. Science 2006; 312:233-6.

	 18.	 Flinders B, Huizing LRS, van Heerden M, et al. Cross-Species Molecular Imaging of Bile Salts and 
Lipids in Liver: Identification of Molecular Structural Markers in Health and Disease. Anal Chem 2018; 
90:11835-11846.

	 19.	 Chauhan A, Lorenzen S, Herzel H, Bernard S. Regulation of mammalian cell cycle progression in the 
regenerating liver. J Theor Biol 2011; 283:103-112.

	 20.	 Selzner M, Clavien PA. Failure of regeneration of the steatotic rat liver: disruption at two different levels 
in the regeneration pathway. Hepatology 2000; 31:35-42.

	 21.	 Leclercq IA, Vansteenberghe M, Lebrun VB, et al. Defective hepatic regeneration after partial hepatec-
tomy in leptin-deficient mice is not rescued by exogenous leptin. Lab Invest 2006; 86:1161-1171.



183

M
ou

se
 m

od
el

 fo
r p

os
tre

se
ct

io
na

l l
iv

er
 fa

ilu
re

Supplemental data

Table 1. Postoperative welfare sheet

Postoperative day ___ ___ ___ ___ ___ ___ ___ __

Time

Weight

Temperature

Analgesic

Score per point. Normal = 0, deterioration can go up to 1,2 or 3 points

Activity

Behavior

Gait

Posture

Physical condition

Fur/skin

Eyes

Hydration

Breathing

Faeces/urine

Surgical wound

Oedema/ascites

Necrosis
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Welfare scores

Description 0 1 2 3

Activity Normal Isolated, less active Inactive
Somnulent, stupor, coma, 
lifeless

Behavior 
(Arching of 
back)

Normal
Back arching, 
twitching, shivering
Once/10 min

Back arching, twitching, 
shivering

Stereotype behavior, auto 
mutilation, aggressive behavior

Gait Normal
Mildly uncoordinated/
Abnormality

Uncordinated walking 
on toes, limping

Paralysis, limp, convulsions, 
tremor.

Posture Normal Huddled up, stretching Imbalance, twitching Fall over, circle

Physical 
condition

Normal BC2= condition BC5= obese
BC1= emaciated BC6=extreme 
obese

Fur/skin Normal
Dry, rough, not shiny 
anymore

Piloerection, small 
wounds, dry white skin

Red/black skin, inflammation,  
wounds, loss of fur

Eyes Normal Not fully open Less open, dirty Closed, dirty

Hydration Normal Loss of skin elasticity Reduced skin turgor
Severely reduced turgor + 
sunken eyes

Breathing Normal Fast and superficial
Fast abdominal breathing 
+ audible breathing

Respiratory problems, cyanosis, 
breathing with open mouth

Faeces/
urine

Normal Moist faeces, polyurie Diarrhea, abnormal urine
Uncontrolled diarrhea, bloody 
stool, obstipation, hematuria

Surgical wound
Normal 
healing

Sutures intact, slighty 
red/bloody

Dehiscence of wound, 
sutures open, fluid 
secretion

Severe bleeding, wound open, 
severe redness, necrosis

Oedema Normal
Mild abnormal fluid 
collections, swollen 
appearance

Abnormal large 
abnormal fluid 
collections, ascites

Severe large abnormal fluid 
collections

Necrosis Normal Dark skin colouring
Small dark/black spots, 
burning wounds, blisters

Big black spots, crusts

Sacrifice sheet

Normal Abnormal

Abdomen e.g. bloated

Wound/stitches
e.g. herniation, necrosis, wound 
dehiscence

Intra-abdominal cavity e.g. yellow skin, ascites

Liver e.g. pale, with spots

Stomach/intestines e.g. ileus, adhesions

Kidney/spleen
e.g. other color (black, pale), 
increased/decreased size

Humane endpoints are defined as: significant weight loss >20%, fever (temperature will only be measured on indication), tachy-
pnoe, significant differences in behavior: lethargia, twitching: random spasms of the muscles can be seen when animals are asleep 
or inactive in huddled up position, walking: unable to stand on four legs, wobbly walk >6 hours after surgery, huddled up posture: 
showing a concave abdominal side, signs of severe dehydration, severe diarrhea, severely inflamed surgical wound, cachexia, severe 
hypoglycaemia <20 >6 hours postoperative
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Table 2. Primer sequences real-time PCR

Gene Primer sequences

Forward Reverse

36b4 (Rpl0) TCGTTGGAGTGACATCGTCTT TCTGCTCCCACAATGAAGCA

Fxr (Nr1h4) AAGCTTCCAGGGTTTCAGACA CTGTGAGCAGAGCGTACTCC

Shp GGAAGCCAGCAGCGGTACCC TGCGATGTGGCAGGAGGCAC

Cyp7a1 ACAACCTGCCAGTACTAGATAGC AGGTGGTCTTTGCTTTCCCA

Cyp8b1 GGTACGCTTCCTCTATCGCC GAGGGATGGCGTCTTATGGG

Cyp7b1 TCTCTTTGCCGCCACCTTAC ATACTTCCCCACAAGGAAGACAG

Fgf15 ACTGCGAGGAGGACCAAAAC CCGAGTAGCGAATCAGCCC

Bsep 
(Abcb11)

CTATAGCTGCCGCAAAGCAG AGCTGCACTGTCTTTTCACT

Mrp2 (Abcc2) ACAACCTGAGCATAGGGCAGA GCCGCTGTCTAGGACCATTA

Mdr3 
(Abcb4)

TCTATGACCCCATGGCTGGA GTGTTATATTTTTGGGGCAGCGT

Mrp3 (Abcc3) CTAAGACCAAGACTGAGGCCC CCAGGATTCGGAACAGGCAA

Mrp4 (Abcc4) AATGTGGACCCAAGAACGGA GCAGCAAGACATACGGCTCA

Ntcp 
(Slc10a1)

AATCCAAGCTGCAGACGCA TGCAGCAGCCTTGTAGGTAA

Asbt 
(Slc10a2)

ACAAATGGCCACAAAAAGCGA ACTGTTCGGCACCTGTACCA

Ostβ (Slc51b) CCCAGGAACTGCTGGAAGAAA GGCTGCTTCTTTCGATTTCTGTT

Foxm1b AGCTAAGGGTGTGCCTGTTC GGGCTCCTCAACCTTAACCC

Cdc25b ATTCTCGTCTGAGCGTGGAC GGCTCACAAAAGTTCGGATGC

Pcna GGCTTCGACACATACCGCT AGCTGTACTCCTGTTCTGGGA

Ccna2 AACAGAGTGTGAAGATGCCCT ATTTAACCTCCATTTCCCTAAGGT

Ccnb1 TAAGGCCGTGACAAAGGCAT TCGACAACTTCCGTTAGCCT

Ccnd1 CTGCCGAGAAGTTGTGCATC AAATGAACTTCACATCTGTGGCA

Ccne1 AAGGGAGAGAGACTCGACGG GGGATGAAAGAGCAGGGGTC

PCR, polymerase chain reaction; Rplp0, acidic ribosomal phosphoprotein P0; Fxr, farnesoid X receptor; Shp, small heterodimer 
partner; Cyp7a1, cholesterol 7α-hydroxylase; Cyp8b1, sterol 12-α-hydroxylase; Cyp7b1, oxysterol 7α-hydroxylase; Fgf, fibroblast 
growth factor; Bsep, bile salt export pump; Mrp, multidrug resistance-related protein; Mdr, multidrug resistance protein; Ntcp, 
sodium-taurocholate co-transporting polypeptide; Asbt, apical sodium-dependent bile transporter; Ost, organic solute transporter; 
Fox, forkhead box; Cdc, cell division cycle; Pcna, proliferating cell nuclear antigen; Ccn, cyclins
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Figure 1. Increased welfare scores in mice fed a 1.0% cholic acid diet
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Mice were subjected to 70% partial hepatectomy (PH) and post-operatively challenged with diet containing 0.0%, 0.5% or 1.0% 
cholic acid (n=5-6 per group). Mice were sacrificed at 48 hrs after PH. Welfare was assessed by a specific score list. Data are presented 
as median with interquartile range. A higher total of welfare points indicates a lower welfare. *Mouse excluded from analysis due to 
technical failure of PH; CA, cholic acid

Figure 2. Unaltered gene expression of proteins engaged in basolateral and canalicular secretion of chole-
philes in mice fed a diet containing 1.0% cholic acid
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Mice were subjected to 70% partial hepatectomy (PH) and post-operatively challenged with diet containing 0.0%, 0.5% or 1.0% 
cholic acid (n=5-6 per group). Mice were sacrificed at 48 hrs after liver resection. Canalicular secretion of bilirubin (A) and phos-
pholipids (B), and basolateral secretion of BS (C, D) was assessed by gene expression of its transporters. Data are presented as medi-
an with interquartile range. *p<0.05; CA, cholic acid; Mrp, multidrug resistance-related protein; Mdr, multidrug resistance protein
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Abstract

Background. Postresectional liver failure (PLF) is a dreaded complication after partial 
hepatectomy (PH). Data from animal experiments indicate that endogenous ligands (i.e., 
bile salts) can stimulate liver regeneration and prevent liver injury after PH, via the hepatic 
Fxr and ileal Fxr-Fgf15 axis. Our aim was to investigate whether exogenous activation of 
the Fxr pathway with the semi-synthetic bile acid obeticholic acid (OCA) could stimulate 
postresectional liver regeneration in mice.

Methods. Twelve weeks old male C57BL6/J mice were pre-treated with OCA or vehicle, 
and after 7 days subjected to 70% PH. Mice were sacrificed at 24, 48 and 72 hrs after PH, 
and liver injury, secretory function, and regenerative indices were assessed. In the second 
study, OCA pre-treated mice received oral sucrose supplementation in the postoperative 
trajectory, and a group of mice receiving intraperitoneal injections of FGF19 was included 
as a positive control group. Here, mice were sacrificed at 48 hours after PH.

Results. No effect could be detected on liver mass recovery after PH, although responses 
of Cyp7a1, Cyp8b1 and other Fxr target genes implied general effectiveness of OCA treat-
ment. OCA had no effect on the number of Ki67+ hepatocytes and mitotic figures at 48 
hrs after PH. Hepatic bile salt content did not improve around the peak of proliferation 
at 48 hrs after PH. Besides, welfare of the animals was decreased in OCA-treated animals 
after PH. After pre-treatment of mice with FGF19, a reduced expression of ileal bile 
salt-regulated genes Fgf15 and Slc51b indicating FGF19-mediated repression of bile salt 
synthesis was seen, but this did not stimulate postresectional liver regeneration in mice.

Conclusion. Despite the activation of hepatic and ileal Fxr as shown by induction of its 
target genes, treatment with OCA or FGF19 did not result in accelerated liver regenera-
tion after PH and liver bile salt content was not influenced. We speculate that bile salt 
homeostasis and endogenous bile salt signalling is already optimal in unaffected livers for 
proper progression of regeneration/repair after PH. It would be interesting to study the 
effect of Fxr agonism on liver regeneration after PH and prevention of PLF in the context 
of compromised bile salt homeostasis/signalling prior to PH.
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Introduction

Partial hepatectomy is often the preferred curative treatment for hepatobiliary malignan-
cies. However, only 15-20% of patients are eligible for liver resection, mainly due to 
extensive disease and a predicted insufficient liver remnant.1 In healthy patients, up to 
75% of hepatic volume can be resected.2 In patients with hepatic functional impairment 
(e.g., due to steatohepatitis or cirrhosis), a maximum of 60% can be removed. An imbal-
ance between liver volume and quality, with lack of functional recovery after (extended) 
resection, may lead to postresectional liver failure (PLF). PLF is clinically characterized by 
hyperbilirubinemia, coagulopathy and hepatic encephalopathy, and occurs in up to 9% 
of patients, with high lethality.1 Current clinical practice focuses on preoperative enlarge-
ment of future remnant liver volume/function (portal vein embolization3), or acceleration 
of functional hypertrophy of the future remnant liver with novel surgical techniques such 
as the ALPPS (Associating Liver Partition and Portal vein ligation for Staged hepatectomy) 
procedure4,5 to overcome this problem. However, both procedures are not always success-
ful, and complication rates are considerable in case of ALPPS.

Postresectional liver regeneration comprises a complex biological response involving 
interaction between parenchymal and non-parenchymal cells by means of endo-, angio- 
and paracrine signalling by cytokines, growth factors and metabolic factors.6-8 In the past 
decade, bile salts have transpired as essential signalling molecules in liver regeneration, 
opening new areas of therapeutic exploration as pharmaceutical modulation of bile salt 
receptors is evaluated in numerous clinical trials.9,10 Data from animal experiments indicate 
that endogenous (i.e., bile salts, BS) or (semi)synthetic ligands (i.e. obeticholic acid, OCA) 
of the ligand-activated transcription factor Farnesoid X Receptor (FXR) can stimulate liver 
regeneration (LR) in the context of portal vein embolization or after partial hepatectomy.11-14 
Furthermore, feeding of a cholic acid-enriched diet elicits liver growth in the absence of 
liver resection.15 FXR is highly expressed in the small intestine and liver, but also in the 
adrenal glands and kidneys.16 FXR plays a central role in maintaining BS homeostasis and, 
accordingly, acts to limit detrimental effects (e.g. cell death) of BS overload.16,17 Target 
genes of FXR include a.o. transporters engaged in uptake (NTCP) and secretion (e.g. 
BSEP, SLC51A/B) of BS, and genes involved in regulation of bile salt synthesis (e.g. intes-
tinal FGF19/Fgf15 and hepatic SHP (small heterodimer partner)). Endocrine FGF19/15 
(fibroblast growth factor) and SHP both target, through distinct routes, the CYP7A1 gene 
that encodes the rate-limiting enzyme in the dominating BS synthetic pathway.16,18

BS uptake into the ileal enterocyte is the trigger for FXR-mediated transcriptional induc-
tion of FGF19 expression, resulting in enhanced secretion of the enterokine FGF19 (or 
Fgf15 in rodents) into the portal circulation. The role of Fgf15 in liver regeneration was 
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first demonstrated by Uriarte et al. who showed the importance of Fxr and Fgf15 in 
maintaining BS homeostasis in the regenerating liver remnant.15 Knocking out of either 
Fxr or Fgf15 led to excessive intrahepatic accumulation of bile salts, increased hepatocel-
lular injury and high mortality in the first 3 days after partial hepatectomy (PH).11,15 
Mouse studies have shown that Fgf15-/- mice have increased amounts of hepatic Cyp7a1 
at mRNA, protein and functional level.19 Consequently, liver injury and mortality after 
PH were negated by intraperitoneal adenoviral-mediated Fgf15 delivery. Moreover, this 
study also showed that Fgf15 mediates enhanced liver proliferation following BS feeding. 
Although signalling actions of BS thus seem required for proper postresectional LR, a 
tight control of intracellular levels seems indispensable. In addition, Fgf15 seems to exert 
a direct mitogenic effect on hepatocytes, since knockdown of its receptor fibroblast growth 
factor receptor 4 (Fgfr4) impaired hepatocyte proliferation after PH.20 This was probably 
due to abrogation of Stat3 signalling, which is downstream of Fgfr4, and responsible for 
induction of Foxm1b and subsequent cell cycle progression. In addition to direct mito-
genic effects on cultured hepatocytes, FGF19 was reported to enhance growth of cultured 
cholangiocytes as well.15

The aim of our study was to investigate the effect of stimulation of the Fxr/Fgf15 pathway 
on LR after PH in mice. For this purpose, we used the potent FXR activator OCA, which 
is approved for treatment of primary biliary cholangitis patients unresponsive to first line 
therapy and undergoes further clinical evaluation in patients with non-alcoholic steato-
hepatitis.9 In the first part of this study, groups of mice were (pre-)treated with vehicle 
or OCA, and sacrificed within 3 days after PH. It was anticipated that Fxr activation 
would result in an earlier peak of regenerative indices through direct (i.e., mitogenic) and 
indirect (i.e., bile salt homeostasis) effects. Unexpectedly, we observed a steep decline in 
body weight and glycemia after PH in the OCA-treated group. This led us to consider 
that metabolic effects related to pre-treatment with OCA masked a potential beneficial 
effect on postresectional LR. We therefore replenished drinking water with sucrose for 
OCA-treated mice in the second part of the study, whilst mice receiving intraperitoneal 
injections of FGF19 served as a positive control group.15

Methods

Animal studies
Male C57BL6/J mice (N=36, 11 weeks old) were ordered from Janvier Labs (Le Genest-
Saint-Isle, France) and housed in the animal facility of the Université catholique de Lou-
vain (UCL; Brussels, Belgium). The animals were kept under controlled conditions with 
exposure to a 12-h light/12-h dark cycle and a constant temperature of 20-22°C. Animal 
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experiments were conducted in accordance with European regulations and FELASA 
guidelines for humane care for laboratory animals provided by UCL. The study protocol 
was approved by the university ethics committee (ref nr 2012/UCL/MD/026).

PH model
In the first study, mice were fed standard chow (SAFE diets A03 Augry, France), and were 
pre-treated for one week with FXR agonist obeticholic acid (OCA dissolved in 0.5% 
methylcellulose: 10 mg/kg, daily oral gavage, n=18) or vehicle (0.5% methylcellulose, 
n=18). OCA was generously provided by Intercept Pharmaceuticals Inc, New York, USA. 
After 7 days of pre-treatment, all mice underwent 70% PH (T=0). PH was performed 
under anaesthesia with isoflurane and according to the protocol of Mitchell and Wil-
lenbring (2008), with the adaptation that instead of an open abdominal procedure, only 
a small incision below the xyphoid was made through which the liver was mobilized.21 
After resection of the median and lateral lobes and gallbladder, daily oral gavage with 
OCA and vehicle continued. Two hours prior to sacrifice, all mice were injected in the 
abdominal cavity with bromodeoxyuridine (BrdU, 50 mg/kg body weight). At the time 
of sacrifice (24, 48 or 72 hours after PH, n=6 per treatment group and time point), mice 
were anesthetized via intraperitoneal injection with ketamine/xylazine. The abdominal 
cavity was opened via midline incision and blood was drawn by portal vein puncture, kept 
on ice, and serum was prepared and stored at -80°C until further use. Due to technical 
issues, unfortunately serum was not available for biochemical analyses. Part of the liver 
(‘posterior lobes’) and ileum was fixated in 4% paraformaldehyde, with most of the tissues 
being snap-frozen in liquid nitrogen and stored at -80°C until analysis.

In the second study, mice were pre-treated for one week with OCA (10 mg/kg, daily 
oral gavage, n=21) or vehicle (0.5% methylcellulose, n=13). As positive control, an addi-
tional group of mice underwent daily intraperitoneal injection with FGF19 (1mg/kg body 
weight in sterile PBS, n=13). Recombinant FGF19 was kindly provided by Genentech, 
San Francisco, USA. All mice underwent PH after 7 days pre-treatment (n=8/16 per 
group) or were sacrificed (n=5 per group) to obtain baseline measures. Half of the OCA-
treated mice received water supplemented with sucrose (42 g/L) ad libitum, to prevent 
post-PH metabolic derangements. Two days after PH, i.e., around the peak of hepatocyte 
proliferation, all mice were sacrificed by exsanguination. Tissue and blood were processed 
in the aforementioned manner.

Liver mass recovery
The rate of liver mass recovery was estimated using the following formula:

Liver mass recovery (%) = 100 × Ms
Mt



194

C
ha

pt
er

 9

where Ms is the liver weight at sacrifice, and Mt is the total liver mass before PH (estimated 
by dividing the mass of resected segments by 0.7).

Immunohistochemistry
Hepatocyte proliferation was assessed via Ki67 immunohistochemical staining on serial 
tissue sections of 4 μm thickness. Mouse monoclonal antibody against Ki67 (1:50; Code 
No. M7249, Dako, Glostrup, Denmark) was used. Anti-mouse Envision system (Dako) 
was used for secondary detection. For visualization, the 3,3’-Diaminobenzidine (DAB) 
Substrate-Chromogen System (Dako) was used. Nuclei were counterstained with hema-
toxylin.

The proliferative index (%) was determined for both Ki67 and BrdU by dividing the 
amount of Ki67 or BrdU positive hepatocyte nuclei by the total number of hepatocyte 
nuclei in five random high-power (40x) fields. In addition, mitotic figures were counted 
in seven random high-power (20x) fields.

Total bile salt assay
A 5% homogenate of liver tissue was made by homogenizing ca. 50 mg of tissue in 1 mL 
of 75% ethanol by means of a Mini-Beadbeater (Biospec Products, Bartlesville, USA). 
Thereafter, BS were extracted by incubating the homogenates for 2 hours at 50°C.22 
Supernatant was collected after centrifugation (10 min., 20620g at 4°C). The amount of 
BS present in serum or liver extract was measured via an enzymatic assay according to the 
manufacturer’s protocol (Total bile acid assay, Diazyme Laboratories, Dresden, Germany). 
The amount of BS present in liver extract was normalized to liver protein content, as 
measured by bicinchoninic acid (BCA) assay (Pierce® BCA protein assay kit, Thermo 
Scientific, Waltham, Massachusetts).

Real-time polymerase chain reaction
Expression levels of genes involved in BS homeostasis, cell cycle regulation and prolifera-
tion, cellular stress response, and cytokine regulation were measured in liver and ileum 
samples via real-time PCR. To study the effect of PH, samples of the quiescent liver 
(Resected lobes, T=0) were included. RNA was isolated from the resected liver lobe (T=0) 
and ileal tissue (T=24), and the regenerated lobe at sacrifice (T=48) with TRI reagent solu-
tion according to the manufacturer’s protocol (Sigma-Aldrich, St. Louis, Missouri). The 
concentration and purity of RNA in the samples were determined by measuring absor-
bance with the NanoDrop 1000A spectrophotometer (Thermo Scientific). After RNA was 
treated with DNAse (Promega, Madison, Wisconsin), efficiency of DNAse treatment was 
verified by PCR using primers for an intron-less gene. Next, 750 ng total RNA was reverse 
transcribed to form cDNA according to the manufacturer’s protocol (SensiFAST™ cDNA 
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Synthesis Kit, Bioline, Luckenwalde, Germany). Real-time PCR analyses were performed 
according to the manufacturer’s protocol (SensiMix™ SYBR® & Fluorescein Kit, Bioline) 
with a MyiQ Single-Color Real-Time PCR detection system (Bio-Rad, Veenendaal, the 
Netherlands). The reaction mixture contained 2 μL diluted cDNA sample (correspond-
ing to 7.5 ng total RNA) in a total volume of 10 μL. LinRegPCR software was used to 
calculate relative expression values.23 Results were normalized using Rplp0 as a reference 
gene. Data are expressed relative to the median of the control group at baseline (T=0).

Statistical analysis
Data were statistically analysed using IBM SPSS Statistics version 24 for Microsoft 
Windows®. Non-normal distribution was assumed, and groups were compared using the 
Mann-Whitney U test. In case of more than two groups, the Kruskal-Wallis test was ap-
plied. If the Kruskal-Wallis test showed significance (p≤0.05), post-hoc Mann-Whitney 
U tests were performed within groups with Bonferroni-Holm correction for multiple 
comparisons. P-values ≤0.05 were considered statistically significant. For visual purposes, 
data on body weight and glycemia in graphs is depicted as mean ± SEM. All experimental 
data on gene expression and biochemical analyses are graphically presented as median with 
interquartile range.

Results

OCA pre-treatment alters intestinal and hepatic Fxr target gene 
expression
To test the hypothesis that FXR activation augments LR after PH, we examined the effect 
of OCA on liver regeneration at 24, 48 and 72 hours after PH (Figure 1). Prior to PH, 
mice received daily OCA gavage for 7 days.

Effectiveness of OCA pre-treatment was inferred from elevated ileal expression of Fxr 
target genes Fgf15 and Slc51b (p<0.010) (Figure 2A, B). Moreover, there was altered 
expression of Fxr target genes, viz. Cyp8b1 (-3.3-fold; p=0.002) and Bsep (p=0.004) in the 
liver (Figure 2C, D). Expression of hepatic Fxr per se was not affected by OCA treatment 
(Figure 2E).

OCA has no effect on functional liver generation parameters
OCA had no effect on body weight (Figure 3A) or glycaemia course (data not shown) dur-
ing the pre-treatment period. PH resulted in a transient drop in body weight in the first 2 
days after surgery, with body weight returning to pre-surgical values at T=72h in the control 
group. Of note, OCA-treated mice continued to lose weight after post-operative day 2.
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Liver mass recovery calculations showed no diff erences between OCA-treated animals and 
control group at each of the studied time points after PH (Figure 3B). DNA synthesis 
has been reported to increase at 32 hours post-hepatectomy in mice, with an initial peak 
refl ecting hepatocyte division at 36-40 hours.24 Here, we observed a peak in nuclear Ki67 
staining in hepatocytes, BrdU incorporation and mitotic events at 48 hours after PH 
(Figure 3C). OCA treatment did not result in an earlier peak and had no eff ect on the 
percentage of Ki67+ hepatocytes, BrdU incorporation or the number of mitotic fi gures at 
T=48h. In fact, the number of mitotic fi gures and Ki67+ nuclei at T=72h was decreased in 
OCA-treated mice (both p<0.05). Above observations are not in support of our hypothesis.

Figure 1. Study design

Mice (n=6 mice per group) were pre-treated for 7 days by daily administration of OCA or vehicle, before undergoing 70% PH 
(T=0) with continuation of treatments. Mice were sacrifi ced at 24, 48 and 72 hours after PH while treatments continued. VEH, 
vehicle; OCA, obeticholic acid; PH, partial hepatectomy

Figure 2. eff ect of pre-treatment with oCA on expression of Fxr target genes
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Next, we determined whether PH elicited expected changes in expression of key genes 
in cell cycle progression. Cyclin D1, pivotal for progression of hepatocytes through G1 
phase, starts increasing at approximately 30 hours after PH (prior to peak DNA synthe-
sis).25-27 Expression of Cyclin D1 was increased in the OCA-treated animals at 24 hours 
after PH in comparison to the control group (Figure 3D). This did not translate into 
functional changes later in the cell cycle or regenerative course (i.e., liver mass recovery, 
mitotic figures, and %Ki67+ hepatocytes). PH resulted in strong induction of Foxm1b 
from T=48h onwards. The extent of upregulation was similar in both groups at T=48h and 
T=72h, despite Foxm1b being an Fxr target gene. Liver expression of Cdkn1a, involved in 
G1 phase cell cycle arrest, was equally upregulated in both groups after PH.

Figure 3. Effect of pre-and posttreatment with OCA on functional parameters, proliferative measures and 
expression of Fxr target genes
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were sacrificed at 24, 48 and 72 hours after PH while treatments continued. Body weight was recorded daily from 7 days before 
surgery to sacrifice (A). Regeneration after PH was assessed by recovery of liver mass (B) and immunohistochemical analysis of 
hepatocyte proliferation (C). Data are presented as mean with SEM. Transcripts were analysed in the liver (D). Values are expressed 
relative to the median expression in the control group. *p<0.05; **p<0.01; OCA, obeticholic acid; PH, partial hepatectomy; BrdU, 
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OCA reduces BS levels in the regenerating liver
Maintenance of BS homeostasis is essential for normal progression of liver regeneration 
after PH. To see whether lack of effects of OCA on liver regrowth was due to disturbed 
BS homeostasis, we determined hepatic BS content in the quiescent and regenerating 
liver. OCA led to decreased BS content in the remnant liver, which reached significance at 
T=24h (Figure 4A). Note that there was substantial variation in remnant liver BS content 
in control mice in particular. PH resulted in marked repression of Cyp7a1, with super-
imposed downregulation by OCA at all time points after PH (Figure 4B). In addition 
to reduced BS synthesis, enhanced basolateral efflux of BS via upregulated expression of 
Slc51b may have contributed to reduced BS content in the OCA-treated group (Figure 
4C). Bsep was upregulated by OCA solely before PH (Figure 4D).

Post-PH metabolic derangements (no body weight recovery, reduced serum glucose) and 
poorer well-being (scored by for example rough hair coat, squinted eyes, hunched walk-
ing) were observed in OCA-treated animals, and this may have masked effects of OCA on 
liver regeneration after PH. At histological examination of the liver, there were no signs of 
injury, cholestasis, or necrosis.

Figure 4. Effect of pre-and posttreatment with OCA or vehicle on bile salt levels and activation of hepatic and 
ileal Fxr-Fgf15 pathways
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In the second part of this study, half of the hepatectomized mice given OCA therefore 
received water supplemented with sucrose. To see whether liver regeneration could be 
enhanced under our experimental conditions, an additional group of mice was treated 
with recombinant FGF19, which was previously shown to stimulate hepatocellular pro-
liferation.15 Per group, 5 mice were sacrifi ced after pre-treatment for one week without 
undergoing PH, to determine baseline eff ects of OCA and FGF19 pre-treatment. Th e 
other animals were subjected to 70% PH and sacrifi ced 48 hrs later (Figure 5).

eff ects of pre-treatment with oCA and FGF19
In mice sacrifi ced without undergoing PH, the hepatic Fxr pathway was activated as 
shown by downregulation of Cyp8b1 (Figure 6A). Th is study confi rmed an unchanged 
hepatic Fxr expression after Fxr agonism, also without PH (Figure 6B).28 In contrast to 
the fi rst part of the study where baseline eff ects were derived from resected segments, 
thus, with potential superimposed eff ects of liver mobilization and surgical manipulation, 
OCA pre-treatment had no eff ect on Bsep (Figure 6C) and Slc51b expression (data not 
shown).29 At the level of the ileum, OCA tended to induce expression of Fgf15 (p=0.151), 
whilst Slc51b expression was unaltered (Figure 6D, E).

Eff ectiveness of FGF19 treatment was tested by studying expression of Cyp7a1, which is 
repressed as consequence of binding of FGF19 to its hepatic receptor (Fgfr4). Unexpect-
edly, Cyp7a1 levels showed a strong trend but were not signifi cantly aff ected by FGF19 

Figure 5. Study design follow-up study

Mice were pre-treated for 7 days by daily administration of OCA, FGF19 or vehicle, before sacrifi ce (n=5) of 70% PH with continu-
ation of treatments (n=8-16). Mice that were subjected to 70% PH were sacrifi ced 48 hrs later. VEH, vehicle; OCA, obeticholic 
acid; FGF, fi broblast growth factor; PH, partial hepatectomy
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treatment (p=0.053, Figure 9C). In contrast, ileal expression of the bile salt-regulated 
gene Fgf15 was reduced by FGF19 (Figure 6D), which can be interpreted as a secondary 
consequence of FGF19-mediated repression of bile salt synthesis, with a smaller supply of 
bile salts reaching the small intestine. FGF19 did not affect hepatic expression of Cyp8b1 
and Bsep (Figure 6A, C). Hepatocyte receptors Fgfr4 and Klb, for which FGF19/Fgf15 is 
a ligand, were expressed to the same extent in all groups (Supplemental figure 1).

We next determined effects of OCA and FGF19 on liver regeneration at 48 hrs after PH. 
Mice treated with OCA and receiving sucrose-supplemented water in the post-PH course, 
were indistinguishable on all examined parameters (body weight, glucose, well-being, 
serum biochemistry, bile salt levels, gene expression) from OCA-treated mice receiving 
plain water. We therefore decided to merge data of these groups into a single group of 
n=16 (Figure 7A, B). Levels of circulating liver enzymes and bilirubin at 48 hrs after resec-
tion were similar between groups (Figure 7C), showing a 1.5-2-fold increase in all groups 
compared to baseline values (not shown). Liver mass recovery after PH was comparable 
between groups (Figure 7D), whilst the number of hepatocyte nuclei positive for Ki67 
and mitotic figures were significantly increased in the OCA-treated animals (Figure 7D).

Effect of OCA and FGF19 on cell cycle progression after PH
Increased proliferation after OCA treatment was not corroborated by upregulation of Fxr 
target gene Foxm1b (Figure 8A) and its downstream target gene Cdc25b (Figure 8B).11 
Expression of cyclins Ccnd1 and Ccne1 was not increased compared to control animals 
(Figure 8C, D). In contrast, an upregulation of pivotal regulator of cell cycle progression 
Ccna2 was detected in animals treated with OCA (Figure 8E).

Figure 6. Effect of pre-treatment with OCA, FGF19 or vehicle on activation of hepatic and ileal Fxr-Fgf15 
pathways
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Mice (n=5 mice per group) were pre-treated for 7 days by daily administration of OCA, FGF19 or vehicle, before sacrifice. Tran-
scripts were analysed in the liver (A-C), and the terminal ileum (D, E). Values are expressed relative to the median expression in the 
control group. **p<0.01; OCA, obeticholic acid; FGF, fibroblast growth factor; Cyp8b1, sterol 12-α-hydroxylase; Fxr, farnesoid X 
receptor; Bsep, bile salt export pump; Slc51b, organic solute transporter beta
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Figure 7. Effect of pre -and posttreatment with OCA, FGF19 or vehicle on functional parameters, liver bio-
chemistry and proliferative measures
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In animals treated with FGF19, Foxm1b did not change after PH, whilst expression of 
Ccnd1 was decreased. No significant upregulation of cell cycle progression regulator 
Cdc25b was seen compared to the control group, which was similar for Ccne1 and Ccna2.

Serum and hepatic bile salt content was not different between groups (Figure 9A, B), 
despite a reduced expression of Cyp7a1 in animals treated with OCA (Figure 9C). The de-
crease in Cyp7a1 expression was not seen in the animals receiving FGF19, suggesting that 
co-activation of the ileal and hepatic axis is important for optimal repression of Cyp7a1. 
The time interval between administration of FGF19 and liver harvesting might also be a 
reason for the lack of effect of FGF19 on Cyp7a1 expression. Animals were sacrificed 0.5-
2.5 hrs after the last administration of OCA/FGF19, whilst in vitro studies in HepG2 cells 

Figure 8. Effect of pre-and posttreatment with OCA, FGF19 or vehicle on expression of Fxr target gene and 
cyclins playing a key role in cell cycle progression
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Mice (n=8-16 mice per group) were pre-treated for 7 days by daily administration of OCA, FGF19 or vehicle, before undergoing 
70% PH. Mice were sacrificed at 48 hours after PH while treatments continued. Transcripts (A-E) were analysed in the liver (seg-
ments resected at T=48). Values are expressed relative to the median expression in the control group. **p<0.01; OCA, obeticholic 
acid; FGF, fibroblast growth factor; Fox, forkhead box; Cdc, cell division cycle; Ccn, cyclins

Figure 9. Effect of pre- and posttreatment with OCA, FGF19 or vehicle on bile salt levels and Fxr target genes 
involved in bile salt synthesis and uptake
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Mice (n=8-16 mice per group) were pre-treated for 7 days by daily administration of OCA, FGF19 or vehicle, before undergoing 
70% PH. Mice were sacrificed at 48 hours after PH while treatments continued. Total serum and liver bile salts levels (A, B) and 
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(data not shown) indicate that it takes at least 2 hrs before CYP7A1 mRNA is significantly 
reduced by FGF19. Expression of Ntcp was reduced in mice receiving OCA (Figure 9D).

Discussion

Bile salts have emerged as essential signalling molecules in liver regeneration after PH. 
Data from animal experiments indicate that endogenous ligands (i.e., bile salts) can stimu-
late liver regeneration and prevent liver injury after partial hepatectomy via the hepatic 
FXR and ileal Fxr-Fgf15 axis. Our aim was to investigate whether exogenous activation of 
the Fxr pathway with the semi-synthetic bile acid OCA (a.k.a. INT747) could stimulate 
postresectional liver regeneration in mice. We observed inconsistent effects of OCA on 
regenerative indices in hepatectomized mice. Although responses of Cyp7a1, Cyp8b1 
and other Fxr targets implied general effectiveness of OCA treatment, no effect could be 
detected on liver mass recovery after PH (Figure 3B, 7D). Moreover, OCA had no effect 
on or increased the number of Ki67+ hepatocytes and mitotic figures at 48 hrs after PH 
(Figure 3C, 7D). Hepatic bile salt content did not improve around the peak of hepatocyte 
proliferation at 48 hrs after PH (Figure 4A, 9B). Besides, welfare of the animals was 
decreased in OCA-treated animals after PH.

Although we did not detect functional effects on liver regeneration after treatment with 
OCA, activation of hepatic Fxr was implicated by repression of Cyp8b1 in mice pre-treated 
with OCA in both studies. Simultaneously, activation of ileal Fxr was demonstrated by 
increased Fgf15 after pre-treatment with OCA, and decreased Cyp7a1 expression after 
PH in both studies. Treatment with OCA enhanced these Fxr-mediated effects. However, 
this had no consistent effects on regenerative indices other than liver mass recovery, which 
was not influenced by OCA in both studies. Although liver mass regrowth is not an 
indicator for functional liver recovery per se, it is one of the most used parameters to 
capture this complex cascade of events. This suggests that liver regeneration was already 
progressing optimally after vehicle treatment and Fxr agonism did not further benefit liver 
regeneration after 70% PH. It must be highlighted, though, that liver mass estimation 
can be easily influenced by for example surgical procedure, inter-surgeon variability and 
hepatic oedema.

In these experiments we studied experimental mouse models with uncompromised liver 
function. Compromised liver quality such as cirrhotic or cholestatic livers, and extended 
liver resection, are important factors for leaving patients ineligible for PH in clinical 
practice. Moreover, upon surgery PLF and mortality are increased in these patient groups. 
After PH, it is suggested that a relative hepatic overload of potentially toxic bile salts is 
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one of the causative factors for PLF.15 Cholestasis decreases hepatic regenerative capac-
ity.30 Comparable rodent models with disrupted bile salt homeostasis and decreased liver 
regeneration comprise an extensive (90%) hepatectomy,15 and bile duct ligation with 
consequent cholestasis.31,32 Rodents receiving cholestyramine or pre-operative bile diver-
sion to deplete the whole-body bile salt pool, also showed decreased liver regrowth after 
PH, emphasizing the necessity of maintaining bile salt signalling and/or homeostasis.11 A 
beneficial effect of Fxr agonism was already shown by Chen et al.,33 where Fxr agonism al-
leviated the age-related liver regeneration defect, highlighting Fxr as a potential target for 
promoting liver regeneration in older patients. Moreover, OCA treatment may increase 
the efficacy of PVE and, thereby, resectability. Earlier we showed that OCA accelerated 
liver regeneration after experimental portal vein embolization, in terms of liver volume, 
liver function and proliferation.14

The beneficial metabolic effects of FXR agonists, OCA in particular, and FGF19 have 
been widely studied in many human and experimental settings. Substantial numbers of 
(selective) FXR agonists have been tested in rodents to study proliferative and metabolic 
responses.34,35 Improved serum enzymes and reduced steatosis after PH were described 
upon treatment with synthetic FXR agonist GW4064, but only limited proliferative ef-
fects were seen.11,36 Perioperative oral gavage with alisol B 23-acetate (AB23A) resulted 
in upregulation of Fxr-dependent proliferative genes, amelioration of liver injury, and 
decreased bile salt synthesis and hepatic bile salt content, after 70% in a non-compromised 
mouse model.37 Earlier pre-clinical studies demonstrated that OCA treatment resulted in 
improvement of hepatic non-alcoholic steatohepatitis (NASH) and cirrhosis on histo-
logical level (fibrosis, hepatocellular ballooning, steatosis, and lobular inflammation),9,38,39 
portal hypertension,40 increased metabolic rate41 and atherosclerosis by increasing faecal 
cholesterol excretion42. Recent studies focusing on intestinal benefits described preser-
vation of intestinal mucosal wall integrity, attenuation of intestinal inflammation and 
reduced bacterial translocation after OCA treatment in rat models on cholestasis and 
intestinal ischemia-reperfusion.43,44 Also, the effects of (long-term) Fxr activation on carci-
nogenesis are controversial,45 with prevention of hepatic and renal tumour formation after 
Fxr agonism and hepatic tumorigenesis in Fxr KO mice on one side,46-48 and high FXR 
expression related to high tumour aggressiveness and poor prognosis on the other side.49-52 
Furthermore, generalised pruritus occurred more frequently after OCA treatment, but the 
underlying mechanism is poorly understood.9,53 In our studies, we found decreased serum 
glucose levels before and after PH, and significant weight loss after treatment with OCA. 
These metabolic effects were comparable to data in rodent and human studies,9 however 
seemed to be accompanied by a decreased score on our welfare assessment. It appeared 
that in the perioperative setting, mice were too vulnerable to cope with these metabolic 
changes which may have affected liver regrowth as well. Many of the metabolic (side) 
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effects of OCA may be explained by the large number of known but yet uncharacterized 
Fxr target genes.54

In the second study we added an experimental group that underwent intraperitoneal in-
jection of FGF19. In the study of Uriarte et al., adenoviral-mediated expression of FGF19 
abrogated the diminished liver regeneration in Fgf15 KO mice. In the liver with a com-
promised background (viz. impaired liver regeneration due to acetaminophen poisoning 
and partial hepatectomy in aged mice), Alvarez et al. 55 showed that the chimeric FGF19/
apolipoprotein A-I molecule Fibapo attenuated liver injury, boosted regeneration as seen 
by potentiated cell growth-related pathways and increased functional liver mass, and 
improved survival. In another experiment from the same research group, Fibapo reversed 
elevated hepatic Pparγ2 expression in Fgf15-/- mice fed a high fat diet. Furthermore, 
Fibapo reduced liver bile salt and lipid accumulation, and resulted in increased survival 
and improved regeneration after PH.56

In our study, we found that treatment with FGF19 did not stimulate postresectional liver 
regeneration in mice. Although reduction of expression of ileal bile salt-regulated genes 
Fgf15 and Slc51b indicating FGF19-mediated repression of bile salt synthesis was seen 
after pre-treatment, FGF19 did not affect hepatic expression of Cyp8b1 and Bsep (Figure 
6). Also, hepatocyte receptors Fgfr4 and Klb, for which FGF19/Fgf15 is a ligand, were 
expressed to the same extent in all groups (Supplemental figure 1).

After PH, Foxm1b was significantly upregulated but FGF19 had no stimulatory effect on 
cell cycle progression regulators Cdc25b, Ccne1, Ccna2 and Ccnd1 (Figure 8). In addi-
tion, liver mass recovery or mitotic figures at 48 hrs after PH (Figure 7D) were not affected 
by treatment with FGF19, although the number of Ki67+ hepatocytes was increased. 
Hepatic bile salt content did not improve around the peak of proliferation at 48 hrs after 
PH (Figure 9B).

Csanaky et al. demonstrated that after PH, hepatocytes were protected from bile salt 
toxicity by increased canalicular and basolateral bile salt secretion resulting in increased 
serum bile salt levels, whereas total hepatic bile salt content tended to increase but was 
not significantly influenced by PH.57 Although Bsep gene expression stayed the same as 
confirmed in our study, protein expression doubled. Moreover, they found a change in 
hepatic bile salt content in favour of unconjugated bile salts. In our study, we observed 
unaltered serum bile salts after partial hepatectomy in all groups. Furthermore, despite 
upregulation of Slc51b and repression of Cyp7a1 and Cyp8b1, hepatic bile salt content 
did not decrease in OCA-treated animals. Exploring bile salt composition in serum and 
liver would be interesting to detect a possible shift in toxicity.
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Collectively, our results show that despite the activation of hepatic and ileal Fxr as shown 
by induction of its target genes, treatment with OCA does not result in accelerated liver 
regeneration after PH. Moreover, serum and liver bile salt content were not influenced by 
treatment before and after PH. It would be interesting to learn what would be the effect of 
administering OCA in the post-PH phase only. In such set-up, groups of animals would 
have the same metabolic starting point. We speculate that bile salt homeostasis is already 
optimally maintained for proper progression of liver regeneration/repair after PH. In the 
experimental or clinical setting of compromised bile salt homeostasis/signalling prior to 
partial hepatectomy, e.g., due to external bile diversion or cholestasis, FXR agonism may 
be of benefit.
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Supplemental data

Figure 1. Activation of hepatic and ileal Fxr-Fgf15 pathways after pre-treatment with OCA, FGF19 or vehicle 
for seven days
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scripts were analysed in the liver (A, B). Values are expressed relative to the median expression in the control group. OCA, obeticho-
lic acid; FGF, fibroblast growth factor; Klb, klotho beta
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General discussion

Colorectal cancer (CRC) is affecting over 1.3 million patients annually.1 Approximately 
50% of these patients develop colorectal liver metastases (CRLM).2 In addition, approxi-
mately 700 new patients per year in The Netherlands are affected by primary liver cancer 
(hepatocellular carcinoma (HCC) and cholangiocarcinoma (CCA).3 Partial liver resection 
for hepatobiliary tumours is often the only curative treatment option.

Despite improved perioperative care, the incidence of postresectional liver failure (PLF) is 
still 1-9%, due to the increasing complexity and extensiveness of surgical interventions, in 
combination with an expanding number of resections in patients with compromised liver 
function. An imbalance between liver volume and quality, with lack of functional recovery 
after (extended) resection, may lead to PLF. Clinically, liver failure can be characterized 
by pruritus, jaundice, hepatic encephalopathy, and ascites. Biochemically, elevated serum 
levels of markers reflecting hepatocellular injury (AST, ALT) and liver transport function 
(bilirubin) are seen, in combination with a diminished synthetic function (coagulant fac-
tors, albumin) of the liver.

Both assessment of liver volume and quality is mandatory to predict postoperative func-
tional reserve. Several risk scores have been developed to detect liver failure postoperatively. 
Detection of PLF is often too late and treatment is primarily symptomatic.

The central aim of this thesis was to study determinants of, and interventions for 
postresectional liver (dys)function after partial hepatectomy for liver cancer. This was 
subdivided into three specific research parts; 1) to define PLF and to study the impact 
of chemotherapy-associated liver injury on morbidity and mortality after partial hepatec-
tomy for colorectal liver metastases (chapters 2, 3 and 4), 2) to investigate current and 
future (functional) endpoints to define and detect PLF (chapters 5, 6 and 7), and 3) to 
examine the role of bile salts and nuclear Farnesoid X Receptor agonism in (the prevention 
of ) liver failure and acceleration of postresectional liver regeneration (chapters 8 and 9).

Part I – preoperative determinants of 
postresectional liver function

Liver failure is a feared complication that accounts for up to 75% of mortality after 
extensive liver resection. Despite improved perioperative care, the increasing complexity 
and extensiveness of surgical interventions, in combination with an expanding number of 
resections in patients with compromised liver function, still results in an incidence of PLF 
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of 1-9%.4 Preventive measures aim to enhance future remnant liver size and function. Nu-
merous non-invasive techniques to assess liver function and predict remnant liver volume 
are being developed, along with introduction of novel surgical strategies that augment 
growth of the future remnant liver.5 Detection of PLF is often too late and treatment 
is primarily symptomatic. Current therapeutic research focuses on ([bio] artificial) liver 
function support and regenerative medicine. In chapter 2, we discuss the current state and 
new developments in prediction, prevention, and management of PLF, in light of novel 
insights into the aetiology of this complex syndrome.6

The first research aim of this thesis was to determine the impact of impaired liver quality 
due to chemotherapy, on postresectional outcome. Regimens based on the platinum-
containing agent oxaliplatin are used extensively as neoadjuvant therapy to downsize 
initially irresectable colorectal liver metastases, with convincing response rates and survival 
outcomes.7-9 However, liver injury reflected in hepatomegaly, ascites and systemic eleva-
tion of liver enzymes is demonstrated in over 75% of patients.10-13 Sinusoidal dilatation 
is a common manifestation of hepatotoxicity that occurs in patients with colorectal liver 
metastases (CRLM) after administration of oxaliplatin-based chemotherapy.14-16 With 
regard to liver surgery, some studies reported (transient) PLF, higher morbidity rates and 
impairment of postresectional liver regeneration,17,18 whereas others could not reproduce 
this.19-24 Unfortunately, the majority of articles contained data from relatively small patient 
groups, varying inclusion criteria and different chemotherapeutical regimens, limiting 
their validity.

In chapter 3 we studied the influence of sinusoidal dilatation on short-term outcome 
after partial hepatectomy for CRLM. We found no significant influence of sinusoidal 
dilatation on outcome after partial hepatectomy. However, critical evaluation of included 
evidence by assessment with the QUIPS and GRADE tools, showed a low to high risk of 
bias for individual studies and very low quality of outcome-specific evidence. This may 
be explained by suboptimal study design (mostly exploratory phase 1 studies), variation 
in inclusion criteria, sample size, and wide confidence intervals of the included studies. 
Moreover, regarding variations in definitions, outcome after liver resection was expressed 
in multiple terms and time frames. Because of the limited confidence in the provided 
evidence, no solid conclusions could be drawn, and this study could not provide clinical 
advice on our topic.

Implications of chapter 3
In 2008, the BMJ published a series of articles on the Grading of Recommendations 
Assessment, Development and Evaluation (GRADE) system for rating quality of evidence 
and strength of recommendations that is explicit, comprehensive, transparent, and prag-
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matic, and is increasingly being adopted by (healthcare) organisations worldwide.25 In the 
current study, evidence was rated as low according to the GRADE guidelines, amongst 
other reasons due to a suboptimal study design with different inclusion criteria. Ideally, 
studies should have similar inclusion criteria for comparison. However, due to the hetero-
geneous group of treated patients and chemotherapy regimens, this may not be feasible.

In chapter 4 we aimed to explore whether sinusoidal dilatation (SD), steatosis, and 
steatohepatitis were associated with increased morbidity and mortality rates after partial 
hepatectomy, by performing a meta-analysis of individual participant data based on a 
systematic literature review following the Moose and PRISMA guidelines. For this, a 
systematic search was performed in Medline (PubMed) and Embase using a search matrix 
including the following four categories: liver resection, chemotherapy, tumour type, and 
outcome. The first publication date was fixed on 2004 because the widely used criteria 
for scoring SD, steatosis, and steatohepatitis were developed in 200410 and 2005.26 After 
study identification, all corresponding authors of studies that fulfilled the inclusion cri-
teria were contacted by email for collaboration and sharing data of the published cohort. 
Anonymized data were imported into IBM SPSS Statistics for analysis. The individual 
participant data from all studies were pooled and modelled simultaneously, and con-
sequently analysed applying one-step binary logistic regression models. As for missing 
values, multiple imputations were performed, assuming missing at random. Complete 
case analysis was also conducted for sensitivity analysis.

In this study, increases in postresectional major morbidity (Dindo-Clavien grade ≥3) and 
liver surgery-specific complications (PLF, intra-abdominal haemorrhage, bile leakage, 
ascites, intra-abdominal abscess, and mortality) after partial hepatectomy, were observed 
in patients with SD and steatohepatitis, whereas steatosis was associated with a decreased 
occurrence of complications. Moreover, PLF occurred more often in patients with severe 
SD. With respect to steatohepatitis, lobular inflammation, but not severe steatosis or 
hepatocellular ballooning, was strongly linked to increased postresectional morbidity. 
Oxaliplatin-based chemotherapy was the sole factor independently associated with an 
increase in the occurrence of severe SD.

The addition of angiogenesis inhibitor bevacizumab, to oxaliplatin-based chemotherapy 
has been associated with a decreased incidence of SD.27,28 In our study we confirmed 
that bevacizumab was associated with a remarkably decreased occurrence of severe SD. 
Moreover, an inverse relationship between severe SD and severe steatosis of the liver was 
found.
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Implications of chapter 4
Parenchymal damage due to chemotherapy can be preoperatively diagnosed by radiological 
and biochemical variables, as reviewed recently in detail by our group.29 Considering the 
negative relationship between chemotherapy-associated liver injury (CALI) and postre-
sectional morbidity, it is advised to evaluate parenchymal quality before surgery. Liver 
elasticity for example can be measured by imaging options such as liver ultrasonographic 
elastography (FibroScan). Steatohepatitis can be seen on a plain ultrasonography, but also 
more specific imaging modalities such as Gadolinium MRI have proven to be useful. A 
biopsy was shown to have little value in the preoperative diagnosis of steatohepatitis due 
to the heterogeneous spread of histopathological deviations in the liver, and is therefore 
not recommended.30

Moreover, if liver injury is diagnosed preoperatively, it is advised to adapt surgical manage-
ment when CALI is diagnosed, i.e. central venous pressure should be low during surgery to 
prevent excessive blood loss. For the same reason the use of radiofrequency ablation might 
be beneficial when feasible. If there is an indication for evaluation of liver quality during 
surgery, for example when the liver appears blue (linked to SOS) or yellow (associated 
with steatosis), frozen sections can be assessed to support the decision to change the type 
of resection perioperatively. Moreover, with decreased chemotherapy responsiveness,31,32 
shortened overall survival,18 and increasing doubts about the usefulness of neoadjuvant 
chemotherapy in certain patient groups,33 one could even speculate that some patients 
would benefit from immediate resection instead of neoadjuvant chemotherapeutical treat-
ment. Especially in patient in whom tumour shrinkage is not mandatory, it would be 
interesting to evaluate the effect of immediate resection on postresectional morbidity and 
(disease free) survival.

Part II – postresectional detection of liver 
dysfunction

In the era of a declining event-rate, the conduct of a sound trial on liver-surgery specific 
complications with a dichotomous endpoint (e.g. mortality) would require large sample 
sizes.34 The introduction of surrogate endpoints (SEPs) in RCTs is considered a potential 
solution for solving this problem.9 A SEP is a laboratory measurement or a physical sign 
used as a substitute for a clinically meaningful endpoint that measures directly how a 
patient feels, functions or survives.10-12 Ideally, changes in a SEP induced by a therapy, 
should reflect a clinically meaningful endpoint.
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In chapter 5 we aimed to summarize the SEPs representing the effect of surgically induced 
damage that are being used in liver surgery trials. Additionally, this study aimed at finding 
common definitions of the employed SEPs, and at recapitulating the evidence or validation 
justifying the use of those endpoints.  Most studies used biologically plausible, though not 
validated, surrogate outcomes. We were able to retrieve references rationalizing the selec-
tion of SEPs used in the majority of the studies. These references were studies using similar 
endpoints either in clinical trials or in experimental settings. Unfortunately, no study 
using validated SEPs was found. The selected endpoints all describe alterations either 
in hepatic or systemic parameters. However, we were not able to verify the relationship 
between the surrogate and the clinical endpoint or determine parallel estimates of risks 
and benefits between the surrogate and clinical endpoint. This challenged the validity of 
the obtained results in the studies included in this review.

In chapter 6 we validated one of the most used SEPs for PLF. In 2007, Mullen et al. 
proposed a definition for PLF based on analysis of 1,059 patients without cirrhosis, who 
underwent major hepatectomy between 1995 and 2005 at three hepatobiliary centres in 
the United States and Italy.35 The authors stated that the occurrence of a systemic total 
bilirubin level of >7.0 mg/dL (≥120 μmol/L, ‘peak bilirubin criterion’) within 90 days 
after major hepatectomy provides a sensitivity of 93.3% for liver-related death and an 
odds ratio (OR) of 250 (95% confidence interval, 25.0 to >1000) for 90-day liver-related 
mortality.

We hypothesized that following current practice (increasing incidence of NAFLD, com-
plex vascular procedures, extending indications for resection), the criterion would be met 
more often, and mortality rates would be higher. Therefore, this study aimed to validate 
the peak bilirubin criterion as a SEP regarding major morbidity and liver-related death 
within 90 days after partial and major hepatectomy in two European tertiary hepato-
biliary referral centres. In the present patient cohort (n=956), sensitivity and specificity 
of the peak bilirubin criterion for 90-day liver-related death after major liver resection 
were 41.2% and 94.6%, respectively, whereas the positive predictive value only reached 
22.6%. In multivariable analysis, the peak bilirubin criterion (p<0.001, OR=15.9 [95%CI 
5.2-48.7]), co-existing moderate-severe steatosis and moderate-severe fibrosis/cirrhosis 
(p=0.013), ASA score 3-4 (p=0.047), and age (p=0.044) were independent predictors of 
liver-related death. Moreover, of the 15 patients with a severely elevated bilirubin level, 10 
patients survived, and bilirubin levels normalized. In conclusion, the present study found 
a rather low positive predictive value and sensitivity of the peak bilirubin criterion for 
liver-related mortality within 90 days after major liver resection. Nevertheless, it was still 
identified as the most risk-bearing factor for postresectional liver-related mortality within 
90 days after partial liver resection in multivariable analysis.
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Implications of chapter 5 and 6
Composite (CEP) and surrogate outcomes are, if validated, considered adequate alter-
natives for replacing the standard short-term dichotomous outcome of mortality and 
morbidity in many medical fields.34,36-39 After hepatic surgery, a SEP or CEP can indicate 
(the risk of ) hepatic failure. An increased risk may urge the physician to start with cu-
rative or supportive therapy with for instance plasmapheresis or albumin dialysis soon 
after resection. In contrast, it may prevent over-treatment in groups defined as low risk 
for hepatic failure. It is therefore of key importance to standardize SEP definitions and 
validate the SEPs used in liver surgery trials. As all the currently used SEPs are yet to be 
validated, many definitions can be proposed and adapted to the different effects expected 
from various interventions. For instance in 2014, following our review a validation study 
was conducted on the predictive value of serum transaminases after liver resection with or 
without ischemia reperfusion, which showed that serum transaminases should not be used 
as a surrogate of postoperative outcome.40 Prospective studies may focus on novel liver 
function-related parameters such as bile salts, and/or combined functional and volumetric 
criteria.41 In addition, one could stress the liver pharmacologically before liver resection in 
order to evaluate its functional capacity to react on exogenous and endogenous challenges.

One of the important functions of the liver is the defence against diverse forms of (chemi-
cal) challenges and intoxications.42-44 For example, radicals are scavenged through reaction 
with the liver-derived tripeptide glutathione (GSH). Amongst other functions, GSH 
reacts with the analgesic acetaminophen (APAP). At high doses, metabolic processing of 
APAP gives rise to the reactive compound N-acetyl-p-benzoquinone imine and phenoxyl 
radicals thereof. Both metabolites can be neutralized by reaction with GSH, which may 
result in a drop in hepatic GSH levels upon high doses of APAP.45-48 Animal and in vitro 
studies showed that systemic ophthalmic acid (OPH) levels increased when hepatocel-
lular GSH and its constituent L-cysteine, were depleted in APAP-induced hepatotoxicity 
models.49 OPH lacks a reactive thiol group and is thus devoid of antioxidant properties. 
It has been suggested that OPH makes use of the same transporter system as GSH and 
therefore would minimize cellular GSH efflux to preserve cell integrity.49 Since L-cysteine 
availability is considered the rate-limiting factor in hepatic GSH formation, elevated 
plasma OPH concentrations may be a read-out for hepatic GSH depletion.

In chapter 7 we investigated whether plasma OPH is useful as a read-out for hepatic 
GSH depletion in humans, by stressing hepatic detoxification capacity with APAP chal-
lenges during pylorus-preserving pancreaticoduodenectomy (PPPD) or partial hepatec-
tomy (PH). Nineteen patients undergoing PPPD (n=7, control group) or PH (n=12) 
were included. APAP (1000 mg) was administered intravenously before resection (first 
challenge), and six and twelve hours later, with sequential blood sampling during this 
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period. Arterial, hepatic and portal venous blood samples and liver biopsies were taken 
on three occasions during the first APAP challenge. Plasma and hepatic OPH and GSH 
levels were quantified, and venous-arterial differences were calculated to study hepatic 
release. Our main finding is that systemic GSH levels decreased during APAP challenges 
in both surgical groups, but this was not accompanied by a reciprocal increase in plasma 
OPH. Hepatic GSH, OPH and thiyl radicals were not affected within ~3 hours after 
administration of the first APAP dose in patients undergoing PPPD or PH. Although the 
liver is considered the predominant source of GSH in the circulation,43 we did not observe 
net hepatic GSH release prior to, or after APAP administration in the present study. 
This indicates that APAP did not result in acute oxidative stress or prompt alterations in 
hepatic GSH homeostasis. In this period, net release of OPH by the liver was observed 
only in patients undergoing PPPD.

Implications of chapter 7
The current human model did not prove useful for dynamic prediction of liver function. 
In the setting of an APAP overdose, serum levels of OPH may be measured to substantiate 
our proof of concept. If increased OPH serum levels are found, this may function as an 
early marker of liver injury. It would be interesting to investigate if these serum levels 
are increased before other liver enzymes such as ALT and AST are increased, and if they 
correlate with the severity of the injury as confirmed by the clinical condition of the 
patient, other liver enzymes and imaging features of the liver. If so, the use of serum OPH 
as a risk indicator early after APAP intoxication should be validated. Once validated, this 
new marker ought to be part of the risk stratification system for acute liver failure and 
timing of treatment start (e.g. Molecular Adsorbent Recirculating System (MARS), or 
plasmapheresis).

Part III – Monitoring and prevention of 
postresectional liver dysfunction

PLF is a serious complication following partial hepatectomy (PH) with high morbidity 
and mortality. To find an appropriate therapy to treat and/or prevent the occurrence of 
liver failure after resection, an animal model would be of great value. We hypothesized 
that excessive accumulation of bile salts in the regenerating liver remnant, is the actual 
culprit in PLF.

To study this, we induced bile salt overload in the regenerating liver of mice by feeding 
them the bile salt cholic acid (CA) after 70% PH (chapter 8). Concentrations of CA in 
the diet ranged from 0.0 to 1.0%, and mice were sacrificed around the time of maximal 



222

C
ha

pt
er

 1
0

hepatocyte proliferation (normally peaking between 36-48 hrs). Mice in the highest dose 
group had poorer ‘clinical’ performance (i.e. squinted eyes, reduced physical activity) 
as indicated by our welfare assessment, with overall decreased glucose levels after PH, 
and more pronounced body weight loss in the postresectional course. Moreover, in this 
group, assessment of injury (transaminases) and secretory function (total bilirubin) of 
the liver, revealed hepatic injury and impaired secretory function. Although no effect of 
the 1.0 % CA diet was seen on liver mass recovery, impaired hepatocyte proliferation was 
noted. In conclusion, a postresectional challenge with 1.0% CA diet induces signs of liver 
injury and defective liver regeneration. A longer duration of the dietary challenge and/or 
secondary hits may further improve the model. Once validated, it can be used to evaluate 
pharmaceutical strategies to prevent or treat PLF.

Bile salts have emerged as essential signalling molecules in liver regeneration after PH. 
Data from animal experiments indicate that endogenous ligands (i.e. bile salts) can 
stimulate liver regeneration and prevent liver injury after PH, via the hepatic Fxr and ileal 
Fxr-Fgf15 axis.

In chapter 9 we investigated whether exogenous activation of the Fxr pathway with the 
potent semi-synthetic bile acid obeticholic acid (OCA) could stimulate postresectional 
liver regeneration in mice. In the first part of this study, groups of mice were pre-treated 
with vehicle or OCA, and sacrificed within 3 days after PH. Unexpectedly, we observed a 
steep decline in body weight and glycemia after PH in the OCA-treated group. This led us 
to consider that metabolic effects related to pre-treatment with OCA, masked a potential 
beneficial effect on postresectional liver regeneration. We therefore replenished drinking 
water with sucrose for OCA-treated mice in the second part of the study, whilst mice 
receiving intraperitoneal injections of FGF19 served as a positive control group.50

It was anticipated that Fxr activation would result in an earlier peak of regenerative in-
dices through direct (i.e., mitogenic) and indirect (i.e., bile salt homeostatic) effects. We 
observed inconsistent effects of OCA on regenerative indices in hepatectomized mice. 
Although responses of Cyp7a1, Cyp8b1 and other Fxr targets implied general effective-
ness of OCA treatment, no effect was observed on liver mass recovery after PH. Moreover, 
OCA had no consistent effect on the number of proliferating (i.e., Ki67+) hepatocytes and 
mitotic figures at 48 hours after PH. Hepatic bile salt content did not improve around 
the peak of proliferation at 48 hrs after PH. Besides, welfare of the animals was decreased 
in OCA-treated animals after PH. After pre-treatment of mice with FGF19, a reduced 
ileal expression of bile salt-regulated genes Fgf15 and Slc51b indicating FGF19-mediated 
repression of bile salt synthesis was seen, but this or treatment with FGF19 per se, did not 
stimulate postresectional liver regeneration in mice.
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Implications of chapter 8 and 9
In previous studies it is suggested that bile salts play an important role in liver failure 
and liver regeneration. Although bile salts seem required for proper postresectional liver 
regeneration, a tight control of intracellular levels seems indispensable. After liver resec-
tion, the remnant liver faces a relative overload of bile salts because the original bile salt 
pool passes through a smaller liver remnant that apparently has insufficient spare capacity 
to properly handle this increment. This results in increased systemic spill-over and eleva-
tion of circulating bile salts. In our first study, we observed that addition of cholic acid 
after 70% hepatectomy indeed induced morbidity and liver injury mimicking PLF in an 
otherwise safe liver resection model.

Next, we hypothesized that optimizing bile salt homeostasis by stimulating its hepatocel-
lular receptor FXR, would accelerate liver regeneration after partial hepatectomy. After 
administration of the FXR agonist obeticholic acid, we observed little to none beneficial 
effects on liver regeneration. In our opinion, this indicates that in a normal liver back-
ground, liver regeneration after 70% PH already progresses optimally, likely through 
balanced bile salt homeostasis and effective endogenous bile salt signalling, and cannot 
be further enhanced.

In clinical practice, however, the indications for liver surgery continue to extend beyond 
70% PH in a normal background using vascular procedures, split surgery procedures such 
as ALPPS permitting resection of larger volumes,51 and resection performed on livers with 
impaired quality. These new indications result in more patients being eligible for surgery, 
however also go along with specific risks during and after surgery. Especially in patients 
with pre-existent cholestasis due to bile duct obstruction in peri-hilar cholangiocarcinoma, 
we observe high complication rates.52 Preoperative attempts to restore bile flow by placing 
an external drain (PTCD) had detrimental effects on postoperative mortality, indicating 
that a certain amount of bile salts is indeed required for postoperative liver regenera-
tion.53,54 In case of surgical removal of a cholangiocarcinoma, the gallbladder is removed 
perioperatively and a hepaticojejunostomy is created. This may result in depletion of the 
bile salt pool and inefficient endogenous bile salt signalling in the liver remnant. In this 
setting, optimization of bile salt homeostasis/signalling, pre-or postoperatively by FXR 
agonism, may accelerate liver regeneration and proof the indispensable role of bile salt 
signalling in this process. This concept could be tested in experimental animals, where 
the endogenous bile salt pool is depleted by a bile salt-binding resin or pharmacologi-
cal inhibition of intestinal bile salt re-uptake. Under these experimental conditions, we 
anticipate that FXR agonism can augment liver regeneration after 70% PH.
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Summary

Chapter 1 is a general introduction describing the aims of this thesis. Postresectional 
liver failure (PLF) is a feared complication after liver resection for primary liver cancer 
or colorectal cancer liver metastases. It comprises of impaired secretory, detoxifying, and 
synthetic function of the liver. Multiple definitions of liver failure are used in studies on 
outcomes after partial liver resection. We assessed the current definitions and functional 
endpoints of PLF. The aetiology of this complex syndrome lies, amongst others, in a disbal-
ance of remaining quality and quantity of liver tissue, and disturbed bile salt homeostasis. 
We therefore investigated the role of impaired liver quality due to chemotherapy-induced 
liver injury on the prevalence of PLF. Next, we created a mouse model to study liver 
failure, and examined the role of bile salts and bile salt receptor (FXR) agonism in (the 
prevention of ) liver failure and acceleration of postresectional liver regeneration.

In chapter 2, we discuss the current state and new developments in prediction, preven-
tion, and management of PLF, in light of novel insights into the aetiology of this complex 
syndrome. Despite improved perioperative care, the increasing complexity and extensive-
ness of surgical interventions, in combination with an expanding number of resections in 
patients with compromised liver function, still results in an incidence of PLF of 1–9%. 
Preventive measures aim to enhance future remnant liver size and function. Numerous 
non-invasive techniques to assess liver function and predict remnant liver volume are 
being developed, along with introduction of novel surgical strategies that augment growth 
of the future remnant liver. Detection of PLF is often too late and treatment is primarily 
symptomatic. Current therapeutic research focuses on ([bio] artificial) liver function sup-
port and regenerative medicine.

Chemotherapy is often used as neoadjuvant therapy to downsize initially irresectable 
colorectal liver metastases. However, liver injury is demonstrated in most patients. Sinu-
soidal dilatation occurs in patients with colorectal liver metastases after administration of 
oxaliplatin-based chemotherapy. In chapter 3 we studied the influence of sinusoidal dila-
tation (SD) on short-term outcome after partial hepatectomy for CRLM. Multiple online 
databases were searched for studies published between 01.01.2004 and 09.06.2015. We 
included studies comprising adults who underwent partial hepatectomy for CRLM with 
grading of SD and registration of postoperative morbidity and/or mortality. Meta-analysis 
on the available data showed that there was no significant influence of SD on overall 
morbidity, PLF, overall mortality, and liver-related morbidity after partial hepatectomy. 
However, critical evaluation of included evidence by assessment with the QUIPS and 
GRADE tools, showed a very low quality of outcome-specific evidence. This may be ex-
plained by a.o. suboptimal study design and variation in inclusion criteria and outcomes. 
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Because of the limited confidence in the provided evidence, this study could not provide 
clinical advice on our topic.

In chapter 4 we aimed to explore whether SD), steatosis, and steatohepatitis were associ-
ated with increased morbidity and mortality rates after partial hepatectomy. To increase 
confidence in our evidence, we performed a systematic literature review following the 
Moose and PRISMA guidelines and contacted all authors of the included articles. A large 
dataset of multiple international centers with individual participant data was created, 
and we performed uni- and multivariable analyses. We observed increased postresectional 
major morbidity and liver surgery-specific complications after partial hepatectomy in 
patients with SD and steatohepatitis, whereas steatosis was associated with a decreased 
occurrence of complications. Moreover, PLF occurred more often in patients with severe 
SD. With respect to steatohepatitis, lobular inflammation was strongly linked to increased 
postresectional morbidity. Oxaliplatin was strongly related to an increased occurrence of 
severe SD, and the addition of bevacizumab to oxaliplatin-based regimen reduced the 
occurrence of severe SD.

In the era of a declining event-rate, a sound trial on liver-surgery specific complications 
with a dichotomous endpoint requires large sample sizes. Surrogate endpoints (SEPs) are 
considered a potential solution for this problem. A SEP is a laboratory measurement or 
a physical sign used as a substitute for a clinically meaningful endpoint that measures 
directly how a patient feels, functions or survives. In chapter 5 we aimed to summarize 
and validate the SEPs of a total of 49 articles representing the effect of surgically induced 
damage that are being used in liver surgery trials. Standard biochemical liver functions 
tests were the most frequently used SEPs. The used definitions of SEPs varied greatly 
among the studies. Although we found rationalizing the selection of SEPs used in most 
of the studies, no validating studies were found. Therefore, we were not able to verify 
the relationship between the surrogate and the clinical endpoint or determine parallel 
estimates of risks and benefits between the surrogate and clinical endpoint.

In 2007, Mullen stated that the occurrence of a systemic total bilirubin level of >7.0 
mg/dL (≥120 μmol/L, ‘peak bilirubin criterion’) within 90 days after major hepatectomy 
provides a positive predictive value of 32.6% for liver-related death. In chapter 6 we 
validated the peak bilirubin criterion as one of the most used SEPs for postresectional 
liver-related mortality. Patient and surgical characteristics of 956 consecutive patients 
who underwent partial hepatectomy in two European centers were analysed by uni- and 
multivariable analyses. Sensitivity and specificity for liver-related mortality after major 
hepatectomy were 41.2% and 94.6%, respectively. Although the peak bilirubin criterion 
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was an independent predictor, the positive predictive value was only 22.6% for 90-day 
liver-related mortality after major hepatectomy.

One of the important functions of the liver is the defence against (chemical) challenges and 
intoxications. Radicals are scavenged through reaction with the liver-derived tripeptide 
glutathione (GSH), an important determinant of liver function. Animal studies indicate 
that systemic ophthalmic acid (OPH) is a biomarker for hepatic glutathione (GSH) 
homeostasis. In chapter 7 we investigated whether plasma OPH is useful as a read-out 
for hepatic GSH depletion in humans. We stressed hepatic detoxification capacity with 
APAP challenges during pylorus-preserving pancreaticoduodenectomy (PPPD) or partial 
hepatectomy (PH) in nineteen patients. Our main finding is that systemic GSH levels 
decreased during APAP challenges in both surgical groups, but this was not accompanied 
by a reciprocal increase in plasma OPH. Hepatic GSH, OPH and thiyl radicals were not 
affected after administration of the first APAP dose in patients undergoing PPPD or PH. 
We did not observe net hepatic GSH release prior to, or after APAP administration in the 
present study. This indicates that APAP did not result in acute oxidative stress or prompt 
alterations in hepatic GSH homeostasis, and it seems thus unlikely that hepatic GSH 
homeostasis was sufficiently challenged in the present study.

To find an appropriate therapy to treat and/or prevent the occurrence of liver failure 
after resection, an experimental animal model would be of great value. Postresectional 
hyperbilirubinemia suggests that impaired hepatobiliary transport with intrahepatic accu-
mulation of harmful cholephiles plays an etiological role. We hypothesized that excessive 
accumulation of bile salts in the regenerating liver remnant is the actual culprit in PLF. 
To study this, we induced bile salt overload in the regenerating liver of twelve weeks old 
male C57BL6/J mice by feeding them a diet supplemented with cholic acid (CA, 0.5 or 
1.0%) or control diet after 70% PH (chapter 8). Mice were sacrificed at 48 hours, thus 
around the time of maximal hepatocyte proliferation. Mice fed a 1.0% CA diet displayed 
more pronounced weight loss, had poorer ‘clinical’ performance and overall decreased 
glucose levels after PH. Moreover, liver injury and impaired hepatobiliary transport func-
tion were apparent in the group fed a 1.0% CA diet, but not in animals fed a 0.5% CA 
diet. Although no effect of the 1.0 % CA diet was seen on liver mass recovery, impaired 
hepatocyte proliferation was noted.

Although a bile salt overload seems to induce PLF, data from animal experiments indicate 
that bile salt signaling via the Fxr-Fgf15 axis is required for liver regeneration and preven-
tion of liver injury after PH. In chapter 9 we investigated whether exogenous activation 
of the Fxr pathway with the potent semi-synthetic bile acid obeticholic acid (OCA) could 
stimulate postresectional liver regeneration in mice. In the first part of this study, groups 
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of twelve weeks old mice were pre-treated with OCA or vehicle and sacrificed after 70% 
PH. Unexpectedly, we observed a steep decline in body weight and glycemia after PH in 
the OCA-treated group. We therefore replenished drinking water with sucrose for OCA-
treated mice in the second part of the study. We also included a group of mice receiv-
ing intraperitoneal injections of FGF19 as a positive control group. No effect could be 
detected on liver mass recovery or number of proliferating hepatocytes after PH, although 
responses of Cyp7a1, Cyp8b1 and other Fxr target genes implied general effectiveness of 
OCA treatment. PH. Serum and liver bile salt content were not influenced by treatment 
before and after PH. Besides, welfare was decreased in OCA-treated animals after PH. 
After pre-treatment of mice with FGF19, FGF19-mediated repression of bile salt synthesis 
was seen, but this did not stimulate postresectional liver regeneration in mice. In our 
opinion, this indicates that in a normal liver background, liver regeneration after 70% PH 
already progresses optimally, likely through balanced bile salt homeostasis and effective 
endogenous bile salt signalling.
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Samenvatting

Hoofdstuk 1 is een algemene inleiding waarin de doelstellingen van dit proefschrift wor-
den beschreven. Postresectioneel leverfalen (PLF) is een gevreesde complicatie na partiële 
hepatectomie (PH) voor primaire leverkanker of levermetastasen bij colorectale kanker. 
Het bestaat uit een verstoorde secretoire, detoxificerende en synthetische functie van de 
lever. Meerdere definities van leverfalen worden gebruikt in onderzoeken naar uitkomsten 
van leverresecties. We hebben de huidige definities en functionele eindpunten van PLF 
beoordeeld. De etiologie van dit complexe syndroom ligt onder meer in een disbalans van 
de resterende kwantiteit en kwaliteit van het leverweefsel en een verstoorde homeostase 
van galzouten. We onderzochten daarom de rol van de verminderde leverkwaliteit als ge-
volg van chemotherapie-geïnduceerde leverschade op de prevalentie van PLF. Vervolgens 
creëerden we een muismodel om leverfalen te bestuderen, en onderzochten we de rol van 
galzouten en nucleair Farnesoid X Receptor-agonisme bij (de preventie van) leverfalen en 
versnelling van postresectionele leverregeneratie.

In hoofdstuk 2 onderzoeken we de huidige stand van zaken en ontwikkelingen in de 
voorspelling, preventie en behandeling van PLF. Ondanks de verbetering in perioperatieve 
zorg, zorgen de toenemende complexiteit en uitgebreidheid van chirurgische interventies 
in combinatie met het toenemende aantal resecties in patiënten met een verminderde 
leverfunctie, voor een incidentie van PLF van 1-9%. Interventies zijn erop gericht het 
toekomstige levervolume te vergroten en de functie te optimaliseren. Meerdere niet-
invasieve technieken die de leverfunctie in kaart brengen en het toekomstige levervolume 
voorspellen zijn in ontwikkeling, samen met nieuwe chirurgische strategieën die de groei 
van de toekomstige lever stimuleren. Detectie van PLF is vaak laat en de behandeling is 
primair symptomatisch. Huidige behandelstrategieën richten zich op ondersteuning van 
de leverfunctie en de regeneratieve geneeskunde.

Chemotherapeutica worden vaak neo-adjuvant gebruikt om initieel inoperatieve colo-
rectale levermetastasen te verkleinen. Dit kan echter ook leverschade tot gevolg hebben. 
Dilatatie van de sinusoïden komt vaker voor bij patiënten met colorectale levermetastasen 
na het gebruik van oxaliplatine. In hoofdstuk 3 bestudeerden we de invloed van sinusoï-
dale dilatatie (SD) op korte-termijn uitkomsten na PH voor colorectale levermetastasen. 
In meerdere online databases zochten we naar studies in volwassenen die tussen 2004 en 
2015 PH ondergingen voor colorectale levermetastasen en waarbij de korte termijnuit-
komsten en leverschade waren gedocumenteerd. Meta-analyses op de beschikbara data 
lieten zien dat er geen significante invloed was van sinusoïdale dilatatie op morbiditeit, 
leverfalen, mortaliteit en lever-gerelateerde morbiditeit na PH. Evaluatie van de geïn-
cludeerde literatuur middels de QUIPS en GRADE scorelijsten lieten echter een lage 
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kwaliteit van het bewijs zien. Dit kon onder andere verklaard worden door de suboptimale 
opzet van studies en variatie in inclusiecriteria. Door de verminderde betrouwbaarheid van 
ons bewijs, konden we geen conclusies trekken.

In hoofdstuk 4 onderzochten we of SD, steatose en steatohepatitis geassocieerd waren 
met verhoogde morbiditeit en mortaliteit na PH. Om het vertrouwen in het bewijsma-
teriaal te vergroten, voerden we een systematisch literatuuronderzoek volgens de Moose- 
en PRISMA-richtlijnen uit en namen contact op met de auteurs van de geïncludeerde 
artikelen. We creëerden een grote dataset van meerdere internationale centra met indi-
viduele deelnemersgegevens waarop we uni- en multivariabele analyses uitvoerden. We 
observeerden verhoogde postoperatieve ernstige morbiditeit en leveroperatie-specifieke 
complicaties na PH bij patiënten met SD en steatohepatitis, terwijl steatose geassocieerd 
was met een verminderd optreden van complicaties. Bovendien kwam PLF vaker voor bij 
patiënten met ernstige SD. Oxaliplatine was sterk gerelateerd aan een verhoogd optreden 
van ernstige SD, en de toevoeging van bevacizumab aan een op oxaliplatine-gebaseerd 
chemotherapie-regime verminderde het optreden van ernstige SD.

In het tijdperk van een dalend aantal postoperatieve complicaties, vereist een degelijk on-
derzoek naar leveroperatie-specifieke complicaties met een dichotoom eindpunt een grote 
omvang van de studiepopulatie. Surrogaateindpunten (SEPs) worden beschouwd als een 
mogelijke oplossing voor dit probleem. Een SEP is een laboratoriummeting of een fysiek 
kenmerk van de patient dat wordt gebruikt als vervanging voor een klinisch eindpunt dat 
direct meet hoe een patiënt zich voelt of functioneert. In hoofdstuk 5 hebben we getracht 
SEPs in 49 artikelen over leverchirurgie-geïnduceerde schade te analyseren. Biochemische 
leverfunctietesten waren de meest gebruikte SEPs. De gebruikte definities van SEPs va-
rieerden sterk tussen de onderzoeken. We vonden geen validerende onderzoeken naar de 
SEPs, waardoor we niet in staat waren om de relatie tussen het surrogaat en het klinische 
eindpunt te verifiëren.

In 2007 verklaarde Mullen et al. dat het optreden van een serum bilirubinespiegel van >7,0 
mg/dL (≥120 μmol/L, ‘piek bilirubine criterium’) binnen 90 dagen na uitgebreide hepa-
tectomie een gevoeligheid van 93,3% voor levergerelateerd overlijden geeft, en een positief 
voorspellende waarde van 33,6%. In hoofdstuk 6 hebben we het piek bilirubine criterium 
gevalideerd als een van de meest gebruikte SEPs voor postresectionele levergerelateerde 
mortaliteit. Patiënt- en chirurgische kenmerken van 956 patiënten die PH ondergingen 
in twee Europese centra werden geanalyseerd door middel van uni- en multivariabele 
analyses. De sensitiviteit en specificiteit voor levergerelateerde mortaliteit na uitgebreide 
hepatectomie waren respectievelijk 41,2% en 94,6%. Hoewel het piek bilirubine criterium 
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een onafhankelijke voorspeller was, was de positief voorspellende waarde slechts 22,6% 
voor levergerelateerde mortaliteit binnen 90 dagen na uitgebreide hepatectomie.

Een van de belangrijke functies van de lever is de verdediging tegen (chemische) intoxi-
caties. Radicalen worden weggevangen door reactie met het tripeptide glutathion (GSH), 
een belangrijke determinant voor leverfunctie. Dierstudies geven aan dat plasma oftalmaat 
(OPH) een biomarker is voor glutathion (GSH) homeostase in de lever. In hoofdstuk 7 
hebben we onderzocht of plasma-OPH bruikbaar is als read-out voor lever-GSH-depletie 
bij mensen. We belastten de detoxificatie capaciteit van de lever met APAP-giften tijdens 
pylorusbehoudende pancreaticoduodenectomie (PPPD) of PH bij negentien patiënten. 
Onze belangrijkste bevinding is dat plasma GSH-spiegels tijdens de APAP-giften in beide 
chirurgische groepen afnamen, maar dit ging niet gepaard met een toename van plasma 
OPH. Hepatische GSH-, OPH- en thiylradicalen werden niet beïnvloed na toediening 
van de eerste APAP-dosis bij patiënten die PPPD of PH ondergingen. We namen geen 
netto hepatische GSH-afgifte waar vóór of na APAP-toediening. Dit geeft aan dat APAP 
giften niet resulteerden in acute oxidatieve stress of veranderingen in GSH-homeostase 
in de lever. Het lijkt dus onwaarschijnlijk dat de hepatische GSH-homeostase voldoende 
werd belast in de huidige studie.

Om een geschikte therapie of preventie te vinden voor postoperatief leverfalen, zou 
een diermodel van grote waarde zijn. Postoperatieve hyperbilirubinemie suggereert dat 
een verstoord hepatobiliair transport met intrahepatische accumulatie van schadelijke 
galzouten een rol speelt. We veronderstelden dat overmatige ophoping van galzouten in 
het regenererende leverresidu bijdraagt aan de ontwikkeling van PLF. Om dit te bestu-
deren, induceerden we galzoutoverbelasting in de regenererende lever van mannelijke 
C57BL6/J-muizen door ze een dieet te geven aangevuld met cholaat (CA, 0,5 of 1,0%) 
of een controle dieet na 70% hepatectomie (hoofdstuk 8). Muizen werden opgeofferd na 
48 uur. Muizen die een CA-dieet van 1,0% kregen, vertoonden meer uitgesproken ge-
wichtsverlies, functioneerden klinisch slechter en hadden verlaagde glucosespiegels na PH. 
Bovendien toonden muizen met een 1,0% CA-dieet leverbeschadiging en verminderde 
lever- en galtransportfunctie, terwijl dit niet werd gezien in muizen die een 0,5% CA-dieet 
kregen. Hoewel er geen effect van het 1,0% CA-dieet werd waargenomen op het herstel 
van de levermassa, werd wel een verminderde proliferatie van hepatocyten geobjectiveerd.

Hoewel een overdosis van galzouten postoperatief leverfalen lijkt te induceren, tonen gege-
vens uit dierexperimenten dat galzouten wel noodzakelijk zijn voor leverregeneratie en het 
voorkomen van leverbeschadiging na PH, via de hepatische Fxr- en ileale Fxr-Fgf15-as. In 
hoofdstuk 9 hebben we onderzocht of exogene activering van de Fxr-route met het krach-
tige semi-synthetische obeticholzuur (OCA) postresectionele leverregeneratie bij muizen 
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kan stimuleren. In het eerste deel van deze studie werden groepen van twaalf weken oude 
muizen voorbehandeld met OCA of vehiculum en opgeofferd nadat ze 70% PH ondergin-
gen. Onverwachts zagen we in de met OCA behandelde groep een vermindering van het 
lichaamsgewicht en serum glucose na PH. In het tweede deel van het onderzoek vulden 
we drinkwater van met OCA behandelde muizen daarom aan met sucrose. Tevens werd als 
positieve controle een groep muizen opgenomen die intraperitoneale injecties van FGF19 
ontving. Hoewel de respons van Cyp7a1, Cyp8b1 en andere Fxr-gerelateerde genen de 
algemene effectiviteit van OCA-behandeling impliceerden, kon er geen effect worden 
gevonden op het herstel van de levermassa of het percentage prolifererende hepatocyten na 
PH. Het galzoutgehalte in serum en lever werden niet beïnvloed door de behandeling voor 
en na PH. Na voorbehandeling van muizen met FGF19 werd door FGF19 gemedieerde 
repressie van galzoutsynthese gezien, maar dit stimuleerde postoperatieve leverregeneratie 
bij muizen niet. Naar onze mening betekent dit dat in een normale leverachtergrond de 
leverregeneratie na 70% PH al optimaal plaatsvindt, waarschijnlijk door een effectieve en 
evenwichtige endogene galzoutsignalering.
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Scientific and societal impact

Colorectal carcinoma is one of the most common type of cancer worldwide, with approxi-
mately 1,3 million new patients annually. Almost half of these patients develop metastases 
in the liver. Also, annually approximately 700 patients develop primary liver cancer in The 
Netherlands. Surgical removal (partial hepatectomy) of the tumor offers the best chance 
of cure.

Failure of liver functions is an important complication and develops in around 9% of 
patients after partial hepatectomy. A shifted balance between the amount of liver tissue 
that is removed, and the quality of the remaining liver tissue seems to be the causal factor. 
Treatment of liver failure solely consists of supporting measures, which causes a mortality 
of 30% in patients developing liver failure. In this thesis, several determinants of liver 
failure are investigated. We studied 1) the impact of chemotherapy on complication rates 
after partial hepatectomy, 2) criteria that can be used in practice as a definition and predic-
tor of postoperative liver failure, and 3) the role of bile salt homeostasis in liver failure and 
postoperative liver regeneration.

The influence of chemotherapy on outcome after partial hepatectomy
Preoperative chemotherapy is administered to reduces the size of liver tumors, making 
more patients eligible for a (smaller) resection. However, previous studies showed that 
chemotherapy also affects healthy liver tissue, which results in an enlarged liver, ascites, 
and elevation of serum liver enzymes. Microscopically, dilatation of the blood vessels in 
the liver is seen (sinusoidal dilatation). In chapter 4 we investigated the influence of liver 
injury on the outcomes after liver resection. Unfortunately, the results from the studies 
published up to that point could not be compared properly due to different inclusion 
criteria and outcome measures. We therefore advocate the formulation of uniform inclu-
sion criteria for prospective studies, as well as uniform definitions for outcome measures 
such as liver failure and biliary leakage. This would provide a fairer and more reliable 
picture of the results. Preferably, outcome values specifically related to quality of life of 
the patient are also included in this set of outcomes. Initiatives such as the DHBA (Dutch 
Hepato Biliary Audit) are valuable for the prospective collection of data and the applica-
tion of retrospective studies on these datasets because all relevant data for comparison of 
(treatments of ) patients can be collected.

To formulate an answer to the abovementioned question, all researchers from previous 
studies on chemotherapy-associated liver injury were approached to share their data for 
analysis. Multiple researchers gave permission, resulting in a large database with data on 
chemotherapy regimens, surgical procedures, and patient characteristics. After analyses, 
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we were able to conclude that sinusoidal dilatation and steatohepatitis increase the risk 
of serious general complications and liver-specific complications (such as liver failure, 
hemorrhage, and bile leakage) after partial hepatectomy. In contrast, fatty liver (steato-
sis) is associated with fewer complications after partial hepatectomy. Chemotherapy 
regimens consisting of solely oxaliplatin were associated with sinusoidal dilatation, whilst 
the addition of bevacizumab appeared to limit this injury. Given the negative impact 
of chemotherapy-induced injury on the outcome after liver resection, we recommend 
evaluating the quality of liver tissue before surgery, for example by ultrasound or MRI. 
If there is evidence of liver injury, the surgical plan may have to be adjusted or post-
poned, depending on the expected complications. One can also opt for removal of the 
tumorous part of the liver without pre-operative chemotherapy, or to adjust the type of 
chemotherapy regimen. Of course, this should be discussed in a multidisciplinary team 
meeting (MDO), in which the valued opinions of, among others, surgeon, oncologist and 
radiotherapist should be considered.

Definitions and predictive values of the present criteria for liver failure
Because liver failure after liver resection is rare but can lead to major consequences if it 
does occur, it is virtually impossible to set up studies with mortality as an end point after 
liver resection. That is why we investigated the existing ‘surrogate endpoints’ (SEP): a 
laboratory value or physical sign that can act as a predictor of a specific complication, so 
that for example supportive therapy can be initiated earlier in the postoperative course. 
In chapter 5 we examined the current existing SEPs for their validity as predictors of 
liver complication-specific endpoints. Unfortunately, we could not verify the relationship 
between the surrogate endpoint and the clinical endpoint, which means they cannot be 
used as a predictor in practice. Subsequently, in chapter 6 a widely used SEP, the peak 
bilirubin (serum bilirubin >120 μmol/L within 90 days after major liver resection) was 
investigated as a predictor of liver failure and liver-related mortality. In our patient data-
base, peak bilirubin was found to have a predictive value of only 22.6% on liver-related 
death after major liver surgery. This means that more than 3 in 4 patients will not die after 
meeting this criterion, and that a high bilirubin value is not a reason for discontinuation 
of supportive therapy or an infaust prognosis.

One way to test liver quality before resection is to measure its functional capacity with 
an endogenous or exogenous test. An important substance involved in metabolizing 
exogenous components in the body is glutathione (GSH). Amongst other things, GSH is 
involved in the processing of paracetamol (APAP) and its toxic metabolite. Presumably, 
after administration of (a high dose of ) paracetamol, the amount of GSH in the liver 
decreases, whilst the amount of ophthalmic acid (OPH) in the blood rises. In chapter 7 
we investigated whether plasma ophthalmic acid could be a useful read-out for hepatic 
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GSH depletion by testing the liver’s detoxifying capacity during partial hepatectomy. 
In this study, patients were repeatedly administered a (safe) dose of paracetamol while 
part of the liver or pancreas was surgically removed. In both groups, no reduction in the 
amount of GSH in the liver was seen, nor was there a marked increase in plasma OPH. 
Unfortunately, no prediction of liver function could be made based on these results. We 
speculate that, in case of paracetamol overdose, plasma OPH levels may indicate liver 
injury. It would be relevant to investigate whether these levels are elevated earlier than 
standard measures such as ALT and AST, and whether they correlate with patient outcome 
(liver failure, death). In this case, assisted therapy such as hemodialysis could be started 
earlier in the post-intoxication course to improve outcome.

The role of bile salt metabolism in liver failure and liver regeneration
Previous studies suggest that an imbalance of bile salts has a negative influence on liver 
regeneration after liver resection. Both a deficiency and a (significant) overload impede 
liver regeneration and induce liver failure, while a pinch of extra bile salts seems to have an 
accelerating effect on liver regeneration. In chapter 8 we designed a mouse model in which 
we investigated the role of bile salts in liver failure. Mice were offered different diets with 
an increasing amount of bile salts. We witnessed the mice with the highest concentration 
of bile salts in the diet appearing less well clinically and showing signs of liver failure. We 
intend to use these diets in the future as a model for liver failure, whereby interventions to 
prevent liver failure can be tested.

In chapter 9, a potential therapy to prevent liver failure was tested. Obeticholic acid 
(OCA), a semi-synthetic bile salt (approved as a second-line treatment for a specific liver 
disease), was administered to mice after which they underwent partial hepatectomy. By 
administering OCA to mice in low doses, we hypothesized that liver regeneration was 
accelerated after partial hepatectomy. Unfortunately, no consistent results were obtained 
on accelerated growth of liver mass after surgery, while gene expression analysis showed 
that important genes for liver regeneration were activated. We did not find a clear effect 
on the amount of bile salts in the liver. In our opinion, this indicates that the regeneration 
mechanism in healthy mice is already optimal after resection of 70% of the liver tis-
sue. However, in daily clinical practice, we regularly deal with people who do not have a 
healthy liver or a ‘straightforward’ surgical procedure. Draining bile salts from the body 
before surgery has been proven to have a negative effect on outcome after liver resection. 
We suspect that in this situation the administration of, for example, a semi-synthetic bile 
salt such as OCA accelerates and optimizes liver regeneration. In clinic, this could lead 
to safer liver resections in patients with a percutaneous drain. The ultimate goal of all 
interventions is to enable safe surgical procedures in patients with an affected liver, making 
more patients eligible for a cure, with fewer complications.
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Dankwoord

Hora est! Het is eindelijk zover, na 4 jaar promoveren en inmiddels een heleboel jaren 
verder ben ik blij en trots dat ik dit werk aan jullie mag aanbieden. Op de eerste dag van 
mijn promotietijd werd mij verteld dat dit de mooiste tijd uit mijn leven zou worden, en 
daar was niets aan gelogen. Ik ben ontzetten blij met iedereen die me in deze periode heeft 
geholpen, en wil in het bijzonder een aantal mensen bedanken.

Steven, mijn inspirator. Zelfs als we een telefoongesprek op 240km afstand hebben, voel 
ik je energie. Toen je me voorstelde om geen schildercursus in Italië te gaan doen maar bij 
jou onderzoek in Londen op te starten, zag ik het in eerste instantie niet zo zitten om naar 
die ‘grijze’ stad te gaan. Ik kon het niet méér bij het verkeerde eind hebben. Londen was 
één groot avontuur door jou, onze gesprekken, koffiemomenten en baravonden. Wat heb 
ik daarna veel heimwee gehad, maar gelukkig ging onze samenwerking door. Dank voor je 
vertrouwen. Jouw onuitputtelijke inzet en enthousiasme voor het leven zijn aanstekelijk. 
Er is niemand zoals jij, en ik ben blij dat ik op je pad heb mogen komen.

Lieve Proffie, mijn beschermengel. Bedankt voor alle mooie momenten samen. Uw lieve 
woorden, zachtaardigheid en altijd aanwezige glimlach maakten dat ik graag binnenliep 
voor een wijs advies of promotie-update. Uw harde werkmentaliteit en bourgondische 
instelling zijn typerend voor uw karakter. Dank dat u mij stimuleerde om uit te vliegen, 
ik denk aan u.

Beste Frank, mijn corrector. Je hebt voor de studies in dit proefschrift altijd gestreefd 
naar het maximale, en ik was meteen onder de indruk van jouw proza. Ik moest even 
wennen aan de rode pen, maar we hebben samen onze weg kunnen vinden en ik ben ervan 
overtuigd dat jouw nauwkeurigheid dit werk naar een hoger niveau heeft getild. Dank 
voor al je input en feedback!

Geachte Prof. van der Horst, Prof. Shiri-Sverdlov, Prof. Buhre, Dr. de Boer en Dr. 
Erdmann. Hartelijk dank voor het beoordelen van mijn proefschrift en uw deelname in de 
promotiecommissie, ik waardeer het zeer. Beste leden van de gehele promotiecommissie, 
dank voor uw deelname en uw bereidheid om met mijn van gedachten te wisselen op 8 
juli.

Top HPB-club, dank voor jullie fijne samenwerking. Initieel in mijn rol als HPB-assistent, 
en daarna als promovendus hebben we veel patiënten begeleid en geïncludeerd maar ook 
veel mooie momenten daarbuiten gehad. Werken en op congres gaan met jullie was een 
feest!
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Chère Prof. Leclercq, merci de m’avoir donné l’opportunité de faire des recherches dans 
votre laboratoire. Un lieu particulièrement inspirant, où vous dirigez votre groupe de 
recherche avec brio. Merci pour les souvenirs chaleureux.

Lieve oud-promotiecollega’s (Anne-Claire, Martine, Frans, Junfang, Lori, Givan, Joyce-
Manyi, Kiran, Audrey, Cathy, Lieke, Dennis, Kirsten, Dirk, Claire, Tim, Elwin, Milou, 
Selwyn, Cathelijne, Jacqueline, Jasper, Rob, Victor, Stefan, Edgar, Leontine, Inca, Ruben, 
Simon, Britt, Marissa, Kaatje, Sander, en labhelden Bas, Mo, Annemarie en Hans) van de 
heelkunde, waar moet ik beginnen? Eindeloze herinneringen hebben we gemaakt, en wat 
hebben we gelachen tijdens alle lunches, uitjes, fietstochten, quizzen in de Edds en borrels 
in de Thembi. We waren in onze promotiejaren een hechte groep, heel bijzonder om dat te 
mogen meemaken. Lief en (promotie)leed deelden we met elkaar, evenals de allerslechtste 
labgrappen. Onze generatie was toch echt de leukste ;)

Lieve Irene Fleur we leerden elkaar pas wat later in ons PhD-traject kennen maar ons 
contact was meteen zo fijn, ik ben heel blij dat we contact zijn blijven houden. Als ik ooit 
bij een chirurg moet komen, dan vraag ik naar jou! Toine, professor van de retrospectieve 
studies, mijn eerste HPB-momenten waren met jou. Dank dat je me wegwijs hebt gemaakt. 
Ik hou van je humor en ben supertrots op je.

Liliane, prachtige parel. Je nam mij tijdens onze promotietijd onder je vleugels in Londen 
en liet me kennismaken met (de kroegen van) de stad. Onze vriendschap begon in 
Charlotte Street Hotel met een fles Chileense wijn, en word sindsdien gekleurd door 
heerlijke avonden in het park, in de tuin of weekendjes terug naar ‘onze’ plek. Nog altijd 
gaat dat gepaard met zo’n zelfde glas stevige, rode druivensap. Ondanks dat je nu in Ghana 
woont en samen ‘promoveren’ in het Volkshotel in Amsterdam er niet meer in zit, weet ik 
zeker dat onze vriendschap zal blijven bestaan. Ik kom snel naar je toe!

Lieve vriendinnen van mijn eerste onderwijsgroep, oud-roomies, Missdaad en iedereen 
daarbuiten. Dank voor al jullie betrokkenheid en gezelligheid, jullie maken het leven 
mooier. Wat hebben jullie vaak mijn ontwijkende antwoord moeten aanhoren over ‘hoe 
het nu staat met mijn proefschrift’. Op naar nog vele nieuwe herinneringen, borrels, en 
zonnige momenten samen!

Lieve collega’s van de dermatologie, bedankt voor jullie steun en gezelligheid. Jullie maken 
dat ik iedere dag met veel plezier naar mijn werk ga. Vanaf het eerste moment voelde ik me 
thuis bij jullie, en dat gevoel is nooit weggegaan. Wat een geluk dat ik mijn opleidingsjaren 
samen met jullie mag delen.
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Lieve David, mijn beste Phd-maatje. Jij hebt mijn 4 promotiejaren gemaakt tot de 
mooie tijd die het was, en me geleerd altijd ‘waarom’ te vragen. Vanaf onze ontmoeting 
op de heelkunde gang tot aan mijn afscheidsborrel destijds waren we onafscheidelijk. Jij 
initieerde alle lunches, organiseerde de culturele tour tijdens de congressen en nam ons 
mee op sleeptouw naar Italië om te fietsen. Als ik ergens mee zat kon ik altijd bij je terecht, 
en als ik hangry was trok je me mee naar de snoepautomaat. Naast het sociale dier dat je 
bent en je heelkunde opleiding, leiden jij en Sophie ook nog eens jullie prachtige gezin. 
Zo knap hoe jullie dat allemaal weten te combineren, jullie zijn een voorbeeld voor me. Ik 
mis onze avonden Amazing Oriental en eindeloos koken, maar ben blij dat we ondanks de 
afstand nog altijd in elkaars leven zijn. Ik zie uit naar meer mooie momenten in Maastricht 
en Den Haag!

Lieve Willemijn, mijn rots in de branding. Alweer bijna 20 jaar zijn we in elkaars leven, we 
kennen elkaar door en door en ik kan me geen betere vriendin wensen. Altijd sta je voor 
me klaar met lieve woorden, een appje of een kaartje. Ik ben zo trots hoe jij en je mooie 
gezin in het leven staan! Jij hebt me geleerd het leven te vieren. De herinneringen zijn nu al 
ontelbaar, maar er komen er nog zoveel bij. Ik wens dat we, als we heel veel jaren en grijze 
haren verder zijn, samen broodjes kroket achter de geraniums eten.

Lieve papa, mama en Tom. Wat voel ik me gezegend dat ik onder jullie hoede heb mogen 
opgroeien. Jullie zijn de sterkste mensen die ik ken. Niks is te veel voor jullie, en ik ben 
ontzettend dankbaar dat jullie altijd voor me klaar staan. Mama, jij weet altijd precies 
de juiste gevoelsreflecties te geven, waarna papa met de beste praktische oplossing voor 
het probleem komt. Bruti, in onze jongere jaren zo verschillend maar stiekem lijken we 
ontzettend op elkaar (of gewoon steeds meer?), ik ben zo trots op je. Mijn werkethos heb 
ik van Jullie werkethos is ongeëvenaard, al ben ik minstens zo blij om jullie buiten het 
werk om zo te zien genieten van het leven. Ik koester onze sterke band, laten we allemaal 
nog lang gezond blijven.

Sayang Hanum, betapa menyenangkannya kamu di sisiku hari ini. Kita belum saling kenal 
selama itu, tapi kamu membuat hidupku jauh lebih menyenangkan. Saya menantikan 
semua petualangan yang akan kita jalani bersama, saya suka kamu!

kim
Doorhalen
aub verwijderen
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Curriculum vitae

Kim van Mierlo werd op 6 mei 1988 geboren in Veldhoven (Nederland). In 2006 slaagde 
ze voor het gymnasium op het Pleincollege Van Maerlant in Eindhoven. Zij verhuisde 
daarna naar Maastricht voor de opleiding Geneeskunde en de minor Gezondheidsrecht 
aan de universiteit aldaar, welke zij afrondde in 2012. In het laatste half jaar van haar 
opleiding volgde zij haar wetenschappelijke stage op het gebied van leverfalen na 
leverchirurgie (bij Prof Rajiv Jalan, Liver Failure Group) aan University College London, 
waar de basis werd gelegd voor haar promotieonderzoek. Na een half jaar als basisarts 
op de afdeling hepatopancreatobiliaire chirurgie te hebben gewerkt, startte ze met haar 
promotieonderzoek bij NUTRIM (School of Nutrition and Translational Research in 
Metabolism) aan de Universiteit Maastricht hetgeen heeft geresulteerd in de huidige thesis. 
Na vier jaar onderzoek aan deze universiteit met tevens onderzoeken in de Université 
Catholique de Louvain (UCL; Brussel) en Universitätsklinikum Aachen (Aken), besloot 
zij in 2017 een andere richting in te slaan en startte als arts-assistent niet in opleiding tot 
dermatoloog op de polikliniek dermatologie in het Catharina Ziekenhuis te Eindhoven. 
Na enkele maanden klinisch werk te hebben verricht werd zij aangenomen voor de 
opleiding dermatologie in het Leids Universitair Medisch Centrum onder leiding van dr. 
A. Lavrijsen, met als aandachtspunt de anogenitale dermatosen. Zij rondt de opleiding tot 
dermatoloog af in maart 2023.
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