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GENERAL INTRODUCTION

Epidemiology and pathogenesis

Liver cancer is the sixth most common type of cancer and currently ranks as the 

fourth most common cause of cancer-related death1. These figures are on the rise; 

The World Health Organization estimates that >1 million patients will die from 

primary liver cancer in 20302. Hepatocellular carcinoma (HCC) is the most common 

(90%) subtype of primary liver cancer3. The pattern of HCC occurrence shows a 

large geographical imbalance with East-Asia and sub-Sahara Africa accounting for 

85% of all cases (Figure 1)4, 5. With 500-600 new cases annually, the incidence in the 

Netherlands is relatively low, although steadily increasing over the last decades6, 7. 

Major risk factors for HCC include chronic hepatitis B virus (HBV) infection, hepatitis 

C virus (HCV) infection, alcohol abuse and non-alcoholic fatty liver disease (NAFLD). 

These factors can induce chronic liver disease with hepatic inflammation and fibrosis 

with eventual progression to liver cirrhosis. Although HCC can also arise in patients 

without established liver cirrhosis, the majority of HCC’s occurs in the context of 

liver cirrhosis where the chronic injury has led to genetic and epigenetic cellular 

changes8. In a complex multistep process that is related to the underlying etiology, 

a sequence of events starts the development of pre-cancerous dysplastic nodules. 

Further molecular alterations complete the transition to early stage invasive cancer 

and progression to advanced stage HCC8.

Clinical features and diagnosis

Hepatocellular carcinoma develops and grows without symptoms for a prolonged 

period9, 10. Therefore, HCC usually is incurable by the time a patient develops 

symptoms. Typical manifestations include progressive hepatic decompensation in 

cirrhotic patients, loss of appetite, weight loss or upper quadrant abdominal pain. 

Occasionally, HCC is an incidental finding of abdominal imaging, for example in the 

trauma setting or during staging for other malignancies. For patients with an increased 

risk of HCC development, regular surveillance with ultrasound is recommended to 

detect HCC in an early stage in which curative treatments can be performed.

Figure 1. The global incidence and regional differences in risk factors of hepatocellular carcinoma.

Target populations include patients with cirrhosis, advanced liver fibrosis and 

non-cirrhotic HBV patients at intermediate or high risk of developing HCC. 

A retrospective study of patients newly diagnosed with HCC between 2005 and 2012 

in the Netherlands, showed that surveillance was independently associated with 

superior survival. However, only 27% of patients underwent adequate surveillance 

at the time of diagnosis11. This underscored the importance of HCC surveillance, but 

also showed the low coverage of current surveillance programs. To further complicate 

matters, there is a shift in incidence of HCC risk factors across the Western world, 

including a decline in viral hepatitis and increasing NAFLD incidence12. As opposed 

to viral hepatitis (>90%), only 50% of NAFLD-induced HCC cases arise in patients with 

cirrhosis13. Consequently, there is a growing number of HCC in patients without liver 

cirrhosis, but screening all non-cirrhotic patients is not cost-effective. Abdominal 

ultrasound performs suboptimal in (obese) patients with NAFLD, thus refinement of 

surveillance programs is necessary.

Hepatocellular carcinoma represents a unique cancer that can be diagnosed 

using noninvasive imaging techniques in the setting of a cirrhotic liver. A change 

in vascularization occurs during malignant transformation of pre-malignant liver 

nodules, in which the nodule gradually shifts from a portal vein blood supply with 
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hepatic vein drainage towards an arterial blood supply with drainage to hepatic 

sinusoids and then to portal veins14. On contrast-enhanced multiphase computed 

tomography (CT) or dynamic magnetic resonance imaging (MRI), this translates into 

a distinctive pattern of enhancement in the arterial phase and washout in the venous 

and/or delayed phases. In patients with cirrhosis and nodules ≥1 cm in diameter, this 

pattern has a sensitivity of 66-82% and a specificity of >90% for the diagnosis of HCC15. 

The Liver Imaging Reporting and Data System (LI-RADS) has implemented these and 

other imaging features to standardize the reporting of liver nodules and classify the 

likelihood of HCC16. In patients without cirrhosis or in patients with suspicious lesions 

without hallmark imaging features, a biopsy may be needed to establish the diagnosis 

based on histology.

Staging and treatment allocation

Once the diagnosis is established, it is essential to perform an adequate prognostic 

assessment. Each patient has a unique combination of individual characteristics that 

determine the prognosis and affect the optimal choice of treatment. Compared with 

other types of cancer, the prognostic assessment is more complex in patients with 

HCC due to the co-existence of multiple life-threatening conditions in most patients, 

including cancer and liver cirrhosis. The prognostic and predictive factors in HCC are 

only partly understood and across various international HCC guidelines there are 

considerable differences in staging approaches and treatment recommendations17-19.

Introduced in 1999, The Barcelona Clinic Liver Cancer (BCLC) approach is a validated 

and widely applied staging algorithm, because it has integrated prognostic classes 

and treatment allocation (Figure 2) 20, 21. It combines tumor burden, severity of liver 

disease (Child-Pugh score) and the patient’s performance status (according to the 

Eastern Cooperative Oncology Group performance status [ECOG PS]) to classify 

patients into five stages: BCLC stage 0 to stage D. Patients with (very) early stage 

(BCLC 0/A) have a solitary node or up to three nodules ≤3 cm, without macrovascular 

invasion (MVI) or extrahepatic spread (EHS) and preserved liver function. These 

patients can benefit from treatment with curative intent such as partial liver resection, 

liver transplantation or thermal tumor ablation. Although these patients have the 

best outcomes, with a median survival of 50-70% at five years, this represents only a 

minority of the HCC population (10-30%). Even in these carefully selected patients, 

‘curative’ treatments are frequently complicated by tumor recurrence (35%-80% at 

two years)22.

Patients with intermediate stage (BCLC B) have preserved liver function with 

large multinodular tumors without MVI, no EHS and no cancer-related symptoms. 

Transarterial chemoembolization (TACE) is the recommended first-line treatment 

for these patients. While the median survival for patients treated with TACE is 20 

months, it ranges between 11-45 months23, 24. This survival heterogeneity is widely 

acknowledged24, 25, even in patients classified as ‘ideal candidates’ according to the 

current guidelines23, 26, 27. To increase the chances of obtaining prolonged tumor control, 

TACE can be repeated multiple times, but this also increases the incidence of adverse 

events such as liver decompensation24. In certain cases, it might therefore be better 

to refrain from (repeating) TACE, but there is no consensus in the TACE retreatment 

algorithm and there are no universally accepted discontinuation rules28-30. Selective 

internal radiation therapy (SIRT), also known as transarterial radioembolization (TARE), 

has emerged as an alternative to TACE. Currently it is used in patients who are beyond 

TACE or as a bridging treatment to liver transplantation, but its optimal role in HCC 

remains unknown and guideline recommendations are conflicting17, 18, 31. For both 

TACE and SIRT, better understanding of the factors affecting treatment outcomes 

are needed to select the best treatment sequence and optimize patient outcomes.

Patients with advanced stage (BCLC C) have tumors that have spread beyond the 

liver, invaded large vascular structures or caused cancer-related symptoms. These 

patients have a poor prognosis (4-14 months) and until 2007, no effective treatment 

was available. Systemic therapy with sorafenib, a multi-kinase inhibitor, was the 

first treatment approved in advanced HCC, increasing the survival with a median 

of 2-3 months compared with placebo in the landmark SHARP trial and a parallel 

study performed in Asia32, 33. It took another 10 years and numerous clinical trials to 

establish an effective second-line treatment (regorafenib) in patients progressing on 

sorafenib34. Recent years have shown hopeful progress in the treatment of advanced 

HCC with the positive results of several other systemic treatments (lenvatinib35, 

cabozantinib36, ramucirumab37, 38, various immune checkpoint inhibitors39-41). In the 

Netherlands some of these drugs can already be prescribed to patients with HCC, 
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whereas others are awaiting final approval. Currently, sorafenib remains the standard 

treatment for patients with advanced HCC and preserved liver function. Survival 

outcomes of patients treated with sorafenib have shown a median of 10 months with 

a large range (<3 months to 2-3 years)32, 33, 42. This suggests that the survival benefit 

offered by sorafenib significantly varies between individual patients. Objective 

response rates are low (<10%), whereas the incidence of drug-related toxicity is high 

(>80%)32, 33. Better understanding of factors associated with clinical outcomes of 

sorafenib treatment is needed to improve decision-making and treatment sequencing 

in advanced HCC.

Patients with end-stage HCC (BCLC D) have a poor performance status (ECOG PS 3-4) 

or end-stage liver function (Child-Pugh C), associated with a very poor life expectancy 

(median of 1-4 months or 18% at 1 year)43. These patients have no anti-tumoral 

treatment options and should receive best supportive care, including symptom 

control and psychosocial support.

The BCLC algorithm is implemented in various guidelines17, 18, 31, 44 and was an 

important step towards uniform staging and treatment allocation in HCC. However, 

its limitations are broadly acknowledged, including the use of parameters with 

significant inter-observer variability (Child-Pugh score, ‘tumor-related’ ECOG PS) 

and substantial survival heterogeneity as outlined above. Important decisions, 

i.e. to treat or not to treat, are based on subjective parameters (i.e., the severity of 

ascites) or on cut-offs for serum levels of albumin and bilirubin which have not been 

validated for this purpose. Consequently, the current algorithm may not result in the 

best possible treatment for each individual patient. To improve patient outcomes, a 

better understanding of the factors affecting treatment outcomes is required. Given 

the growing number of available treatments for HCC this is becoming increasingly 

relevant. The BCLC algorithm was designed in an era where novel treatments were 

compared with placebo or best supportive care because effective treatments for 

incurable HCC were lacking. Currently, there are several evidence-based treatments 

available, which makes it difficult to choose the optimal timing and sequence of each 

treatment. A refined prognostic assessment with validated biomarkers and easily 

applicable prediction models may therefore support clinicians in making treatment 

decisions and ultimately improve patient outcomes.
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Aim of the thesis

As outlined above and summarized in Figure 3, HCC is a complex malignancy with 

multiple challenges in its management. For the majority of patients curation is not 

feasible and the aim of treatment is to improve the life-expectancy with preservation 

of quality of life. This means clinicians need to carefully weigh the beneficial effects of 

each treatment against the side effects and consider other therapeutic options. This 

is becoming increasingly relevant given the rapidly expanding therapeutic options for 

HCC. The current algorithms for treatment selection often contain parameters with 

significant inter-observer variability or arbitrarily chosen cut-points. This thesis aims 

to increase the understanding of the factors affecting treatment outcomes in HCC 

and to provide clinicians with evidence-based tools for the prognostic assessment 

of HCC before and after treatment. The ultimate aim is to improve patient outcomes. 

Figure 3. Challenges in the management of HCC at various stages.

OUTLINE OF THE THESIS

Part I: Loco-regional treatment for HCC

The first part of this thesis focusses on two loco-regional treatments for HCC: 

Transarterial chemoembolization (TACE) and selective internal radiation therapy 

(SIRT). Both of these transcatheter therapies exploit the predominant arterial supply 

of HCC’s: Interventional radiologists perform intra-arterial infusion of either cytotoxic 

and embolizing material (TACE) or microspheres carrying radioactive substances 

such as Yttrium-90 (SIRT). Albeit there are marked technical differences between 

TACE and SIRT, the rationale for both treatments is that the cytotoxic, ischemic or 

radiation effects of the treatment stop tumor growth and progression, aiming to 

increase survival. The benefits of these treatments should be carefully weighed 

against the risks, which include treatment-induced damage to the surrounding liver 

parenchyma. The collateral damage could lead to liver function deterioration, in turn 

hampering the use of other treatments or even result in liver failure with accelerated 

death. In chapter 1, the reasons of TACE discontinuation, including the occurrence 

of liver dysfunction and radiological pattern of tumor progression, are investigated 

and associated with survival outcomes.

Accurate imaging of the liver with quantitative assessment of the tumor lesions and 

the non-tumorous liver parenchyma may improve the efficacy and safety of TACE and 

SIRT. The risk of post-SIRT liver failure and dosimetry calculations are currently based 

on serum markers and liver volume. These parameters poorly reflect the regional liver 

function or the capacity of the contralateral liver regionals to compensate for the 

radiation damage. Chapter 2 describes the value of 99mTC-mebrofenin hepatobiliary 

scintigraphy in assessing the dynamics in regional liver function and predicting the 

development of short-term liver failure after SIRT. In chapter 3, the prognostic value 

of diffusion weighted-imaging (DWI) and quantification of the apparent diffusion 

coefficient (ADC) before and after TACE is assessed and compared with the current 

standard for post-TACE response evaluation (mRECIST criteria). In chapter 4, 

we conclude the first part of this thesis with a statistical model that uses pre-TACE 

parameters and radiological response after TACE to predict the survival of an 

individual patient.
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Part II: Systemic treatment for HCC

The second part of this thesis focusses on systemic therapy with sorafenib, which 

has been the standard of care for patients with advanced HCC since 2008. After the 

positive results of the SHARP trial, sorafenib was approved by the American Food & 

Drug Administration (FDA) and the European Medicines Agency (EMA). However, the 

therapeutic indication provided by these drug agencies was less strictly specified than 

the eligibility criteria of the SHARP trial, allowing treatment of a broader spectrum of 

patients in daily practice. For example, the SHARP trial only included patients with 

preserved (Child-Pugh A) liver function, because survival outcomes and sorafenib 

tolerability may be significantly compromised by poor liver function. Still, treatment 

of patients with mild-moderate liver dysfunction (Child-Pugh B) is not uncommon 

in daily practice. In chapter 5, we evaluated the adherence to the eligibility criteria 

of the SHARP trial in two academic hospitals and the association between ‘SHARP 

eligibility’ and treatment outcomes in daily clinical practice. Sorafenib undergoes 

hepatic metabolism and biliary extraction, but the impact of impaired liver function 

on sorafenib metabolism remains poorly understood. Few prospective studies 

with sorafenib have been performed in patients with Child-Pugh B liver function.  

Chapter 6 describes a prospective phase II study that aimed to evaluate the safety, 

efficacy and pharmacokinetics of sorafenib in patients with advanced HCC and Child-

Pugh B liver function. The lessons learned from this prematurely terminated study 

are discussed in light of the current evidence.

Over the past decade, multiple studies have shown great variation in survival 

outcomes of patients treated with sorafenib. This variation, which is also present 

in ‘ideal candidates’ according to the guidelines, indicates sorafenib is not equally 

effective in all patients. Given the substantial toxicity and costs of sorafenib, better 

patient selection is needed to avoid ineffective treatment with a high chance of 

toxicity. However, validated biomarkers and clinically applicable prognostic tools are 

lacking in advanced HCC. The following chapters aimed to identify risk factors prior 

to or during sorafenib treatment to improve patient selection and optimize the usage 

of this treatment. Patient frailty, the severity of cancer cachexia and the patient’s 

nutritional status may not be adequately captured by conventional markers (i.e. age, 

weight, performance status), but also by the loss of skeletal muscle mass and changes 

in adipose tissue. The quantity and distribution of skeletal muscle and adipose 

tissues can be non-invasively assessed on CT-images used for tumor staging prior to 

treatment. In several other cancer types and Asian cohorts of patients with HCC, CT-

quantified body composition was identified as a prognostic biomarker for treatment-

related toxicity and poor survival. In chapter 7, we therefore analyzed the association 

between these body composition parameters and treatment outcomes in a Dutch 

cohort. Chapter 8 assessed the prognostic value of measuring the concentration 

of sorafenib and its metabolites in plasma. Monitoring drug levels in plasma and 

adjusting the dose accordingly was suggested as a promising technique to reduce the 

rates of underdosing and avoid unnecessary toxicity due to overdosing. To conclude 

the second part, a novel prognostic model for patients with advanced HCC treated 

with sorafenib (PROSASH), was validated in daily practice (chapter 9). We proposed 

a further refinement of this model (PROSASH-II) and developed an online calculator 

to facilitate clinical implementation.
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ABSTRACT

Background: Transarterial chemoembolization (TACE) for intermediate-stage 

hepatocellular carcinoma (HCC) is often repeated until unTACEable progression 

(UTP) occurs. There is little data on the various reasons for stopping TACE and its 

consequences for subsequent treatment and survival.

Aim: To assess the impact of the various reasons of UTP on survival and consequences 

for subsequent treatments.

Methods: Consecutive HCC patients who underwent TACE between 2003 and 

2016 were analyzed retrospectively for the reason of TACE discontinuation. UTP 

was defined according to the EASL guidelines, considering radiological pattern of 

progression, liver function and performance status (PS). Overall and post-progression 

survival (OS, PPS) for different reasons of TACE discontinuation were compared. The 

correlation between time to untreatable progression by chemoembolization (TTUPc) 

and OS was analyzed.

Results: One hundred and sixty-six patients (BCLC-A 40%, BCLC-B 54%, BCLC-C: 

7%) were included, undergoing a median of 2 TACE procedures with a median OS of 

22.1 months (95% CI 17.4–26.7). UTP occurred in 116 patients (70%) after a median 

TTUPc of 11.6 months (95% CI 7.8–15.4). There was a strong positive correlation 

(ρ = 0.816, p<0.001) between TTUPc and OS. The main reason of UTP was radiological 

progression (61%), which was mostly intrahepatic (75%). Hepatic decompensation 

and worsening of PS were independent predictors of OS and PPS.

Conclusion: The majority of HCC patients treated with TACE have UTP due to 

intrahepatic tumor progression with preserved liver function and PS, making them 

potential candidates for subsequent liver-directed or systemic treatment. TTUPc may 

be a valuable surrogate endpoint for OS in patients treated with TACE.

INTRODUCTION

Transarterial chemoembolization (TACE) currently is the cornerstone of treatment 

for patients with intermediate stage hepatocellular carcinoma (HCC)1, 2, based on two 

randomized controlled trials showing survival benefit of TACE compared with best 

supportive care (BSC) in patients with unresectable HCC3, 4. The beneficial effect of 

TACE was confirmed by two meta-analyses5, 6. However, with the expanding number 

of loco-regional (radioembolization) and systemic treatments (sorafenib7, lenvatinib8, 

regorafenib9, cabozantinib10, ramucirumab11, nivolumab12) for HCC, the guideline 

endorsed concept of timely switch to alternative treatments1, or treatment-stage 

migration, is becoming increasingly relevant.

TACE can be performed repeatedly, but the potential survival benefit of each TACE 

should be carefully weighed against the risk of damaging normal hepatocytes and 

worsening liver function which may preclude subsequent treatments and potentially 

impair survival outcomes13. This has led to several scoring systems designed to identify 

the best candidates for TACE in order to maximize treatment benefit and to select 

candidates for alternatives therapies14. Current guidelines have not yet endorsed 

these predictive models, but underscore the importance of switching to alternative 

treatments in case of ‘unTACEable progression’ (UTP)1. The definition of UTP is based 

on expert opinion and varies between centers and countries15-17. Most definitions 

include radiological progression and deterioration of liver function or performance 

status. There is limited data on the impact of the various reasons for UTP in clinical 

practice, although this strongly influences the choice for a next line treatment. The 

selection of a subsequent treatment is often based on the radiological pattern of 

tumor progression after TACE, i.e. progression of intrahepatic lesions, appearance 

of macrovascular invasion (MVI) or extrahepatic spread (EHS). Radiological pattern 

of progression has been shown to impact post-progression survival of HCC patients 

treated with sorafenib18. Prior studies have reported the incidence of tumor 

progression3, 4 and pattern of tumor recurrence following TACE19-21, but data on 

the prognostic impact of pattern of tumor progression following TACE are lacking. 

Lastly, the advent of multiple lines of subsequent treatments is making it increasingly 

difficult to assess the benefit of TACE based on overall survival (OS) alone. Novel 
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surrogate outcomes such as time to untreatable progression by chemoembolization 

(TTUPc)15, 22 have been proposed as a useful parameter for treatment guidance and 

valuable endpoint of future trials involving TACE. However, TTUPc requires validation 

in clinical practice.

This retrospective study of patients with HCC treated with TACE aims to 1) analyse the 

reason of UTP and radiological pattern of tumor progression and assess the impact 

on subsequent treatments and survival outcomes, 2) determine whether TTUPc is a 

useful surrogate parameter for estimating TACE benefit in terms of OS.

METHODS

Study population

This retrospective study was approved by the Institutional Review Board and the need 

for informed consent was waived (reference number W17_420#17.488).

From February 2003 to November 2016, consecutive patients with liver confined HCC 

and preserved liver function (Child-Pugh ≤B7) who underwent TACE at our tertiary 

referral hospital were included. Patients were identified by querying the electronic 

patient registration systems and the institutional radiology archive.

Diagnostic work-up and treatment algorithm

HCC was diagnosed by pathology or imaging criteria according to the European 

Association for the Study of the Liver (EASL) guidelines1. All patients were staged with 

four-phase contrast-enhanced computed tomography (CT) or magnetic resonance 

imaging (MRI) and discussed in the HCC multidisciplinary team (MDT). Patients were 

considered for TACE according to the Barcelona Clinic Liver Cancer (BCLC) algorithm1, 

23. Accordingly, TACE was considered in patients with BCLC-B, or those with BCLC-A in 

whom surgery or radiofrequency ablation (RFA) was not deemed possible. Patients 

with portal vein invasion (BCLC-C) were only considered for TACE if tumor invasion 

was limited to segmental portal veins.

TACE was performed using the standard technique as described previously24. Before 

2008, conventional TACE (cTACE) was performed using an emulsion of doxorubicin 

(50-75 mg/m2) and lipiodol followed by gelatin sponge. Since 2008, patients underwent 

TACE with drug-eluting beads (DEB-TACE) loaded with doxorubicin (75-150 mg)(DC 

beads 100-300 µm, Terumo Europe, Belgium). Patients undergoing either cTACE 

or DEB-TACE were evaluated in this study as both techniques have similar survival 

benefit25. Follow-up after single- or multi-session TACE included clinical, biochemical 

and radiological assessment after 6 weeks and every 3 subsequent months. 

Radiological response was assessed by multiphasic CT or MRI using the modified 

Response Evaluation Criteria in Solid Tumor (mRECIST) criteria14. All patients were 

re-evaluated in the MDT after each follow-up visit, and additional TACE was performed 

in cases of non-complete response or appearance of intrahepatic recurrence. At UTP, 

patients were considered for subsequent treatment including sorafenib (≥2008) and 

radioembolization (≥2012).

Outcomes

According to the EASL-guidelines, UTP is a clinical profile that prohibits further TACE 

treatment1, defined as: radiological tumor progression, including intrahepatic growth 

or non-response of target lesions after ≥2 TACE, or occurrence of extrahepatic spread 

(EHS) or macrovascular invasion (MVI); hepatic decompensation (Child-Pugh ≥B8, 

uncontrolled ascites or encephalopathy); or worsening of performance to Eastern 

Cooperative Oncology Group performance status (ECOG PS) >2. In case of radiological 

tumor progression, this was further specified according to radiological pattern 

of progression. OS was measured from date of first TACE to date of death or last 

known date to be alive. Survival status was checked using the municipal records 

database on May 4, 2018. When TACE was used as bridging treatment to curative 

resection or liver transplantation, OS was censored on date of surgery. OS was divided 

into time to untreatable progression by chemoembolization (TTUPc) and Post-

Progression Survival (PPS) as proposed by Kudo et al16. (Supplementary Figure 1).  

TTUPc was defined from date of first TACE to date of UTP or censored at the time 

of last radiological evaluation. Patients without UTP who did not have at least one 

radiological evaluation were excluded from TTUPc analysis. PPS was defined as the 

period from date of UTP to date of death or last follow-up.

The OS and PPS were compared according to different reasons of UTP. Moreover, 

the radiological pattern of progression was analysed in a subgroup of patients with 
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preserved liver function and ECOG PS, thereby eliminating the competing risk of 

impairment of ECOG PS and liver function.

Statistical analysis

Categorical variables were described as frequencies with percentages and continuous 

variables as medians with interquartile ranges (IQR). Time to event data were 

estimated by Kaplan-Meier method with plot and median (95% confidence interval 

[95% CI]). Differences in survival rate were assessed by log-rank test. To assess the 

association between survival (OS and PPS) and the reason of UTP and radiological 

pattern, these were analysed in a multivariable Cox proportional hazards analysis, 

adjusting for known prognostic factors26 and additional factors that were associated 

with survival in univariable analysis (p<0.1). Hazard ratios (HR) with 95% confidence 

intervals (CI) were calculated. The relationship between TTUPc/PPS and OS was 

assessed with the Spearman correlation (ρ) test in the whole cohort. For all statistical 

tests, a two-tailed p-value of <0.05 was considered statistically significant. All 

analyses were performed using IBM SPSS Statistics for Windows Version 24.0 (IBM 

Corp., Armonk, NY, USA).

RESULTS

Patient characteristics prior to first TACE

Between February 2003 and November 2016, 197 patients who underwent TACE for 

HCC were identified at our institution. After exclusion of 31 patients, 166 patients 

met the eligibility criteria and formed the study cohort (Figure 1). The baseline 

demographic, clinical and imaging characteristics are summarized in Table 1. Prior 

to TACE, 88 (54%) patients had intermediate stage HCC (BCLC-B) and 54 (40%) patients 

had early stage HCC (BCLC-0/A) which was treated with TACE due to ineligibility for 

liver resection, transplantation, or local ablation. Eleven (7%) patients had advanced 

stage (BCLC-C), due to segmental MVI.

Table 1. Baseline characteristics of patients (prior to first TACE).

Characteristic All patients (N=166)

Clinical parameters

Age – years (IQR) 69 (61-74)

Males – n (%) 129 (78)

Etiology – n (%)

Alcohol 63 (38)

HBV 24 (15)

HCV 53 (32)

NAFLD/NASH 16 (10)

Other/Unknown 10/19 (6/11)

Cirrhosis – n (%) 146 (89)

Child-Pugh class – n (%)

A 133 (91)

B7 13 (9)

ECOG PS – n (%)

0 94 (57)

1 58 (35)

2 12 (7)

BCLC stage – n (%)

0 or A 67 (40)

B 88 (53)

C 11 (7)

Number of tumor nodules – n (%)

1 54 (33)

2-3 68 (41)

>3 44 (27)

Size of largest nodule – mm (IQR) 46 (34-61)

Macroscopic vascular invasion – n (%) 11 (7)

Abbreviations: BCLC, Barcelona Clinic Liver Cancer classification; ECOG PS, Eastern Cooperative 
Oncology Group performance status; HBV, hepatitis B virus; HCV, Hepatitis C virus; IQR, interquartile 
range; NAFLD/NASH, Non-alcoholic fatty liver disease/Non-alcoholic steatohepatitis; TACE, 
transarterial chemoembolization.
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Treatment details and reason of unTACEable progression

Patients underwent a median of 2 TACE sessions (range 1-7), mostly DEB-TACE (78%). 

Treatment details are summarized in Supplementary Table 1. At the time of database 

lock, May 4, 2018, 50 patients did not have UTP, for example due to complete remission 

or liver transplantation after TACE, or early TACE cessation (Figure 1). Consequently, 

116 patients developed UTP. Most of these had radiological tumor progression 

(n=105, 91%), sometimes in combination with deteriorated ECOG PS (n=12, 7%) or 

hepatic decompensation (n=22, 19%). The radiological pattern of tumor progression 

is specified in detail in Figure 1, including in intrahepatic progression (n=61, 58%), 

intrahepatic progression with MVI (n=18, 17%) and EHS (n=26, 25%). When considering 

all (n=27) patients with hepatic decompensation at the time of TACE discontinuation, 

with (n=22) or without (n=5) tumor progression, only 3/27 (11%) patients recovered to 

Child-Pugh ≤B7 rendering them potentially eligible for subsequent treatment.

After UTP, subsequent treatment was given in 58 patients, mainly sorafenib (n=42) 

or radioembolization (n=11). Patients who received best supportive care (BSC, n=58) 

often had hepatic decompensation (n=24) or ECOG PS > 2 (n=18) prohibiting treatment. 

Thirteen patients did not receive subsequent treatment despite eligibility, i.e. due to 

patient decision or unavailability of a subsequent line of treatment (<2008).

Overall survival, time to unTACEable progression and post-progression survival

After a median follow-up of 40.5 months (95% CI 27.6-53.3), 115 out of 166 (69%) 

patients had died. The median OS was 22.1 months (95% CI 17.4-26.7). One patient did 

not have ≥1 imaging evaluation; thus, 165 patients were available for TTUPc analysis. 

UTP occurred in 116 out of 165 patients (70%) after a median TTUPc of 13.3 months 

(95% CI 10.4-16.3). The median PPS and OS in patients who had UTP (n=116) was 7.1 

months (95% CI 5.6-8.6) and 20.1 months (95% CI 18.4-21.8). Spearman correlation 

analysis showed a (very) strong positive correlation (ρ=0.816, p<0.001) between 

TTUPc and OS, and a moderate positive correlation (ρ=0.471, p<0.001) between PPS 

and OS (Figure 2A/B).

Figure 1. Consort Flow Diagram.  
Abbreviations: BCLC, Barcolona Clinic Liver Cancer; ECOG PS, Eastern Cooperative Oncology Group 
Performance Score; HCC, hepatocellular carcinoma; LiverTx, liver transplantation; MVI, macrovascu-
lar invasion; PD, progressive disease; RE, radioembolization; SBRT, stereotactic body radiotherapy 
(SBRT); TACE, transarterial chemoembolization.
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Figure 2. Scatterplots of the correlation between Overall Survival (OS) and A) Time to untreatable pro-
gression (TTUPc) B) Post-progression survival (PPS).

Figure 3. A) Overall survival (OS) and B) Post-progression survival (PPS) according to reason of unTA-
CEable progression (UTP).  
Abbreviations: ECOG PS, Eastern Cooperative Oncology Group Performance Score.
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Impact of UTP, pattern of progression and treatment on survival

To assess the association between the various reasons of UTP and survival, patients 

were categorized in 3 subgroups according to the main reason of UTP:

A) 68 patients had radiological progression with preserved liver function and 

performance status,

B) 18 patients had worsening of performance status to ECOG PS >2, and

C) 27 patients developed hepatic decompensation.

Three patients had radiological progression, but data on liver function or ECOG PS 

were lacking. There were significant differences in OS and PPS depending on the 

reason of UTP (Figure 3A/B). Patients in group A had a median OS of 20.1 months (95% 

CI 18.0-22.2) compared with 12.2 (95% CI 10.3-14.1) and 18.6 months (95% CI 12.4-

24.9) in groups B and C, respectively (overall logrank p=0.011). In these subgroups, the 

median PPS was (A) 10.3 (95% CI 8.0-12.6), (B) 5.3 (95% CI 3.0-7.5) and (C) 2.4 months 

(95% CI 1.7-3.2), respectively (overall log-rank p <0.001). After correction for known 

predictors, the reason of UTP remained an independent predictor of both OS and PPS 

in multivariable analysis (Tables 2 and 3). When comparing survival between different 

radiological patterns of progression, there was a poorer PPS in patients with MVI (4.2 

months, 95% CI 3.3-5.2) or EHS (4.7 months, 95% CI 3.4-6.0) compared with patients 

with intrahepatic progression (10.3, 95% CI 7.8-12.9)(Figure 4, log-rank p=0.007). 

In a subgroup analysis in patients with preserved liver function and ECOG PS (n=68), 

MVI remained an independent predictor of PPS (HR 1.74, 95% 1.74-2.85, p=0.004) 

(Supplementary Table 3). The pattern of progression in this subgroup, including 

42 (62%) patients with intrahepatic, 9 (13%) patients with MVI and 17 (25%) patients 

with EHS, was similar to the entire group of patients with radiological progression. 

To estimate the impact of subsequent treatment on OS and PPS, we compared 

subgroups according to eligibility for subsequent treatment and receiving treatment 

or BSC only. Patients who were not eligible for subsequent treatment (n=42) had 

the worst OS (15.9 months, 95% CI 6.7-25.1) and PPS (3.2 months, 95% CI 2.2-4.2). 

In patients eligible for subsequent treatment, receiving subsequent treatment was 

associated with a longer OS (21.7 vs 15.6, p=0.103) and PPS (13.0 vs 4.8, p=0.076) 

compared with BSC, although this was not statistically significant.

Figure 4. Post-progression survival (PPS) according to radiological pattern of progression.  
Abbreviations: EHS, extrahepatic spread; MVI, macrovascular invasion. 
 

Table 2. Multivariable Cox regression analysis for overall survival.

Whole Cohort unTACEable progression
n=166 n=116

HR [CI 95%]  p-value* HR [CI 95%] p-value*
Prior to first TACE

ECOG PS 2(Ref: 0-1) 2.54 (1.26-5.12) 0.009 1.69 (0.70-4.07) 0.242

Number of nodules (Ref: 1) Ref - Ref -

2-3 1.58 (0.91-2.73) 0.104 1.17 (0.65-2.11) 0.598

>3 / diffuse 3.04 (1.71-5.40) <0.001 2.02 (1.07-3.81) 0.031
Tumor size >46 mm 1.25 (0.83-1.88) 0.282 1.40 (0.89-2.21) 0.149

Macrovascular invasion 2.56 (1.20-5.47) 0.015 2.44 (1.00-6.00) 0.051

Log10 AFP 1.51 (1.26-1.82) <0.001 1.59 (1.31-1.94) <0.001
At UnTACEable progression

unTACEable progression 1.88 (1.06-3.32) 0.031 NA (all progressors)

Main Reason (Ref: radiological PD) - - Ref -

Liver dysfunction - - 2.20 (1.23-4.01) 0.008
ECOG PS >2 - - 2.09 (1.10-4.00) 0.025

Univariable analysis shown in Supplementary Table 2. *In bold: p<0.05 
Abbreviations: AFP, Alpha-fetoprotein; CI 95, 95% confidence interval; ECOG PS, Eastern Cooperative 
Oncology Group Performance Score; HR, hazard ratio; NA, not applicable; PD, progressive disease; Ref, 
reference; TACE, transarterial chemoembolization.
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Table 3. Univariable and multivariable Cox regression analysis for post-progression survival.

Univariable Multivariable

HR [CI 95%] p-value* HR [CI 95%] p-value**

Prior to TACE-1

Female sex 1.46 (0.92-2.33) 0.108

Age >65 1.02 (0.68-1.53) 0.914

HBV 1.02 (0.58-1.81) 0.935

HCV 1.07 (0.69-1.67) 0.769

Alcohol 1.10 (0.73-1.67) 0.641

ECOG PS 2 (Ref: 0-1) 1.70 (0.81-3.58) 0.160

Child Pugh score B7 (Ref: A5-A6) 1.51 (0.73-3.14) 0.267

BCLC stage (Ref: 0/A) Ref -

B 1.32 (0.86-2.04) 0.284

C 1.82 (0.80-4.16) 0.153

Number of nodules (Ref: 1) Ref - Ref -

2-3 1.36 (0.82-2.26) 0.238 1.44 (0.84-2.45) 0.185

>3 / diffuse 1.62 (0.96-2.74) 0.071 1.21 (0.66-2.21) 0.544

Tumor size >46 mm 0.83 (0.56-1.25) 0.372

Macrovascular invasion 1.53 (0.71-3.32) 0.280

Log10 AFP 1.30 (1.10-1.53) 0.003 1.36 (1.14-1.62) 0.001

At UnTACEable progression

unTACEable progression NA (all progressors) NA (all progressors)

Reason (Ref: radiological PD) Ref - Ref -

Liver dysfunction 3.10 (1.88-5.11) <0.001 3.24 (1.82-5.74) <0.001

ECOG PS >2 3.74 (2.07-6.75) <0.001 3.83 (2.09-7.01) <0.001

*In bold: included in multivariable analysis (p-value <0.1)  
**In bold: p-value <0.05 
Abbreviations: AFP, Alpha-fetoprotein; BCLC, Barcelona Clinic Liver Cancer classification; CI 95, 95% 
confidence interval; ECOG PS, Eastern Cooperative Oncology Group Performance Score; HBV, hepatitis 
B virus; HCV, hepatitis C virus; HR, hazard ratio; NA, not applicable; PD, progressive disease; Ref, 
reference; TACE, transarterial chemoembolization.

DISCUSSION

In this study of HCC patients treated with TACE, the majority of patients (58%) had 

preserved liver function and ECOG PS at UTP. These patients showed a trend toward 

better PPS when treated with subsequent liver-directed or systemic treatment 

compared with BSC only (13 vs 5 months). These results are in line with post-hoc 

analyses of the landmark phase-III sorafenib trials and a recent international 

observational study27-29, showing a clear survival benefit in strictly selected patients 

treated with sorafenib after TACE compared with those receiving BSC only29. Although 

sorafenib is the guideline recommended treatment strategy after TACE failure1, the 

predominantly intrahepatic pattern of progression at UTP (75%) implies that most 

patients may be candidate for both liver-directed (radioembolization) and systemic 

treatments (sorafenib). Future studies might provide predictive markers that can 

guide the choice for radioembolization or sorafenib in order to maximize survival 

benefit of patients with UTP.

Although, a minority of patients discontinued TACE because of hepatic 

decompensation (23%) or deteriorated ECOG PS (18%), these factors were 

independent factors for OS and PPS in our study. This underscores the need for 

assessment of liver function and ECOG PS after TACE treatment. The prognostic 

importance of these parameters in patients with HCC is widely accepted, reflected 

by its implementation in the BCLC staging system1, 2. Still, this is the first study to 

quantify its prognostic impact in context of switching from TACE to subsequent 

treatments. Prior studies reported 0-60% hepatic decompensation after TACE3, 5, 6, 13, 

30-32, depending on patient selection and the definition of hepatic decompensation. 

In our study, only 3 out of 27 (11%) patients who developed hepatic decompensation 

following TACE recovered enough to receive subsequent treatment. This may indicate 

that the hepatic decompensation following TACE is caused by a severe underlying 

liver disease or an aggressive tumor biology compromising liver function. These 

patients have a poor prognosis and are unlikely to benefit from the currently available 

subsequent treatments. In future studies, non-liver metabolized treatment options, 

i.e. immunotherapy, may be considered.
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In concordance with a prior Japanese study22, we showed that OS correlated 

strongly with TTUPc in HCC patients treated with TACE. This validates TTUPc as a 

novel surrogate endpoint for OS in both European and Japanese patients. Common 

surrogate endpoints in oncology such as time to progression (TTP) and progression-

free survival (PFS) have limited accuracy in representing TACE success by not 

taking into account ‘reTACEable’ progression or the competing risk of underlying 

liver cirrhosis15. Therefore, current guidelines do not recommend TTP or PFS as 

endpoints in HCC1. TTUPc showed a strong correlation with OS and has the advantage 

of requiring a significantly shorter follow-up than OS (median of 13 vs 22 months), 

making it an interesting endpoint for future clinical trials in HCC investigating TACE 

or new treatments combined with TACE. Because patients are increasingly receiving 

multiple lines of anti-HCC treatment following TACE failure, this will result in a 

prolonged post-TACE survival (PPS) diluting the effect of TACE on OS. This highlights 

the value of TTUPc as a validated surrogate marker for TACE benefit.

Limitations to our study include the retrospective study design with its inherent 

drawbacks. Still, our study is representable for the multidisciplinary management 

of HCC patients undergoing TACE in a European country, with an OS that is similar 

to prior studies26.

In conclusion, our data suggest that most patients discontinue TACE due to 

intrahepatic tumor progression with preserved ECOG PS and liver function making 

them potential candidates for subsequent liver-directed or systemic treatment. 

Hepatic decompensation or deteriorated ECOG PS was independently associated 

with poor OS and PPS. TTUPc correlated strongly with OS, making this a potential 

surrogate endpoint for future trials estimating TACE benefit.
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SUPPLEMENTARY MATERIAL
 
Supplementary Table 1. Treatment details, adverse events of HCC patients treated with TACE.

Variable All patients (N=166)

TACE details – n (%)

cTACE/deb-TACE 33/133 (20/80)

Uni/Bilobar – n (%) 128/38 (77/23)

Number of TACE (range) 2 (1-7)

Received combined locoregional treatment – n (%) 62 (37)

RFA/PEI 58 (35)

Radioembolization 3 (2)

SBRT 1 (<1)

Acute adverse events (<24h) – n (%)

Post-embolic syndrome 32 (19)

Bleeding puncture site 3 (2)

Dissection/Bleeding 2 (1)

Delirium 3 (2)

Allergic reaction 2 (1)

Delayed adverse events (<1 month) – n (%)

Liver dysfunction (Child-Pugh ≥B8) 4 (2)

Prolonged/Severe post-embolic syndrome 9 (5)

Liver abscess/Biloma 3 (2)

Infection (other) 5 (3)

Decompensatio cordis 2 (1)

CVA 1 (<1)

Death 2 (1)

Liver dysfunction at TACE discontinuation – n (%) 27 (16)

Yes, with recovery to Child-Pugh ≤B7 3 (2)

Yes, without recovery to Child-Pugh ≤B7 24 (15)

Abbreviations: cTACE, conventional transarterial chemoembolization; CVA, cerebrovascular accident; 
DEB-TACE, drug-eluting beads transarterial chemembolization; HCC, hepatocellular carcinoma; PEI, 
percutaneous ethanol injection; SBRT, stereotactic body radiotherapy (SBRT); cTACE, conventional 
transarterial chemoembolization.

Supplementary Table 2. Univariable Cox regression analysis for overall survival.

Whole Cohort
Patients with

unTACEable progression

n=166 n=116

HR [CI 95%]  p-value* HR [CI 95%] p-value*

Prior to TACE-1

Female sex 1.05 (0.69-1.59) 0.813 0.87 (0.55-1.39) 0.558

Age >68 0.87 (0.60-1.25) 0.439 0.78 (0.51-1.17) 0.223

HBV 0.87 (0.55-1.37) 0.534 0.76 (0.44-1.31) 0.321

HCV 0.97 (0.66-1.42) 0.859 0.89 (0.57-1.40) 0.890

Alcohol 1.05 (0.72-1.53) 0.803 1.28 (0.84-1.96) 0.248

ECOG PS 2 (Ref: 0-1) 2.38 (1.27-4.48) 0.007 1.99 (0.95-4.17) 0.068

Child Pugh score B7 (Ref: A5-A6) 1.54 (0.80-2.95) 0.197 1.61 (0.77-3.36) 0.202

BCLC stage (Ref: 0/A)** Ref - Ref -

B 1.99 (1.32-3.01) 0.001 1.45 (0.93-2.27) 0.106

C 4.43 (2.09-9.40) <0.001 3.62 (1.56-8.41) 0.003

Number of nodules (Ref: 1) Ref - Ref -

2-3 1.55 (1.00-2.40) 0.053 1.09 (0.65-1.81) 0.752

>3 / diffuse 2.31 (1.44-3.72) 0.001 1.92 (1.14-3.24) 0.014

Tumor size >46 mm 1.57 (1.08-2.28) 0.017 1.51 (1.01-2.27) 0.044

Macrovascular invasion 2.91 (1.45-5.84) 0.003 2.84 (1.30-6.22) 0.009

Log10 AFP 1.37 (1.16-1.61) <0.001 1.43 (1.20-1.70) <0.001

At UnTACEable progression

unTACEable progression 2.42 (1.43-4.12) 0.001 NA (all progressors)

Main reason (Ref: radiological PD) - - Ref -

Liver dysfunction - - 1.74 (1.06-2.85) 0.028

ECOG PS >2 - - 2.04 (1.18-3.54) 0.011

*In bold: P<0.1, included in multivariable model.  
** Not included in multivariable analysis to avoid multicolinearity. 
Abbreviations: AFP, Alpha-fetoprotein; BCLC, Barcelona Clinic Liver Cancer; ECOG PS, Eastern 
Cooperative Oncology Group Performance status; HBV, Hepatitis B virus; HCV, Hepatitis C virus, HCV; 
PD, progressive disease; TACE, transarterial chemoembolization.
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Supplementary Table 3. Univariable and multivariable Cox regression analysis for post-progression 
survival (PPS) in patients with UnTACCEable progression (UTP) who are candidate for subsequent 
treatment (n=68).

Univariable Multivariable

HR [CI 95%] p-value* HR [CI 95%] p-value**

Prior to TACE-1

Female sex 1.56 (0.81-2.99) 0.184

Age >65 0.79 (0.46-1.38) 0.411

HBV 1.03 (0.48-2.20) 0.939

HCV 1.02 (0.56-1.87) 0.939

Alcohol 1.02 (0.53-1.96) 0.948

ECOG PS 2 (Ref: 0-1) 2.19 (0.52-9.21) 0.285

Child Pugh score B7 (Ref: A5-A6) 1.79 (0.64-5.05) 0.269

BCLC stage (Ref: 0/A)*** Ref - - -

B 1.28 (0.72-2.28) 0.394 - -

C 2.73 (0.91-8.19) 0.074 - -

Number of nodules (Ref: 1) Ref - Ref -

2-3 1.48 (0.76-2.87) 0.251 1.58 (0.75-3.34) 0.232

>3 / diffuse 2.14 (1.03-4.42) 0.040 3.56 (1.61-7.90) 0.002

Tumor size >46 mm 0.78 (0.45-1.36) 0.377

Macrovascular invasion 2.37 (0.83-6.75) 0.106

Log10 AFP 1.85 (0.97-3.54) 0.061 1.47 (1.12-1.92) 0.005

At UnTACEable progression

Pattern of progression (Ref: Intrahepatic) Ref - Ref -

MVI 2.94 (1.38-6.29) 0.005 3.31 (1.45-7.53) 0.004

EHS 0.97 (0.48-1.93) 0.919 1.19 (0.59-2.39) 0.631

*In bold: included in multivariable analysis (p-value <0.1). 
**In bold: p-value <0.05 
*** Not included in multivariable analysis to avoid multicolinearity. 
Abbreviations: AFP, Alpha-fetoprotein; BCLC, Barcelona Clinic Liver Cancer; ECOG PS, Eastern 
Cooperative Oncology Group Performance status; EHS, extrahepatic spread; HBV, Hepatitis B virus; 
HCV, Hepatitis C virus, HCV; MVI, macrovascular invasion; PD, progressive disease; TACE, transarterial 
chemoembolization. 

Supplementary Figure 1. Time to event parameters in this study.  
Abbreviations: BSC, Best Supportive Care; OS, overall survival; PPS, post-progression survival; RE, 
radioembolization; TACE, transarterial chemoembolization; TTUPc, time to untreatable progression 
by chemoembolization.
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ABSTRACT

Background: Studies assessing the impact of selective internal radiation therapy 

(SIRT) on the regional liver function in patients with hepatocellular carcinoma (HCC) 

are sparse. This study assessed the changes in total and regional liver function using 

hepatobiliary scintigraphy (HBS) and investigated the utility of HBS to predict post-

SIRT liver dysfunction.

Methods: Patients treated with SIRT for HCC between 2011 and 2019, underwent 
99mTc-mebrofenin HBS with SPECT/CT before and 6 weeks after SIRT. The corrected 

mebrofenin uptake rate (cMUR) and corresponding volume was measured in the total 

liver, and in treated and non-treated liver regions. Patients with and without post-SIRT 

liver dysfunction were compared.

Results: A total of 29 patients, all Child-Pugh-A and mostly intermediate (72%) stage 

HCC were included in this study. Due to SIRT, the cMURtotal declined from 5.8 to 4.5 

%/min/m2 (p<0.001). Twenty-two patients underwent a lobar SIRT, which induced a 

decline in cMUR (2.9 to 1.7 %/min/m2, p<0.001) and volume (1228 to 1101, p=0.002) of 

the treated liver region, without a change in cMUR (2.4 to 2.0 %/min/m2, p=0.808) or 

volume (632 to 644 ml, p=0.661) of the contralateral non-treated lobe. There were no 

significant pre-SIRT differences in total or regional cMUR or volume between patients 

with and without post-SIRT liver dysfunction.

Conclusion: In patients treated with SIRT for HCC, HBS accurately identified changes 

in total and regional liver function and may have a complementary role to personalize 

lobar or selective SIRT. In this pilot study, there were no pre-SIRT differences in cMUR 

or volume to aid in predicting post-SIRT liver dysfunction.

INTRODUCTION

Selective internal radiation therapy (SIRT) or radioembolization is a liver-directed 

form or brachytherapy using radioactive microspheres1. These microspheres, loaded 

with β-emitting yttrium-90 (90Y), are delivered to the tumors by transcatheter hepatic 

artery injection where they emit a high energy radiation with low penetration. Over the 

past decade, SIRT has become a treatment of interest for patients with hepatocellular 

carcinoma (HCC) due the hypervascular nature and predominant arterial tumor 

feeders of these liver tumors. Current applications in HCC include using SIRT as bridge 

to liver resection or transplantation or as an alternative treatment in patients who are 

poor candidates for transarterial chemoembolization (TACE). In the palliative setting 

of patients with intermediate stage disease (Barcelona Clinic Liver Cancer [BCLC] 

stage B) or liver-confined advanced stage (BCLC stage C), various cohort studies have 

shown objective response rates between 35% and 77% and median survival times 

ranging between 10 and 17 months1, 2. Despite that SIRT has shown significantly higher 

tumor response rates and longer time-to-progression than sorafenib, this has not 

translated into a significant improvement of overall survival in randomized-controlled 

studies3-5. Similarly, favorable responses and toxicity profiles compared to TACE were 

observed in cohort studies, although there are no phase-III studies comparing SIRT 

with TACE. This may indicate that although HCC is a radiosensitive tumor that can be 

effectively treated by SIRT, this does not necessarily translate into a clear survival 

benefit for all patients. Consequently, guidelines underscore the need of identifying 

subgroups of patients with a significant survival benefit from SIRT2.

The main risk of SIRT is irradiation of non-tumorous liver parenchyma which may 

cause liver function deterioration and even lead to a life-threatening condition 

known as Radioembolization-Induced Liver Disease (REILD)6, 7. Because the majority 

of HCC arise in cirrhotic livers8, the risk of worsening the already compromised liver 

function should be carefully weighed against the potential benefits of SIRT. This risk 

assessment requires precise treatment planning including an angiographic evaluation 

and test procedure with technetium-99m macroaggregated albumin (99mTc-MAA), 

dosimetry calculations of tumorous and non-tumorous liver tissues, and assessment 

of liver function reserve.
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Currently used tools to assess liver function include clinical (encephalopathy, 

ascites), biochemical (i.e. bilirubin, albumin) and imaging parameters (signs of 

portal hypertension). Prognostic scores and models based on these parameters 

(i.e. Child-Pugh, ALBI- or MELD-score) may aid clinicians in determining the global 

liver function, but fail to capture regional differences. Regional heterogeneity in 

liver function, i.e. due to cirrhotic changes or tumor-related bile duct compression 

or macrovascular invasion, cannot be determined with biochemical markers and 

show a poor correlation with liver volume9-11. A better pre-SIRT assessment of the 

functional liver function reserve and the risk of liver failure may improve the survival 

outcomes of patients treated with SIRT.

Assessment of liver function using 99mTc-mebrofenin hepatobiliary scintigraphy (HBS) 

with single-photon emission computed tomography/computed tomography (SPECT/

CT) may improve the treatment planning and risk assessment. 99mTc-mebrofenin is an 

albumin-bound lidocaine analogue that is selectively taken up by the hepatocytes and 

secreted into the bile without biotransformation. Scintigraphy with 99mTc-mebrofenin 

in combination with SPECT/CT provides quantitative and visual information on the 

hepatic uptake and excretion function. This has been shown to outperform Child-

Pugh score and CT-volumetry in predicting liver failure after hepatic resection11-14. 

Only 3 preliminary case series (n=3 to n=13) have reported on the value of HBS15-

17, showing superiority over liver volumetry in monitoring regional liver function in 

patients treated with SIRT. The current study aimed to 1) evaluate the use of HBS to 

assess the changes in total and regional liver function of patients with HCC treated 

with SIRT and 2) to investigate whether HBS can predict liver dysfunction following 

SIRT. Consequently, this study aimed to serve as a pilot study exploring the prognostic 

value of HBS in HCC patients treated with SIRT.

METHODS

Study population

All patients with HCC who underwent HBS before and after SIRT were included in 

this study between January 2011 and February 2019. Two patients were included in 

a previously published case series15. Prior to January 2014, patients underwent HBS 

at the discretion of the treating nuclear physician. The institutional review board 

(IRB) waived the need for written informed consent for these retrospectively included 

patients (reference number W17_420#17.488). From January 2014 to February 2019, 

consecutive patients treated with SIRT provided written informed consent for pre- 

and post-SIRT HBS imaging according to a prospective study protocol that was 

approved by the IRB.

Radioembolization workup and treatment

According to the European Association for the Study of the Liver (EASL) guidelines, 

HCC was diagnosed by imaging criteria or histopathological confirmation when there 

was no liver cirrhosis2. Tumor staging was done with 4-phase contrast-enhanced CT or 

dynamic contrast-enhanced magnetic resonance imaging (MRI) after which all patients 

were discussed in a multidisciplinary team for primary liver malignancies. SIRT was 

considered in patients with intermediate stage (BCLC-B) who were considered poor 

candidates for TACE (i.e. large or numerous tumors). Patients with advanced stage 

(BCLC-C) were considered for SIRT in case of liver-confined disease with limited 

macrovascular invasion (i.e. segmental portal vein). Only patients with compensated 

(Child-Pugh A) liver cirrhosis were eligible for SIRT. Some patients received SIRT with 

subsequent sorafenib as part of a clinical trial18, 19.

Prior to SIRT, all patients underwent a mapping angiography followed by a simulation 

treatment with 99mTc-MAA particles and planar 99mTc-MAA scintigraphy with SPECT/

CT. This pre-SIRT work-up was used to assess the arterial anatomy, identify tumor 

feeders and coil-embolize vessels that could lead to extrahepatic deposition of 

radioactive microspheres. The planar scintigraphy and SPECT/CT were used to 

exclude arterial backflow, quantify hepato-pulmonary shunting and estimate 

the radiation absorbed doses that could be delivered to the tumors (dosimetry). 



56 57

Chapter 2 HBS before and after SIRT

2

All patients were treated with 90Y-loaded microspheres according to international 

guidelines20. Both resin (SIR-Spheres, Sirtex Medical Inc., Sydney, Australia) and 

glass (Theraspheres®, BTG International, London, Great Britain) microspheres were 

used according to the manufacturers' guidelines. In case of resin microspheres, 

the calculations for administrated and absorbed dose were based on the patient's 

body surface area (BSA) for whole-liver SIRT or the partition model for lobar SIRT21.  

In case of glass microspheres, the MIRD model was used, based on uniform absorbed 

dose to volume of perfused tissue with an absorbed dose range of 80-150 Gy in the 

injected lobe22, 23.

Hepatobiliary scintigraphy

Patients underwent HBS before and 6 weeks after SIRT. In case of sequential SIRT, 

the HBS after the last treatment was used in this study. HBS was always performed 

at least 24h before or after the test procedure with 99mTc-MAA and after a 4 h fast, 

as both presence of redundant 99mTc-MAA particles and the stimulation of hepatic 

function by food consumption might influence test results. The HBS was done 

according to international standards as described previously24. In summary, patients 

were positioned supine on the imaging table with the field-of-view (FOV) of the 

SPECT/CT camera (Symbia T16; Siemens) including the liver and heart region. The 

gamma-camera was equipped with low-energy, high-resolution collimators. After 

intravenous injection of approximately 200 MBq 99mTc-mebrofenin ((2,4,6 trimethyl-

3-bromo) iminodiacetic acid, Bridatec, GE Healthcare, Chicago, Illinois, USA), a 

3-phase acquisition protocol was performed. Firstly, immediately after injection, a 

dynamic acquisition was started (38 frames of 10 s/frame, 128x128 matrix) to assess 

the hepatic uptake rate. At the end of this phase, most of the tracer is accumulated in 

the liver. Secondly, centered at the peak of hepatic time−activity curve, a fast SPECT 

acquisition was obtained (60 frames, 8 s/frame, 256×256 matrix) to visualize and 

quantify the 3-dimensional distribution of the 99mTc-mebrofenin at the peak of the 

liver uptake. The SPECT was followed by a low-dose, non-contrast-enhanced CT-scan 

for attenuation correction and anatomical mapping. The third and final phase, of no 

particular relevance to the present study, included a dynamic acquisition (20 frames, 

60 s/frame, 128×128 matrix) to evaluate the biliary excretion.

  HBS-pre          Y-PET          HBS-post

Figure 1. Hepatobiliary scintigraphy before and 6 weeks after lobar SIRT with 90Y-loaded resin micro-
spheres (1.50 GBq) in a 53-year old male patient with multifocal HCC. The cMURtotal declined from 8.64 to 
7.40 %/min/m2. In accordance with the activity distribution on 90Y-PET (B), the cMUR in the treated liver 
region decreased from 5.85 to 4.51 %/min/m2, whereas the cMUR of the non-treated liver region (outlined) 
marginally increased from 2.79 to 2.88 %/min/m2.

Image analysis

Images from the HBS were processed on a Hermes workstation (Hermes Medical 

Solutions, Stockholm, Sweden). The HBS-related parameters for total and regional 

liver function were calculated as previously described10, 14, 24-26. All measurements were 

performed or supervised by a nuclear medicine physician (R.J.B. with >15 years of 

experience). An example is shown in Figure 1.

The total liver hepatic 99mTc-mebrofenin uptake was assessed during the first dynamic 

phase. A pixel based geographic mean (Gmean) dataset was calculated  

   and projected in the anterior view. Regions of interest (ROI) were 

manually delineated around the liver (hepatic activity), left ventricle including the 

aortic root (blood pool activity) and entire FOV (whole body activity). The hepatic 

mebrofenin uptake rate (MUR) was measured between 150 and 350 seconds after 

injection and calculated as described by Ekman et al.26, expressed as percentage per 

minute (%/min). To correct for inter-patient differences in metabolic requirements, 

the MUR was divided by the BSA resulting in a cMUR expressed as %/min/m2.

The relative contribution of different liver regions was assessed during the second 

(peak activity) phase with masking of radioactivity in the intra- and extrahepatic 

bile ducts in case of fast hepatic excretion. In patients who underwent a lobar SIRT, 

regional measurements of treated and non-treated liver regions were compared 

before and after SIRT. The regional (cregional) and total liver count (Ctotal) were obtained 
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by manually drawing an ROI around the liver volume of interest (VOI) using the low-

dose CT that was linked to the SPECT. Subsequently, the regional contribution to peak 

activity was multiplied with cMURtotal as calculated during the first dynamic phase. 

Consequently, the regional share of mebrofenin uptake rate was defined as:

Additionally, the CT-assessed total and regional liver volumes (ml) of these VOI’s 

were obtained using Siemens Syngo.Via software (version VB20A_HF01, Siemens 

Healthcare GmbH, Erlangen, Germany).

Outcome measures

The primary outcome of this study was the (change in) total and regional cMUR (%/

min/m2) and volume (ml) following SIRT. Moreover, subgroups of patients with and 

without significant liver dysfunction after SIRT were compared. To objectively score 

the deterioration of various liver function components following SIRT, we used the 

proposed definition by Braat et al.6, which follows the Common Terminology Criteria 

for Adverse Events v4.03 (CTCAE27) and includes a 5-grade score of liver toxicities 

developing 2 weeks to 4 months following SIRT (Appendix A). Significant liver 

dysfunction was defined as development of Grade ≥3 liver-related adverse events 

or occurrence of progressive ascites or encephalopathy. By definition, patients with 

concurrent liver dysfunction and tumor progression or biliary obstruction were not 

included in the REILD group. Because of the limited sample size of this study, these 

patents were retained in the all-cause liver dysfunction analysis and included in the 

liver dysfunction subgroup.

Statistical analysis

Categorical data were presented as absolute and relative frequencies. Continuous 

data were presented as median with interquartile range (IQR). Univariable subgroup 

comparisons (i.e. significant liver dysfunction vs non-significant liver dysfunction) 

were performed with Pearson’s χ2-t or Fisher’s exact test for categorical variables 

where appropriate, whereas continuous variables were compared with the Mann-

Whitney U test. Longitudinal changes in regional and total liver function were 

compared using the paired Wilcoxon test. The correlation between measurements 

was expressed using the Spearman’s rank correlation coefficient (ρ). The agreement 

between measurements was quantified using the Bland  and Altman analysis28. For all 

statistical tests, a two-tailed p-value of <0.05 was considered statistically significant. 

All analyses were performed using IBM SPSS Statistics for Windows Version 25 (IBM 

Corp., Armonk, NY, USA).

Figure 2. Study Flowchart.
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RESULTS

Patients characteristics

Between January 2011 and February 2019, a total of 53 patients were treated with 

SIRT at our institution. Of these, 29 patients with HCC and complete HBS-imaging 

were available for this study (Figure 2). The baseline characteristics of the study 

cohort are outlined in Table 1. In summary, 21 out of 29 patients (72%) had underlying 

liver cirrhosis, mostly due to alcohol (41%), which was Child-Pugh class A in all cases. 

Twenty-five patients (86%) had >3 tumors and all patients were staged as intermediate 

(BCLC-B n=21, 72%) or advanced stage (BCLC-C, n=8, 28%) HCC. Seven patients (24%) 

underwent a whole liver SIRT, whereas 22 patients (76%) received a lobar SIRT. The 

median total activity of 1.5 GBq (IQR 1.2-1.8) was delivered using resin and glass 

microspheres in 25 and 4 patients, respectively.

Table 1. Baseline characteristics and treatment details.

Variable All patients (n=29)
Demographics
Age – years (IQR) 67 (63-74)
Male sex (%) 27 (93)
Liver disease
Etiology, multiple possible (%)

HBV 4 (14)
HCV 7 (24)
Alcohol 12 (41)
NAFLD-NASH 6 (21)
Other / Unknown 3 (10)

Cirrhosis (%) 21 (72)
Child-Pugh class (%)

A5 22 (76)
A6 7 (24)

Ascites (%)
None 26 (90)
Minor/Medically controlled 3 (10)
Severe 0 (0)

Portal hypertension (%) 16 (55)
ALBI score (IQR) -2.7 (-3.1 to -2.4)

Table 1. Continued.

Variable All patients (n=29)
ALBI grade

1 18 (62)
2 11 (38)

Tumor parameters
ECOG (%)

0 17 (59)
1 10 (35)
2 2 (7)

Tumor number (%)
1 1 (3)
2-3 3 (10)
>3 25 (86)

Largest tumor size – mm (IQR) 60 (31-91)
Macrovascular invasion (%) 7 (24)
BCLC stage (%)

B 21 (72)
C 8 (28)

Received prior treatments (%) 10 (35)
Serum tests (median, IQR)
AFP – ng/ml 64 (5-672)
PT – sec 11.5 (10.8-12.2)
Albumin – g/l 40 (38-43)
Total bilirubin – µmol/L 13 (8-15)
AST - U/L 59 (41-95)
ALT - U/L 44 (34-73)
SIRT-related details
Procedure (%)

Lobar 22 (76)
Whole liver 7 (24)

Sequential treatment 1 (3)
Single treatment 4 (14)
Repeated treatments 2 (7)

Type of microspheres (%)
Resin 25 (86)
Glass 4 (14)

Delivered total activity – GBq (IQR) 1.5 (1.2-1.8)
Percentage lung shunt – % (IQR) 3.0 (1.7-4.4)

Abbreviations: AFP, alpha-fetoprotein; ALBI, albumin-bilirubin; AST, aspartate aminotransaminase; 
ALT, alaninine aminotranferse; BCLC, Barcelona Clinic Liver Cancer; HBV, hepatitis B virus; HCV, 
hepatitis C virus; IQR, interquartile range; NALFD-NASH, non-alcoholic fatty liver disease-non-
alcoholic steatohepatitis; PT, prothrombin-time; SIRT, selective internal radiation therapy.
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Total and regional liver function and volume pre- and post-SIRT

The SIRT-induced changes in total and regional liver function and volume are 

summarized in Table 2 and Figure 3. The post-SIRT HBS was performed at a median 

of 6 weeks (range 2-8) following the last SIRT. At this time-point, there was a significant 

decline in cMURtotal (5.8 to 4.5 %/min/m2, p<0.001). The total liver volume decreased 

from 1930 to 1728 ml (p=0.002). Both pre- and post-SIRT, there was a moderate to 

strong correlation between the cMURtotal and commonly used serum markers for liver 

function (albumin, bilirubin, ALBI, PT) (Table 3a), whereas total liver volume did not 

correlate with these serum markers (Table 3b). The pre-SIRT total liver volume also 

correlated poorly with the cMURtotal (ρ 0.129, p=0.473).

Twenty-two patients were treated with lobar SIRT and underwent both pre- and post-

SIRT HBS, allowing for analyses of regional liver function and volume. These patients 

showed a decline in cMURtotal (5.3 to 4.6 %/min/m2, p=0.001) and a decline in cMUR in 

the treated liver region (cMURtreated 2.9 to 1.7 %/min/m2, p<0.001) (Figure 3a). The cMUR 

of the non-treated liver region did not change significantly (cMURnon-treated 2.4 to 2.0 %/

min/m2, p=0.808), although the relative contribution of the non-treated liver region 

increased (40 to 56%, p<0.001). Figure 3c displays the differences between treated 

and non-treated regions, showing that despite a median function decline of 33.9% 

(IQR -49.3 to -22.3%) of the treated liver region, this was not compensated by the 

non-treated regions which did not change significantly (-1.5%, IQR -18.8 to +12.7%). 

The total liver volume decreased from a median of 2003 to 1738 ml (p=0.003). The 

treated liver regions showed a decrease in volume (1228 to 1101 ml, p=0.002), whereas 

the non-treated liver regions remained stable (632 to 644 ml, p=0.661) (Figure 3b). 

These regional volume changes showed a similar pattern as the functional changes; 

a relative decrease of 14.2% (IQR -29.0 to -0.5%) in the treated regions without a 

significant volume increase of the untreated liver regions (+0.3%, IQR -7.8 to 10.2%). 

The relative changes in volume and cMUR were poorly correlated (treated ρ 0.336, 

p=0.126 and non-treated ρ -0.032, p=0.887) and showed wide limits of agreement in 

the Bland-Altman analysis (Supplementary Figure 1A/B).

Lastly, patients treated with whole liver SIRT (n=7) showed a strong liver function 

decrease (cMURtotal 6.2 to 3.2 %/min/m2, p=0.018) without significant changes in total 

volume (1883 to 1728 ml, p=0.310).

Table 2. The total and regional liver mebrofenin uptake rate (MUR) and liver volume prior to and after SIRT.

Variable – median (IQR) Pre-SIRT Post-SIRT p-value

All patients n=29

cMUR total liver - %/min/m2 5.8 (4.4-7.5) 4.5 (2.6-6.0) <0.001

Volume total liver - ml 1930 (1534-2347) 1728 (1318-2214) 0.002

Lobar SIRT n=22

cMUR total liver - %/min/m2 5.3 (4.3-8.2) 4.6 (3.1-6.9) 0.001

Non-treated liver functional contribution - % 40 (32-62) 56 (41-80) <0.001

cMUR non-treated liver - %/min/m2 2.4 (1.4-3.1) 2.0 (1.5-3.8) 0.808

cMUR treated liver - %/min/m2 2.9 (1.8-4.4) 1.7 (0.9-2.9) <0.001

Volume total liver - ml 2003 (1545-2464) 1738 (1320-2195) 0.003

Non-treated liver volume contribution - % 34 (26-47) 39 (28-48) 0.007

Volume non-treated liver - ml 632 (470-1136) 644 (429-1027) 0.661

Volume treated liver - ml 1228 (823-1469) 1101 (701-1319) 0.002

Whole liver SIRT n=7

cMUR total liver - %/min/m2 6.2 (4.7-6.9) 3.2 (2.0-4.7) 0.018

Volume total liver - ml 1883 (1411-2041) 1728 (1175-2263) 0.310

Abbreviations: cMUR: corrected mebrofenin uptake rate; IQR, interquartile range; SIRT, selective 
internal radiation therapy.
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Figure 3. Boxplot distributions of total and regional liver function (A) and volume (B) before and after 
lobar SIRT. In figures 3C and 3D, each symbol represent a patient-based change in function (C) or volume 
(D) of treated (squares) and non-treated (circles) liver regions. Points above the dotted line indicate an 
increase in cMUR or volume, whereas points below the line indicate a decrease.

Table 3a. Correlation of mebrofenin uptake rate (cMURtotal %/min/m2) with serum markers.

Pre-SIRT (n=29) Post-SIRT (n=29)

Serum marker Spearman’s ρ p-value Spearman’s ρ p-value

Total bilirubin – µmol/L -0.51 0.005 -0.79 <0.001

Albumin – g/l 0.60 0.001 0.77 <0.001

AST – U/L -0.04 0.861 -0.10 0.606

PT – sec -0.37 0.058 -0.67 <0.001

ALBI score -0.63 <0.001 -0.79 <0.001

Abbreviations: ALBI, albumin-bilirubin; AST, aspartate aminotransaminase; cMUR: corrected 
mebrofenin uptake rate; PT, prothrombin-time; SIRT, selective internal radiation therapy. 

Table 3b. Correlation of total liver volume (ml) with serum markers.

Pre-SIRT (n=29) Post-SIRT (n=29)

Serum marker Spearman’s ρ p-value Spearman’s ρ p-value

Total bilirubin – µmol/L 0.02 0.926 -0.10 0.605

Albumin – g/l -0.02 0.927 -0.09 0.659

AST – U/L 0.13 0.510 -0.33 0.085

PT – sec 0.14 0.485 -0.09 0.687

ALBI score 0.03 0.862 0.04 0.861

Abbreviations: ALBI, albumin-bilirubin; AST, aspartate aminotransaminase; PT, prothrombin-time; 
SIRT, selective internal radiation therapy.
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Table 4. Total and regional mebrofenin uptake rate and liver volume in patients with and without post-
SIRT liver dysfunction.

Characteristic – median (IQR) No liver  
dysfunction

All-cause liver 
dysfunction

p-value

Pre-SIRT

All patients n=20 n=9

cMUR total liver - %/min/m2 6.1 (4.3-8.0) 5.4 (4.8-7.1) >0.999

Volume total liver - ml 1809 (1466-2269) 2239 (1845-2565) 0.216

Patients with lobar SIRT n=16 n=6

cMUR total liver - %/min/m2 6.0 (3.9-8.3) 5.3 (4.7-6.8) 0.883

Non-treated liver functional contribution - % 40 (32-59) 38 (30-89) 0.883

cMUR non-treated liver - %/min/m2 2.6 (1.4-3.1) 2.0 (1.3-6.1) >0.999

cMUR treated liver - %/min/m2 3.1 (2.0-5.1) 2.9 (1.0-3.6) 0.376

Volume total liver - ml 1925 (1523-2357) 2264 (1596-2755) 0.555

Non-treated liver volume contribution - % 34 (26-45) 35 (26-56) 0.712

Volume non-treated liver - ml 632 (446-1050) 626 (500-1467) 0.555

Volume treated liver - ml 1180 (856-1415) 1270 (783-1748) 0.883

Post-SIRT

All patients n=20 n=9

cMUR total liver - %/min/m2 4.9 (2.9-6.8) 3.3 (2.1-4.1) 0.066

Volume total liver - ml 1662 (1296-1945) 2165 (1670-2362) 0.144

Patients with lobar SIRT n=16 n=6

cMUR total liver - %/min/m2 5.2 (2.5-7.0) 3.7 (3.3-5.0) 0.555

Non-treated liver functional contribution - % 55 (40-72) 56 (40-90) 0.712

cMUR non-treated liver - %/min/m2 2.1 (1.6-3.8) 1.8 (1.4-4.6) 0.825

cMUR treated liver - %/min/m2 2.0 (1.0-3.2) 1.5 (0.7-2.1) 0.338

Volume total liver - ml 1662 (1316-2040) 2025 (1510-2324) 0.507

Non-treated liver volume contribution - % 39 (25-47) 37 (28-67) 0.461

Volume non-treated liver - ml 644 (403-931) 613 (472-1518) 0.461

Volume treated liver - ml 1101 (714-1311) 1005 (544-1438) 0.768

Abbreviations: cMUR: corrected mebrofenin uptake rate; IQR, interquartile range; SIRT, selective 
internal radiation therapy.

Figure 4. Total liver function in patients with and without significant liver dysfunction after SIRT.

Liver-related adverse events following SIRT

The liver-related adverse events following SIRT are summarized in Supplementary 

Table 1. Nine patients were classified as Child-Pugh B7 or higher at the first post-SIRT 

follow-up and a total of 9/29 (31%) patients developed significant liver dysfunction 

within 2 weeks to 4 months following SIRT. This included 1 patient who developed 

REILD that could be managed with conservative treatment, 3 patients who developed 

a fatal REILD (all < 6 months) and 5 patients who had a multifactorial liver dysfunction 

(i.e. concurrent infection or tumor progression) after SIRT. There were no statistically 

significant differences pre- and post-SIRT in total or regional liver cMUR or volume 

(Table 4) between subgroups of patients with and without liver dysfunction after SIRT. 

Patients developing significant liver dysfunction post-SIRT did show a trend towards a 

lower cMURtotal (3.3 vs 4.9 %/min/m2, p=0.066) at the post-SIRT HBS compared to those 

not developing significant liver dysfunction (Figure 4). Apart from fewer patients 

with Eastern Cooperative Oncology Group (ECOG) performance status 0 in the liver 

dysfunction subgroup (33 vs 70%, p=0.044), there were no statistically significant 

differences in baseline characteristics or SIRT-related parameters between patients 

with or without liver dysfunction following SIRT (Supplementary Table 2).
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DISCUSSION

In this study of patients with HCC treated with SIRT, HBS detected a decline in liver 

function following SIRT. In patients undergoing a lobar SIRT, the liver function and 

volume declined in the treated liver region without a significant compensatory 

increase in function or volume of the non-treated liver region. Patients developing 

significant liver dysfunction showed a trend towards a decreased total liver cMUR after 

SIRT compared with those without liver dysfunction, but there were no differences in 

cMUR between these patients prior to SIRT.

Our study showed that SIRT induced a significant decline in cMURtotal due to loss 

of function of the treated liver region. These findings are in concordance with a 

prior study in patients treated with SIRT for HCC or colorectal liver metastases and 

indicate that SIRT causes substantial damage to the non-tumorous parenchyma in 

the treated region29. In contrast with this study with fewer patients with cirrhosis 

(46%) than the present study (73%)29, we did not observe a compensatory increase of 

cMUR or volume in the non-treated liver region. These different findings may reflect 

the variation in the ability of patients to compensate for the loss of (regional) liver 

function caused by the SIRT. Patients with HCC who often have chronic parenchymal 

liver disease have less functional reserve capacity30.

Factors associated with a reduced liver function reserve include presence of cirrhosis, 

higher age and prior treatments directed to or metabolized by the liver6, 7, 31, 32.  

A subgroup analysis of the phase-III SORAMIC trial suggested that patients without 

these risk factors (age <65 year, non-cirrhotic) may have an increased survival benefit 

from SIRT 18, 33. One way of improving survival outcomes may be applying a more 

stringent patient selection with regards to liver function which currently consists 

of clinical and serological evaluation (Child-Pugh score) in most clinical practices. 

Quantification of total liver function with HBS (cMURtotal) showed a significant 

association with the current biochemical markers (i.e. albumin, bilirubin), but these 

markers only reflect global liver function as opposed to the regional information of 

HBS. Similarly, the indocyanine green (ICG) clearance test is widely used to assess the 

risk for post-operative liver failure in patients considered for liver resection, but does 

not provide information on regional differences in liver function34. In light of the shift 

in paradigm from whole-liver SIRT towards a lobar or selective SIRT, HBS may provide 

a non-invasive and complementary assessment of the regional liver function. Current 

treatment planning usually involves volumetric assessments, but the superiority of 

HBS over liver volumetry in assessing regional liver function has been demonstrated 

in patients undergoing partial hepatectomy11-13. The present study confirmed the poor 

correlation between the (regional) liver volume and function prior to SIRT29. Because 

SIRT causes a significant decline in liver function of treated liver regions, HBS may 

aid clinicians in quantifying the functional contribution of these regions and guide 

improved dosimetry to allow a personalized SIRT.

This study confirmed the poor agreement between volumetric and functional changes 

≤4 months post-SIRT29. Compared with portal-vein embolization, SIRT-induced 

volumetric changes such as lobular atrophy and contralateral hypertrophy are slower, 

more gradual and only become evident 6-12 months post-SIRT35, 36. In the present 

study, the volumetric changes 6 weeks after lobar SIRT showed a similar pattern to 

the changes in cMUR, albeit the relative volume changes were smaller (i.e. treated 

liver region: cMUR -33.9% vs volume -14.2%). This suggests that volumetric changes 

lag behind the functional changes. Therefore, HBS may have potential value in the 

early follow-up of regional liver function and aid in the risk assessment for additional 

interventions (i.e. in case of SIRT as a bridge to surgery). Future studies with a longer 

follow-up (i.e. HBS at 6-12 months) are needed to provide insight in the long-term 

effects of SIRT on regional liver function.

In this study, both volumetry and HBS prior to SIRT did not identify patients at risk 

for developing liver dysfunction after SIRT, but patients who developed significant 

liver dysfunction did show a strong decline in total liver function (cMURtotal) at 6 weeks 

after SIRT. However, this pilot study was limited in drawing definitive conclusions on 

the prognostic value of HBS for liver dysfunction due to the limited sample size. Liver 

dysfunction in patients with HCC remains a complex multifactorial entity in which 

progression of cirrhosis, tumor progression, absorbed radiation by non-tumorous 

liver parenchyma and comorbidity may all play a role. Because histopathological 

confirmation of REILD is often lacking, prior studies have used various definitions 

for REILD and post-SIRT liver dysfunction and have reported various incidences (0-

34%)5-7. To prevent post-SIRT liver failure and optimize the efficacy of SIRT treatment, 
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the complex relationship between tumor vascularization, administrated and tissue 

absorbed dose, type and calibration of SIRT microspheres, treatment effect and 

(regional) decline of liver function needs to be further studied. This study focused 

on the utility of HBS with SPECT/CT in describing regional changes after SIRT, but 

future studies should also take this dose-response aspect into account. Implementing 

a personalized dosimetry by maximizing the tumor-absorbed dose and minimizing 

the damage to the non-tumorous liver parenchyma may improve the outcomes of 

patients with HCC37, 38. Lastly, a liver function stress test, i.e. using an oral metabolic 

challenging prior to HBS, might provide more information on the functional reserve 

capacity of the liver parenchyma than a HBS in a fasted state39.

In conclusion, in patients treated with SIRT for HCC, HBS accurately identified changes 

in total and regional liver function and may have a complementary role to personalize 

lobar or selective SIRT. In this pilot study, there were no pre-SIRT differences in total 

or regional cMUR or volume to aid in predicting post-SIRT liver dysfunction.
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SUPPLEMENTARY MATERIAL
 
Supplementary Table 1. Liver-related adverse events and liver function following SIRT.

Variable (%) All patients n=29

Serum tests (CTCAE v4.03) n (%)

Albumin

Any grade 13 (45)

Grade 3-4 0 (0)

PT/INR

Any grade 17 (59)

Grade 3-4 1 (3)

Total bilirubin

Any grade 18 (62)

Grade 3-4 7 (24)

AST

Any grade 19 (66)

Grade 3-4 1 (3)

ALT

Any grade 14 (48)

Grade 3-4 0 (0)

AP

Any grade 19 (66)

Grade 3-4 2 (7)

GGT

Any grade 18 (62)

Grade 3-4 8 (28)

Clinical signs

Ascites

Any 9 (31)

Moderate-severe 5 (17)

Encephalopathy

Any 3 (10)

Grade 3/4 1 (3)

Liver toxicity classification

Braat et al. definition

Grade 0: no changes over baseline 3 (10)

Grade 1: minor 6 (21)

Grade 2: moderate 11 (38)

Supplementary Table 1. Continued.

Variable (%) All patients n=29

Grade 3: REILD, manageable non-invasively 1 (3)

Grade 4: REILD, requires invasive medical intervention 0 (0)

Grade 5: fatal REILD 3 (10)

Non assessable (i.e. concurrent tumor progression or infection) 5 (17)

Liver function classification

Child-Pugh

A5 13 (45)

A6 4 (14)

≥B7 9 (33)

Not assessable 3 (10)

ALBI grade

1 11 (38)

2 14 (48)

3 3 (10)

Not assessable 1 (3)

Abbreviations: ALBI, albumin-bilirubin; AST, aspartate aminotransaminase; ALT, alaninine 
aminotranferse; AP, Alkaline phosphatase; BCLC, Barcelona Clinic Liver Cancer; GGT, Gamma-
glutamyltransferase; INR, international normalized ratio; PT, prothrombin-time; SIRT, selective 
internal radiation therapy.
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Supplementary Table 2. Univariable comparison of patients with and without post-SIRT liver dysfunction 
and description of patients with REILD.

Variables

No liver 
dysfunction

(n=20)

All-cause
liver 

dysfunction
(n=9)

REILD

(n=4)

p-value
No vs all-

cause liver 
dysfunction

Demographics

Age – years (IQR) 67 (63-72) 67 (61-77) 71 (65-81) 0.850

Male sex (%) 19 (95) 8 (89) 4 (100) 0.532

Liver disease

Cirrhosis (%) 15 (75) 6 (67) 2 (50) 0.675

Child-Pugh grade (%) >0.999

A5 15 (75) 7 (78) 3 (75)

A6 5 (25) 2 (22) 1 (25)

Portal hypertension (%) 11 (55) 5 (56) 3 (75) >0.999

ALBI grade (%) 0.694

1 13 (65) 5 (56) 2 (50)

2 7 (35) 4 (44) 2 (50)

Tumor parameters

ECOG PS (%) 0.044

0 14 (70) 3 (33) 2 (50)

1 4 (20) 6 (67) 2 (50)

2 2 (10) 0 (0) 0 (0)

Tumor number (%) 0.352

1 1 (5) 0 (0) 0 (0)

2-3 3 (15) 0 (0) 0 (0)

>3 16 (80) 9 (100) 4 (100)

Tumor size (mm) 65 (43-98) 52 (28-81) 42 (19-66) 0.311

Macrovascular invasion (%) 5 (25) 2 (22) 0 (0) >0.999

BCLC stage (%) >0.999

B 14 (70) 7 (78) 4 (100)

C 6 (30) 2 (22) 0 (0)

Received prior treatments (%) 6 (30) 4 (44) 2 (50) 0.675

Serum tests (median, IQR)

AFP – ng/ml 86 (6-918) 8 (4-573) 8 (7-367) 0.469

Platelet count – x109 172 (99-247) 173 (139-255) 147 (106-202) 0.694

PT – sec 11.2 (10.8-12.3) 11.8 (11.5-11.9) 11.8 (10.6-12.7) 0.307

Albumin – g/l 40 (39-44) 39 (37-43) 40 (33-44) 0.390

Total bilirubin – µmol/L 12 (6-15) 13 (9-16) 14 (9-16) 0.532

AST – U/L 59 (40-98) 48 (41-110) 58 (45-128) 0.772

Supplementary Table 2. Continued.

Variables

No liver 
dysfunction

(n=20)

All-cause
liver 

dysfunction
(n=9)

REILD

(n=4)

p-value
No vs all-

cause liver 
dysfunction

SIRT-related parameters

Treatment (%) 0.642

Whole liver 4 (20) 3 (33) 2 (50)

Lobar 16 (80) 6 (67) 2 (50)

Type of microspheres (%) >0.999

Resin 17 (85) 8 (89) 3 (75)

Glass 3 (15) 1 (11) 1 (25)

Absorbed total activity – GBq 
(IQR)

1.5 (1.2-1.8) 1.8 (1.1-2.5) 2.5 (1.3-4.6) 0.835

Percentage lung shunt – % (IQR) 2.9 (1.7-4.4) 3.4 (1.6-5.8) 2.3 (1.0-3.3) 0.871

Abbreviations: REILD, radioembolization-induced liver disease; SIRT, selective internal radiation therapy.
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Supplementary Figure 1. Bland-Altmann plots of the relative change in volume versus the relative 
change in function of the non-treated (A) and treated part (B). The solid lines indicate the mean differ-
ences in relative change of the liver region, dashes lines indicate the limits of agreement (mean ±1.96 SD). 
Non-treated liver region; mean bias of -0.1% with limits of agreement from -45.3 to +45.3%. 
Treated liver region; mean bias of +18.3% with limits of agreement from -32.2 to +68.9%.

APPENDIX A

Proposed definition of REILD. Adapted from Braat et al. Eur J Gastroenterol Hepatol. 

2017 Feb;29(2):144-152. doi: 10.1097/MEG.0000000000000772.

On the basis of the current literature, we propose the following definition of REILD: 

‘a symptomatic post-RE (e.g. Radioembolization) deterioration in the ability of the 

liver to maintain its (normal or preprocedural) synthetic, excretory, and detoxifying 

functions. It is characterized by jaundice and the development of or increase in ascites, 

hyperbilirubinemia, and hypoalbuminemia developing at least 2 weeks – 4 months 

after RE, in the absence of tumor progression or biliary obstruction.’ Furthermore, 

hepatotoxicity after RE may be graded as follows:

· Grade 0: no liver toxicity (i.e. no CTCAE toxicity grade changes over baseline).
· Grade 1: minor liver toxicity, limited to increased aspartate aminotransferase, alanine 

aminotransferase, alkaline phosphatase, and/or γ-glutamyl transpeptidase levels (all not 
exceeding newly developed grade 1 CTCAE toxicity).

· Grade 2: moderate liver toxicity, with a self-limiting course. No medical intervention 
necessary.

· Grade 3: REILD, managable with noninvasive treatments such as diuretics, ursodeoxycholic 
acid, and steroids.

· Grade 4: REILD necessitating invasive medical treatment such as paracentesis, transfusions, 
hemodialysis, or a TIPS.

· Grade 5: fatal REILD.

Adapted from Common Terminology Criteria for Adverse Events (CTCAE) Version 4.0 

Published: May 28, 2009 (v4.03: June 14, 2010).

Grade 1 Grade 2 Grade 3 Grade 4 Grade 5
Albumin
(35-50)

<35-30 <30-20 <20 Life threatening

INR/PT*
(9.7-11.9)

>1-1.5 ULN
11.9-17.9

>1.5-2.5 ULN
18.0-30.0

>2.5/hemorrhage
>30

-

Bilirubin
(0-17)

>1-1.5x ULN
17-26

>1.5-3x ULN
26-51

>3-10x ULN
51-170

>10 ULN
>170

AST
(0-40)

>1-3x ULN
40-120

>3-5x ULN
120-200

5-20x ULN
200-800

>20x ULN
>800

-

ALT
(0-45)

>1-3x ULN
45-135

>3-5x ULN
135-225

5-20x ULN
225-900

>20x ULN
>900

-

AF
(40-120)

>1-2.5 ULN
120-300

>2.5-5x ULN
300-600

>5x-20x ULN
600-2400

>20x ULN
>2400

-

G-GT
(0-60)

>1-2.5 ULN
60-150

>2.5-5x ULN
150-300

>5x-20x ULN
300-1200

>20x ULN
>1200

-

*Compared to baseline if on anti-coagulation.
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ABSTRACT

Background: Survival outcomes of patients with hepatocellular carcinoma (HCC) 

treated with transarterial chemoembolization (TACE) are heterogeneous. Measuring 

the apparent diffusion coefficient (ADC) using diffusion-weighted imaging (DWI) may 

improve overall survival prediction.

Aim: To assess the value of measuring the ADC before and after TACE in predicting 

overall survival.

Methods: A retrospective analysis was performed in HCC patients treated with TACE 

at a tertiary referral center between 2008 and 2017. The ADC values and changes in 

ADC value (ΔADC) of HCC lesions (≥1 cm) and liver parenchyma were assessed by DWI 

≤3 months before and after first TACE. Pre- and post-TACE ADC values were compared 

with tumor response according to mRECIST and correlated with overall survival (OS) 

in a univariable and multivariable Cox-regression analysis.

Results: A total of 89 patients were included, mostly Child-Pugh A (85%) and BCLC 

stage B (53%) with a median OS of 21.7 months (95% CI 17.6-25.9). Tumor ADC 

increased from 1081 mm2/s before (IQR 964-1225) to 1328 mm2/s (IQR 1197-1560) 

after TACE (p<0.001). Responders according to mRECIST showed a higher ΔADC after 

first TACE than non-responders (26 vs. 14%, p=0.048). Pre-TACE ADC and ΔADC were 

not significantly associated with OS in both univariable and multivariable analysis, 

whereas response according to mRECIST remained an independent predictor of OS.

Conclusion: mRECIST was confirmed as an independent prognostic factor of OS, but 

pre- or post-TACE ADC measurements were not. Response according to mRECIST was 

associated with a higher increase in ADC than non-response.

INTRODUCTION

Worldwide, transarterial chemoembolization (TACE) is the most frequently applied 

treatment for patients with unresectable hepatocellular carcinoma (HCC)1. Survival 

outcomes following TACE are highly variable and individual patients outcomes, ranging 

between 11 and 45 months, are difficult to predict2, 3. It is widely acknowledged that 

a significant degree of variation in clinical outcomes can be attributed to differences 

in tumor stage (i.e., tumor size and number) and biological tumor behavior3. Current 

staging systems for HCC, including the guideline endorsed Barcelona Clinic Liver 

Cancer (BCLC) staging system2, 4, rely heavily on parameters such as performance 

status (Eastern Cooperative Oncology Group Performance Status (ECOG PS)), liver 

function (Child-Pugh score) and radiological tumor burden. The current standard for 

radiological response evaluation following TACE, i.e., modified Response Evaluation 

Criteria in Solid Tumors (mRECIST) criteria2, 5, focusses on the change in tumoral 

contrast enhancement on post-TACE CT or MRI. Improved staging and evaluation 

of response to TACE may be possible by more accurately assessing tumor biology. 

Histopathological and molecular subtyping of HCC is a promising technique to 

assess the tumor biology6, but this requires an invasive biopsy and needs further 

investigation prior to implementation in clinical practice.

Diffusion-weighted imaging (DWI) is an MRI-technique that detects motion of free 

water molecules (Brownian movement)7. In hypercellular tissues (i.e., fast growing 

tumors) the movement of water is ‘restricted’ by the cellular compartments, whereas 

in tissue with a lower cellular density or cell necrosis, there is ‘unrestricted’ water 

diffusion. The diffusion restriction, which can be quantified into an apparent diffusion 

coefficient (ADC), is therefore a way of non-invasively measuring the cellularity of 

(tumor) tissue. Prior studies have found an inverse correlation between ADC value 

and histological tumor grade and microvascular invasion8-11. Kamel et al. first 

demonstrated the feasibility of DWI for response assessment after TACE by showing 

that an increased tumoral ADC at 4-6 weeks after TACE corresponded to radiological 

and histological response12, 13. These findings have been confirmed by several studies 

using DWI at various time points after TACE (24 h to 6 weeks) in association with 

various outcomes of TACE response (RECIST, mRECIST, histopathological necrosis, 
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progression-free survival [PFS])14-19. Less studies have described the association 

between pre- and post-TACE ADC value with overall survival (OS)20-23, which remains 

the most robust endpoint in HCC. Moreover, the added value of DWI during routine 

clinical follow-up, which is often done by mRECIST at 4-8 weeks, remains unknown. 

Therefore, the aim of this study was to assess whether 1) pre- or post-TACE ADC is 

a predictor of OS and if 2) ADC measurements can improve the current standard of 

response evaluation using mRECIST.

METHODS

Study population

This retrospective study was approved by the Institutional Review Board (reference 

number W17_420#17.488) which waived the need for informed consent. This study 

included patients with HCC treated with TACE at our center between January 2008 

and December 2017 which were identified by searching the institutional patient 

registration system and radiology archive. Patients lacking an assessable MRI with 

the institutional DWI-protocol (b-values 50, 400, 800 s/mm2) ≤3 months prior to TACE 

or ≤12 weeks after first TACE were excluded from the pre-TACE and post-TACE analysis, 

respectively.

Diagnostic work-up and TACE procedure

According to the European Association for Study of the Liver (EASL) guidelines, HCC 

was diagnosed by histopathological or imaging criteria2. All patients were discussed 

in a multidisciplinary team (MDT) and considered for TACE according to the Barcelona 

Clinic Liver Cancer (BCLC) algorithm2, 4.

Accordingly, patients with intermediate stage (BCLC-B) HCC, or those with early stage 

(BCLC-A) not eligible for surgery or radiofrequency ablation (RFA), were considered 

for TACE. Segmental portal vein invasion (BCLC-C) was not considered an absolute 

contra-indication for TACE.

TACE was performed using a standardized technique as described previously24 using 

drug-eluting beads (DEB-TACE) loaded with doxorubicin (75-150 mg)(DC Beads 100-

300 µm, Terumo Europe, Belgium) or conventional TACE (cTACE) using an emulsion 

of doxorubicin (50-75 mg/m2) and lipiodol followed by gelatin sponge particles. 

Depending on size, number and distribution of HCC lesions, uni- or bilobar, TACE 

was done in one or more consecutive sessions. Tumor feeders were catheterized as 

selectively as possible with a microcatheter, followed by chemoembolization until 

intra-arterial stasis was observed. If it was technically not feasible to achieve complete 

devascularisation in one session, an additional TACE procedure was scheduled. 

First follow-up was done 6 weeks after the first TACE including clinical assessment, 

biochemistry and multiphasic MRI. The radiological response was assessed by expert 

abdominal radiologists using the mRECIST criteria25. Patients were re-evaluated in the 

MDT after each follow-up visit and additional TACE was done ‘on demand,’ followed 

by clinical and radiological response assessment every 3 months.

MRI technique and ADC measurement

Pre- and post-TACE MRI were performed on a 1.5 T system (Siemens Healthcare, 

Erlangen, Germany) with combined body and spine-phased array coils. The scan 

protocol consisted of a T1W (axial gradient echo in- and out-of-phase) sequence, an 

axial and coronal T2W (fat-saturated) sequence, and axial T2W (long and short echo 

time) sequences followed by an axial 2D echo planar imaging (EPI) DWI sequence with 

3 b values (50, 400, 800 s/mm2) before contrast series (Figure 1). Details of the DWI 

sequence are provided in Supplementary Table 1.

ADC measurements were retrospectively conducted by a trained investigator (TL), 

supervised by an expert abdominal radiologist (OVD, with 20 years of experience) on 

a high-resolution PACS workstation. The ADC value of a maximum of 3 HCC lesions, 

≥10 mm in diameter, was measured by delineating whole-lesion region of interests 

(ROI) at the level of the maximum transverse tumor diameter in the arterial phase. 

From the ADC-measurements of all target lesions the mean ADC was calculated. As a 

reference measurement, the ADC-value of non-tumor liver parenchyma was measured 

by drawing a circular ROI (ø 2 cm) on the contralateral liver lobe, while avoiding large 

vessels and biliary structures.

ADC values of HCC lesions and non-tumor liver parenchyma were measured on 

pre-TACE and post-TACE MRI. Increase in ADC value, ΔADC (%), was defined as:  

ΔADC = (( ADCpost-ADCpre)/ADCpre) x 100.
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Several cut-offs for ΔADC have been reported in the literature12, 15, 19, 20, 22, 23, therefore 

we analysed two frequently used cut-points (13.6% and 25%).

Because TACE is often performed repeatedly, the ADC values at time of best mRECIST 

response were also measured. Best response was assessed on a patient basis, 

selecting the first radiological evaluation following TACE that observed the best 

mRECIST response category (Complete response [CR] > Partial response [PR] >Stable 

disease [SD] >Progressive disease [PD]) for that patient.

Statistical analysis

Categorical data were described as frequencies with percentages and continuous 

data as medians with interquartile ranges (IQR). The change in ADC-value of HCC 

lesions and non-tumor liver parenchyma was assessed using the paired Wilcoxon test.

The primary endpoint, overall survival (OS), was defined from date of first TACE to 

date of death or last known date to be alive. Survival status was verified using the 

municipal records database on 4th of May 2018. If TACE was used as bridging treatment 

to liver resection or transplantation, OS was censored on date of surgery. Survival 

curves were plotted and compared using the Kaplan-Meier method and log-rank test. 

The association between OS and pre-TACE ADC, ΔADC and known prognostic factors3 

was assessed in a univariable Cox proportional hazard analysis. The subsequent 

multivariable analyses included factors that were associated with survival in 

univariable analysis (p<0.1) and pre-TACE ADC (pre-TACE model) or ΔADC (post-TACE 

model). As there are no validated cut-offs for pre-TACE ADC, we dichotomized the 

population according to high (above median) or low (equal to or below median) pre-

TACE ADC subgroups. Additionally, the correlation between pre-TACE ADC and OS was 

expressed using the Spearman’s rank correlation coefficient (ρ).

To assess the association between ADC-values and radiological response, patients 

were categorized into two subgroups according to the mRECIST response at first 

follow-up. Patients with partial or complete response (PR/CR) were classified as 

responder, whereas non-responders had stable or progression disease (SD/PD). 

The Mann-Whitney U test was used to compare pre- and post-TACE ADC and ΔADC 

between responders and non-responders. The area under the receiver operating 

characteristics (AUROC) curve was used to assess the accuracy index of ΔADC in 

predicting mRECIST response and quantify the sensitivity and specificity of ΔADC 

cut-points. For all statistical tests, a two-tailed p-value of < 0.05 was considered 

statistically significant. All analyses were performed using IBM SPSS Statistics for 

Windows Version 24.0 (IBM Corp., Armonk, NY, USA).

Figure 1. Pre- and Post-TACE contrast-enhanced (CE) MRI of a 75-year-old man with cirrhosis due to 
hemochromatosis and HCC. Pre-TACE MRI shows a 3.9 cm HCC nodule (arrows) in segment 7 of the liver 
with arterial enhancement (a) and delayed phase washout (c) on T1-weighted imaging. The lesion shows 
diffusion restriction on the Diffusion Weighted Imaging (DWI) using b-values of 50, 400, 800 s/mm2 (e). 
Post-TACE imaging shows a complete response of the HCC to TACE with complete necrosis (b, d). Only a 
peripheral enhancing rim, representing inflammatory change remains visible. The lesion has an increased 
signal on DWI (f) using the same b-values caused by T2 shine-through. The tumor ADC increased from 
959 mm2/s (g) to 1564 mm2/s (h), reflecting a ΔADC of 63%.
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RESULTS

Patients characteristics

Of the 203 consecutive HCC patients treated with TACE between January 2008 and 

December 2017, 113 patients were excluded due to non-available (i.e., CT-imaging) or 

poor quality pre-TACE MRI-images (n=105) or different b-values of the DWI-sequence 

(n=8)(Figure 2). One patient was not assessable because of extensive tumor necrosis 

after embolization of tumor bleeding prior to first TACE. Consequently, 89 patients 

treated with TACE between September 2008 and November 2017, formed the pre-TACE 

study cohort. Patient characteristics and treatment details are summarized in Table 1. 

The majority of patients had 1-3 tumors (75%) with a median largest tumor size of 42 

mm (IQR 35-58). The median number of TACE procedures was 2 (range 1-7). Fourteen 

patients were bridged to surgical resection or liver transplantation. At first follow-up 

following TACE, 52 (58%) patients were assessed by MRI including DWI-sequence and 

were available for post-TACE ADC analysis.

Figure 2. Consort flow diagram.

Table 1. Baseline characteristics of patients.

Characteristic All patients (N=89)
Clinical parameters
Age – yr (IQR) 69 (61-73)
Males – n (%) 70 (79)
Etiology – n (%)

Alcohol 33 (37)
HBV 11 (12)
HCV 28 (32)
NAFLD/NASH 11 (12)
Other/Unknown 16 (18)

Cirrhosis – n (%) 78 (88)
Child-Pugh class – n (%)

A 76 (85)
B 13 (15)

ECOG PS – n (%)
0 53 (60)
1 30 (34)
2 6 (7)

BCLC stage – n (%)
0 or A 39 (44)
B 47 (53)
C 3 (3)

Number of nodes – n (%)
1 31 (35)
2-3 36 (41)
>3 22 (25)

Size of largest node – mm (IQR) 42 (35-58)
Macroscopic vascular invasion – n (%) 3 (3)
TACE details
TACE usage – n (%)

Bridge to Liver transplantation / Resection 14 (16)
Received prior HCC treatment 16 (18)
TACE was primary HCC treatment 59 (66)

TACE details – n (%)
cTACE 6 (7)
deb-TACE 83 (93)
Unilobar 65 (73)
Bilobar 24 (27)

Number of TACE (range) 2 (1-7)

Abbreviations: BCLC, Barcelona Clinic Liver Cancer classification; ECOG PS, Eastern Cooperative 
Oncology Group performance status; HBV, hepatitis B virus; HCV, Hepatitis C virus; NAFLD/NASH, Non-
alcoholic fatty liver disease/Non-alcoholic steatohepatitis; TACE, transarterial chemoembolization.
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Pre- and post-TACE ADC values

The MRI was conducted a median of 5 weeks (IQR 4-8) before and 6 weeks (IQR 5-7) 

after first TACE, respectively. The ADC characteristics prior to and after TACE are 

shown in Table 2 and Figure 3. The pre-TACE ADC measurement was not possible in 

5/89 (6%) patients or 41/178 (23%) of the target lesions because these lesions were 

not visible using DWI (12%) or too small (<1 cm) for a reliable measurement (11%). 

At first follow-up, HCC lesions were not visible in 4/52 (8%) patients or 18/98 (18%) 

target lesions, whereas 8/98 (8%) target lesions were too small for ADC measurement. 

Consequently, adequate ADC measurements were possible in 85 patients with 137 

target lesions pre-TACE, and 48 patients with 72 target lesions post-TACE.

The median pre-TACE ADC was 1075 mm2/s (IQR 944-1187). In the HCC lesions with 

both pre- and post-TACE imaging, there was a significant increase between pre-TACE 

ADC-value (1081 mm2/s, IQR 964-1225) and post-TACE ADC-value (1328 mm2/s, IQR 

1197-1560)(p<0.001), reflecting a median increase of 22.4% (IQR 11.3-38.0%).

Table 2. ADC characteristics at first and best response.

Characteristic All Patients Non-responders Responders p-value

Prior to TACE-1 N=89

ADC HCC lesion(s) – (IQR)* 1075 (944-1187) NA NA

ADC non-tumoral liver tissue – (IQR) 965 (941-1076) NA NA

At first response after TACE-1 N=52 N=17 N=35

Average ADC baseline – (IQR)* 1081 (964-1225) 1079 (998-1218) 1084 (959-1230) 0.956

Average ADC at 1FU – (IQR)** 1328 (1197-1560) 1198 (1125-1374) 1375 (1280-1574) 0.019

ADC non-tumoral liver tissue – (IQR) 1001 (91-1077) 981 (853-1020) 1018 (914-1083) 0.252

Δ ADC – % (IQR)*** 22.4 (11.3-38.0) 14.4 (2.7-24.7) 25.7 (11.5-51.4) 0.048

At best response according to 
mRECIST N=52 N=9 N=43

Average ADC baseline – (IQR)* 1081 (964-1225) 1174 (1076-1233) 1081 (959-1228) 0.420

Average ADC at BR – (IQR)**** 1278 (1155-1564) 1198 (1136-1580) 1280 (1174-1552) 0.756

ADC non-tumoral liver tissue – (IQR) 1011 (892-1075) 1021 (838-1056) 1004 (899-1079) 0.818

Δ ADC – % (IQR)***** 15.7 (5.7-43.6) 11.5 (1.2-28.3) 16.5 (5.7-49.1) 0.433

*Lesion(s) not visible and too small (<1cm) in 4 and 1 patient, respectively. 
**Lesion(s) not visible in 4 patients. 
***Unable to calculate in 5 patients due to unmeasurable lesions pre- or post-TACE. 
****Lesion(s) not visible in 5 patients. 
*****Unable to calculate in 5 patients due to unmeasarable lesions pre- or post-TACE.

Figure 3. Box plots distributions of pre- and post-TACE ADC values in (a) tumor lesions, (b) liver paren-
chyma and (c) tumor lesions, stratified according to mRECIST response after first TACE. (d) Box plot 
distribution of difference in ADC (ΔADC) according to mRECIST response after TACE. Boxes represent 
25–75 percentiles of data values. Line in box represents median value.

Non-tumor liver parenchyma did not show a significant increase in ADC-value (965 to 

1001 mm2/s, p=0.181). According to the mRECIST criteria, there was CR in 10 (19%), PR 

in 25 (48%), SD in 4 (8%), and PD in 13 patients (25%). Responders (CR/PR) showed a 

higher ADC value (1375 vs. 1198 mm2/s, p=0.019) and ΔADC (25.7 vs. 14.4%, p=0.048) 

after first TACE than non-responders (SD/PD). ΔADC could moderately discriminate 

mRECIST responders and non-responders with an AUROC of 0.68 (95% CI 0.53-0.83)

(Supplementary Figure 1). For example, at the 25% cut-off, ΔADC had 52% sensitivity 

and 81% specificity for predicting mRECIST response, whereas this was 71% sensitivity 

and 50% specificity at the 13.6% cut-off for ΔADC.
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ADC at best response according to mRECIST

Using repeated TACE, eight patients (15%) achieved response after initial non-

response, including: PD → CR (n=4), PD → PR (n=2) and SD → CR (n=2). Consequently, 

the best response according to mRECIST was CR in 29 (56%), PR in 14 (27%), SD in 

3 (6%) and PD in 6 (12%) patients. The best mRECIST response was observed after 

1, 2 and 3 TACE procedures in 28 (54%), 19 (37%) and 5 (10%) patients respectively. 

MRI was conducted after a median of 10 weeks (IQR 6-22 weeks) following first TACE. 

Comparing with first and best response, there was a lower, albeit still significant 

(p<0.001), increase from pre-TACE ADC-value (1081 mm2/s, IQR 964-1225) to best-

response ADC-value (1278 mm2/s, IQR 1155-1564), reflecting a median increase of 

15.7% (IQR 5.7-43.6%). When patients were stratified according to best mRECIST 

response, there was no significant difference in ΔADC between non-responders and 

responders (11.5 vs. 16.5%, p=0.433).

ADC value and overall survival

At the time of final survival follow-up, after a median follow-up period of 29.8 months 

(95% CI 17.3-42.3), 53 of 89 (60%) patients had died. The median OS was 21.7 months 

(95% CI 17.6-25.9). There was no significant correlation between OS and pre-TACE 

ADC value (ρ=0.085, p=0.443) (Figure 4a). When stratifying patients according to 

high (>1075 mm2/s) or low (≤1075 mm2/s) pre-TACE ADC, there were no significant 

differences in OS (23.8 months versus 21.7 months, p=0.111) (Figure 4b). When 

included in the multivariable analysis together with known pre-TACE predictors of 

OS, only tumor number and serum alpha-fetoprotein (AFP) remained independent 

predictors (Table 3).

At first follow-up, there were significant differences in OS between responders and 

non-responders according to mRECIST criteria (24.5 vs. 18.3 months, log-rank p=0.038) 

(Figure 4c). There were no significant differences in OS between patients with low 

or high ΔADC after first TACE, both at the 13.6% (HR 1.06, 95% CI 0.49-2.30) and 25% 

cut-off (HR 0.71, 95% CI 0.32-1.58) (Table 3, Figure 4d). In a second multivariable 

model including baseline predictors, ΔADC (>25% vs. ≤25%) and mRECIST response 

at first follow-up, response according to mRECIST remained independently associated 

with improved OS (HR 0.24, 95% 0.08-0.74), whereas ΔADC was not (HR 1.60, 95% CI 

0.60-4.25). A model including the 13.6% cut-off for ΔADC yielded similar results (data 

not shown).

Figure 4. The association between pre- and post-ADC measurements and overall survival. (a) Correlation 
between pre-TACE ADC and overall survival. (b) Overall survival according to according to high (>1075 
mm2/s) or low (≤ 1075 mm2/s) ADC prior to first TACE. (c) Overall survival according to mRECIST response; 
Complete or partial response versus stable or progressive disease. (d) Overall survival according to ADC 
response; High (>25%) or low (≤25%) ΔADC.
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DISCUSSION

In our study of HCC patients treated with TACE, we confirmed that patients with 

radiological tumor response as assessed per mRECIST criteria have an increased 

ADC after TACE. However, neither pre-TACE ADC nor ΔADC at the routine response 

evaluation after first TACE were significantly associated with OS, whereas response 

based on the mRECIST criteria was confirmed as a significant prognostic factor.

In concordance with prior studies there was a significantly higher ΔADC in patients who 

responded to TACE according to the mRECIST criteria12, 14, 15, 19, 22. Prior studies mainly 

showed the superiority of evaluating the post-TACE tumor ADC-value and contrast-

enhancement (mRECIST) over the tumor size alone (RECIST)12, 14, 15 or underscored 

the significant association between increased ADC and prolonged progression-free 

survival (PFS)15, 16. However, endpoints like PFS or time to progression (TTP) have 

limited accuracy in representing TACE benefit in terms of OS2. Overall survival remains 

the most robust endpoint for TACE benefit, but this requires a long follow-up (>24 

months). Given the increasing number of subsequent liver-directed and systemic 

treatment options after TACE failure, there is an increasing clinical need for validated 

methods to predict OS benefit following TACE.

In our study, both pre-TACE ADC and ΔADC after first TACE were not significantly 

associated with OS, whereas mRECIST was an independent predictor of OS. This confirms 

prior studies showing the prognostic value of mRECIST response after TACE21, 26-29. 

Despite a multitude of studies on ADC measurements in HCC patients treated with 

TACE8-12, 14, 15, 17-23, few other studies reported on the association between ADC and OS20-23. 

One Chinese study with limited sample size (n=23) found a significant association 

between pre-TACE ADC and OS23, and 4 studies showed a significant association 

between ΔADC and OS20, 21, 23. The differences in outcomes with the present study 

should be considered in light of the differences in study methodology. Three prior 

studies only reported a univariable association between ΔADC and OS14, 21, 23, as 

opposed to the study by Corona et al.22 and the present study in which more robust 

multivariable analyses were performed. Moreover, the timing of follow-up imaging 

after TACE was earlier in prior studies (3 h to 4 weeks) than our study (6 weeks). Kamel 

et al. described the serial changes of ADC value following TACE, showing that the 
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largest difference in ADC-value was at 1-2 weeks which declined after 3-4 weeks30. 

Serial measurements showed that the change in arterial and venous enhancement 

remained stable during 1-4 weeks after TACE. Consequently, the response evaluation 

performed in this study may have detected these (stable) differences in contrast-

enhancement (mRECIST), but the decreased differences in ADC-value at 6 weeks could 

have diluted the association with OS. This was underscored by our ADC measurements 

at the best response to TACE (median of 10 weeks), showing a lower median ADC value 

than measurement after first TACE.

As ADC-quantification prior to TACE and after 6 weeks did not provide better survival 

prediction than mRECIST in this study, more studies are needed to validate the value 

of earlier DWI (i.e., <4 weeks or <24h) for this purpose. DWI is a short MRI sequence 

which does not require contrast injection, making it a promising technique for early 

response evaluation or in patients who are unable to receive contrast (i.e., renal 

failure). Replacing mRECIST at regular follow-up intervals appears not yet feasible 

due to the moderate accuracy (AUROC 0.68) of ΔADC in predicting treatment response 

according to mRECIST. Improved DWI quality or earlier response evaluation using DWI 

might improve the prognostic performance of DWI and ADC measurements. However, 

some limitations to DWI and ADC quantification should be noted. Reflected by the 

significant number of not-evaluable patients (6%) and target lesions (23%), ADC 

measurements are limited by inconsistent image quality and decreasing accuracy 

in measuring small lesions (< 1 cm). Moreover, it is currently poorly defined how to 

handle the significant intra-patient (i.e. mixed tumor response) and intra-tumoral 

(i.e., viable and necrotic parts of lesions) heterogeneity in response evaluation using 

ADC. This may cause inter-observer variability and reduce the reproducibility of ADC 

values especially in diffuse infiltrating or partially responding tumors. According to 

RECIST and mRECIST criteria, mixed response is accounted for by measuring the sums 

of (arterial enhancing) tumor diameters5. Similarly, in this study we assessed TACE 

response on a patient basis by selecting the largest tumor diameter of a maximum 

of 3 target lesions and calculating the average ADC before and after TACE. Lastly, 

standardized DWI-settings (i.e., b-values) or validated cut-offs for pre-ADC or ΔADC 

values are lacking. Similar to prior retrospective DWI studies14, a large number of 

patients had to be excluded from this study due to differences in imaging modality 

(n=102) or differences in DWI protocol (n=8). Future prospective studies with 

standardized protocols are needed to address these issues prior to implementation 

in clinical practice.

In conclusion, in HCC patients treated with TACE, we confirmed the significant 

increase in ADC value in patients responding according to the mRECIST criteria. 

mRECIST response was independently associated with improved OS, but pre-TACE 

ADC and change in ADC at first routine follow-up were not significantly associated 

with OS. Therefore, HCC staging or response assessment at routine clinical follow-up 

based on ADC measurements is not ready to replace the current staging parameters 

or response assessment using the mRECIST criteria.
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SUPPLEMENTARY MATERIAL
 
Supplementary Table 1. DWI 2D EPI sequence parameters (1.5 T Siemens).

Parameter

Field of view (mm x mm) 380 x 309

Acquisition matrix (readout x phase) 192 x 153

Number of slices 30

Slice thickness (mm) 6

Repetition time (ms) 5300

Echo time (ms) 75

Fat suppression SPAIR

Number of signal averages 4

Abbreviations: SPAIR: Spectral Attenuated Inversion Recovery.

Supplementary Figure 1. Receiver operating curve (ROC) of Δ ADC in predicting radiological response ac-
cording to the mRECIST criteria. Area under the receiver operating curve (AUROC): 0.68 (95% CI 0.53-0.83).



CHAPTER
Prediction of survival among patients  
receiving transarterial chemoembolization 
for hepatocellular carcinoma: 
A response-based approach

G. Han, S. Berhane, H. Toyoda, D. Bettinger, O. Elshaarawy, A.W.H. Chan, 

M. Kirstein, C. Mosconi, F. Hucke, D. Palmer, D.J. Pinato, R. Sharma, D. Ottaviani, 

J.W. Jang, T.A. Labeur, O.M. van Delden, M. Pirisi, N. Stern, B. Sangro, T. Meyer, 

W. Fateen, M. García-Fiñana, A. Gomaa, I. Waked, E. Rewisha, G.P. Aithal, 

S. Travis, M. Kudo, A. Cucchetti, M. Peck‑Radosavljevic, R.B. Takkenberg, 

S.L. Chan, A. Vogel, P.J. Johnson

Hepatology, 2019 Nov 7. Online ahead of print.

4



108 109

Chapter 4 Prediction of survival after TACE for HCC

4

ABSTRACT

Background and Aims: The heterogeneity of intermediate-stage hepatocellular 

carcinoma (HCC) and the widespread use of transarterial chemoembolization (TACE) 

outside recommended guidelines have encouraged the development of scoring 

systems that predict patient survival. The aim of this study was to build and validate 

statistical models that offer individualized patient survival prediction using response 

to TACE as a variable.

Approach and Results: Clinically relevant baseline parameters were collected for 

4,621 patients with HCC treated with TACE at 19 centers in 11 countries. In some of 

the centers, radiological responses (as assessed by modified Response Evaluation 

Criteria in Solid Tumors [mRECIST]) were also accrued. The data set was divided 

into a training set, an internal validation set, and two external validation sets. A pre-

TACE model (“Pre-TACE-Predict”) and a post-TACE model (“Post-TACE-Predict”) that 

included response were built. The performance of the models in predicting overall 

survival (OS) was compared with existing ones. The median OS was 19.9 months. 

The factors influencing survival were tumor number and size, alpha-fetoprotein, 

albumin, bilirubin, vascular invasion, cause, and response as assessed by mRECIST. 

The proposed models showed superior predictive accuracy compared with existing 

models (the hepatoma arterial embolization prognostic score and its various 

modifications) and allowed for patient stratification into four distinct risk categories 

whose median OS ranged from 7 months to more than 4 years.

Conclusions: A TACE-specific and extensively validated model based on routinely 

available clinical features and response after first TACE permitted patient-level 

prognostication.

INTRODUCTION

International guidelines recommend transarterial chemoembolization (TACE) for 

patients with hepatocellular carcinoma (HCC) at the Barcelona Clinic Liver Cancer 

(BCLC) intermediate stage (B) or for those at the BCLC 0/A stage who are not candidates 

for percutaneous ablation, liver resection, or transplantation by virtue of the tumor 

location, portal hypertension, or comorbidity1, 2. This recommendation was based on 

two randomized trials and subsequent studies3-7. However, the heterogeneity of this 

“intermediate” population has been extensively documented, and the unmet need 

of stratification according to baseline features has been emphasized8, 9.

Among those in the cohort who are classified as “ideal candidates” for TACE, an 

expected median survival in the order of 30 months is quoted, but even within this 

patient group, there is a wide variation in survival3, 7, 10. However, in practice, many 

patients receive TACE outside the guideline criteria. For example, vascular invasion 

(VI) is not always considered a contraindication to TACE11; therefore, in this expanded 

population, variation in survival may be even greater. This wide variability in survival 

has led to attempts to define the prognostic features and combine these into scores 

(or “models”) that can be applied to assess prognosis at a subgroup or individual 

patient level. One frequently quoted aim is to identify that subgroup of patients who 

respond poorly to TACE and may be considered for systemic therapies8, 12.

Among the first prognostic scores to be developed was the hepatoma arterial 

embolization prognostic (HAP) score, which is based on a simple points system 

involving tumor size, alpha-fetoprotein (AFP), bilirubin, and albumin13. The HAP 

score, which was enhanced by Kim et al.14 by adding tumor number (referred to as 

the modified HAP-II [mHAP-II]), has the advantage of easy applicability and simplicity 

but does not permit individual patient-level prognostication. This limitation was 

overcome by Cappelli et al., who developed the modified HAP-III (mHAP-III) to 

include HAP variables, together with tumor number in their continuous (as opposed 

to dichotomized) form15. mHAP-III permits individual patient-level prognostication 

expressed as the likelihood of survival at a specific period of time after the first TACE.

A second, and more important, limitation of current scores is that they may be HCC-

specific rather than TACE-specific.
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In this study, it was confirmed that the HAP score is HCC-specific rather than TACE-

specific, and we present TACE-specific models that permit accurate individualized 

patient survival prediction.

PATIENTS AND METHODS

This analysis was reported according to the Transparent Reporting of a Multivariable 

Prediction Model for Individual Prognosis or Diagnosis guidelines16.

As a prelude to the main study, the specificity of the HAP score for patients undergoing 

TACE was examined in 3,556 patients with early HCC who underwent resection and 

in 967 patients with advanced HCC who received sorafenib within clinical trials17, 18.

In the main study, the reported TACE cohort19 was expanded by collecting further 

cases in which the response to TACE according to the modified Response Evaluation 

Criteria in Solid Tumors (mRECIST)20, 21 was recorded. This analysis has involved 

only patients who were classified by the local investigator as undergoing TACE as 

their primary and first treatment. Patients whose TACE was used as a bridge to 

transplantation or other potentially curative treatment options were excluded, as 

were patients with extrahepatic metastasis. The study protocol conformed to the 

ethical guidelines of the 1975 Declaration of Helsinki as reflected in a priori approval 

by the appropriate institutional review committee.

All participating centers had specific expertise in the management of HCC and the 

practice of TACE. There were 19 centers representing 11 different countries, including 

a reported multicenter cohort22, 23 that comprised patients from London (United 

Kingdom), Osaka (Japan), Seoul (Korea), and Novara (Italy) (Tables 1 and 2). Most 

centers used “conventional” TACE, although several moved to drug-eluting bead 

(DEB)-based TACE after 2008. In all centers, patients were followed up by computed 

tomography (CT) or magnetic resonance imaging scans once every 3 months after 

stable disease (SD) had been attained.

Baseline variables available in all the centers were age, sex, cause (hepatitis C virus 

[HCV], hepatitis B virus [HBV], alcohol, or “other”), tumor number (solitary or multiple), 

tumor size (centimeters), VI, Child-Pugh grade, albumin (grams per liter), bilirubin 

(micromoles per liter), and AFP (nanograms per milliliter). The approach to TACE (DEB-

based or lipiodol-based methods) was not proscribed, although no case received 

transarterial radioembolization. The “other” cause comprised mainly patients with 

nonalcoholic fatty liver disease (NAFLD), other types of chronic liver disease, and more 

than one cause. The first TACE procedure was undertaken within 6 weeks of diagnosis, 

and laboratory data were recorded during that period. VI (including portal vein, 

hepatic vein, and inferior vena cava involvement) was assessed in the portal phase 

of CT and supplemented where appropriate by arterial portography and classified as 

“present” or “absent”. Response assessments according to mRECIST20, 21 were made 

within the 6 to 9 weeks following the first TACE treatment. mRECIST response was 

categorized as complete response (CR), partial response (PR), SD, and progressive 

disease (PD). mRECIST data were available in eight of the 17 cohorts (2,688 patients). 

This analysis did not take into account further TACE treatments undertaken after the 

first one. Liver function was assessed by the Child-Pugh grade (as graded by the local 

investigator) and the albumin-bilirubin (ALBI) score, the latter being graded according 

to the published cut-off points18. Grades 1, 2, and 3 refer to good, intermediate, and 

poor liver function, respectively. Data on treatment of hepatitis C with direct-acting 

antivirals (DAAs) were not collected, but an estimate of the number who might have 

received this therapy was gained by assessing the date of TACE treatment, assuming 

there were only a very limited number who would receive DAAs before January 2012. 

After generation of the models, as described below, they were externally validated 

in independent data sets from China and Germany, representing “Eastern” and 

“Western” cohorts respectively. External validation and calibration were undertaken 

using methods described by Royston and Altman24, 25.
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Table 1. Patient characteristics.

Variable
Xi’an, 
China 
(N=786)

Freiburg, 
Germany 
(N=407)

Menofia, 
Egypt 
(N=391)

Hannover, 
Germany 
(N=356)

Hong Kong 
1  
(N=140)

Hong Kong 
2 
(N=242)

Bologna, 
Italy 
(N=234)

Ogaki,  
Japan 
(N=613)

Amsterdam,  
NL  
(N=138)

Pamplona, 
Spain  
(N=85)

Birmingham,  
UK  
(N=167)

Liverpool,  
UK  
(N=132)

London,  
UK 1  
(N=114)

London,  
UK 2  
(N=84)

Nottingham,  
UK  
(N=41)

Klagenfurt, 
Austria 
(N=220)

Multicentre* 
(N=471)

Age (years) 54 (11.9),  
n=785

67 (9.3), 
n=407

59 (8.3), 
n=391

64 (11.0), 
n=356

64 (10.4),  
n=140

62 (11.3),  
n=242

65 (9.7), 
n=234

65 (9.7),  
n=613

68 (9.8),  
n=138

64 (10.5),  
n=84

64 (10.3),  
n=166

69 (9.4),  
n=132

64 (10.1), 
n=114

65 (9.6),  
n=84

70 (8.8),  
n=41

67 (9.8),  
n=220

69 (10.6),  
n=471

Male, n(%) 654 (83.9), 
n=780

349 (85.8), 
n=407

282 (72.1), 
n=391

286 (80.3), 
n=356

121 (86.4), 
n=140

209 (86.4), 
n=242

177 (75.6), 
n=234

456 (74.4), 
n=613

106 (76.8), 
n=138

72 (84.7),  
n=85

133 (79.6),  
n=167

112 (84.9), 
n=132

99 (86.8), 
n=114

73 (86.9),  
n=84

33 (80.5),  
n=41

189 (85.9), 
n=220

348 (73.9), 
n=471

Etiology, n(%) n=786 n=407 n=379 n=354 n=140 n=242 n=233 n=610 n=133 n=81 n=94 n=121 n=106 n=83 n=41 n=205 n=471

HCV 19 (2.4) 87 (21.4) 347 (91.6) 82 (23.2) 11 (7.9) 18 (7.4) 129 (55.4) 349 (57.2) 29 (21.8) 42 (51.9) 26 (27.7) 10 (8.3) 27 (25.5) 23 (27.7) 5 (12.2) 63 (30.7) 232 (49.3)

HBV 708 (90.1) 42 (10.3) 24 (6.3) 56 (15.8) 111 (79.3) 196 (81.0) 27 (11.6) 108 (17.7) 11 (8.3) 9 (11.1) 16 (17.0) 2 (1.7) 17 (16.0) 8 (9.6) 0 (0) 16 (7.8) 98 (20.8)

Alcohol 1 (0.1) 154 (37.8) 0 (0) 100 (28.3) 0 (0) 0 (0) 27 (11.6) 0 (0) 43 (32.3) 15 (18.5) 42 (44.7) 32 (26.5) 16 (15.1) 10 (12.1) 14 (34.2) 102 (49.8) 85 (18.1)

Other 58 (7.4) 124 (30.5) 8 (2.1) 116 (32.8) 18 (12.9) 28 (11.6) 50 (21.5) 153 (25.1) 50 (37.6) 15 (18.5) 10 (10.6) 77 (63.6) 46 (43.4) 42 (50.6) 22 (53.7) 24 (11.7) 56 (11.9)

ECOG, n(%) n=786 n=407 n=391 NA NA n=125 n=234 NA n=132 n=85 n=40 NA n=57 n=74 n=41 n=220 NA

0 427 (54.3) 311 (76.4) 324 (82.9) NA NA 55 (44.0) 192 (82.1) NA 62 (47.0) 72 (84.7) 26 (65.0) NA 35 (61.4) 40 (54.1) 24 (58.5) 220 (100) NA

1 355 (45.2) 46 (11.3) 67 (17.1) NA NA 68 (54.4) 42 (18.0) NA 54 (40.9) 10 (11.8) 9 (22.5) NA 13 (22.8) 22 (29.7) 12 (29.3) 0 (0) NA

2 4 (0.5) 50 (12.3) 0 (0) NA NA 1 (0.8) 0 (0) NA 15 (11.4) 2 (2.4) 3 (7.5) NA 9 (15.8) 11 (14.9) 5 (12.2) 0 (0) NA

3 0 (0) 0 (0) 0 (0) NA NA 1 (0.8) 0 (0) NA 1 (0.8) 1 (1.2) 2 (5.0) NA 0 (0) 1 (1.4) 0 (0) 0 (0) NA

Baseline Child 
grade, n(%) n=786 n=407 n=391 n=338 n=140 n=242 n=234 n=613 n=134 n=85 n=167 n=132 n=91 n=83 n=40 n=220 n=469

A 712 (90.6) 291 (71.5) 283 (72.4) 230 (68.1) 107 (76.4) 195 (80.6) 156 (66.7) 320 (52.2) 104 (77.6) 51 (60.0) 151 (90.4) 120 (90.9) 68 (74.7) 70 (84.3) 27 (67.5) 136 (61.8) 343 (73.1)

B 72 (9.2) 104 (25.6) 108 (27.6) 105 (31.1) 31 (22.1) 43 (17.8) 71 (30.3) 255 (41.6) 29 (21.6) 31 (36.5) 16 (9.6) 12 (9.1) 22 (24.2) 13 (15.7) 11 (27.5) 84 (38.2) 124 (26.4)

C 2 (0.3) 12 (3.0) 0 (0) 3 (0.9) 2 (1.4) 4 (1.7) 7 (3.0) 38 (6.2) 1 (0.8) 3 (3.5) 0 (0) 0 (0) 1 (1.1) 0 (0) 2 (5.0) 0 (0) 2 (0.4)

Median follow 
up, months  
(95% CI)

45.0  
(41.7, 51.2),  
n=784

89.2  
(68.4, 129.0), 
n=406

47.3 (44.7, 50.9), n=3420

Median OS, 
months  
(95% CI)

14.6  
(13.0, 16.6), 
n=784

17.6  
(14.8, 20.4), 
n=406

21.2 (20.3, 22.2), n=3420

*centres involved London (UK), Osaka (Japan), Seoul (Korea) and Novara (Italy). 
Abbreviations: CI, confidence intervals; ECOG, Eastern Cooperative Oncology Group; HBV, hepatitis B 
virus; HCV, hepatitis C virus; OS, overall survival.
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Table 2. Tumor characteristics & laboratory results.

Variable
Xi’an, 
China 
(N=786)

Freiburg, 
Germany 
(N=407)

Menofia, 
Egypt 
(N=391)

Hannover, 
Germany 
(N=356)

Hong Kong 
1 
(N=140)

Hong Kong 
2 
(N=242)

Bologna, 
Italy 
(N=234)

Ogaki, 
Japan 
(N=613)

Amsterdam, 
NL 
(N=138)

Pamplona, 
Spain  
(N=85)

Birmingham, 
UK 
(N=167)

Liverpool, 
UK 
(N=132)

London, 
UK 1 
(N=114)

London, 
UK 2 
(N=84)

Nottingham, 
UK 
(N=41)

Klagenfurt, 
Austria 
(N=220)

Multicentre* 
(N=471)

Solitary tumours,  
n(%)

396 (51.2), 
n=774

132 (32.5), 
n=406

161 (41.2), 
n=391

77 (21.8), 
n=353

59 (42.5), 
n=139

82 (33.9), 
n=242

108 (46.2), 
n=234

190 (31.1), 
n=612

42 (30.4), 
n=138

27 (31.8),  
n=85

59 (36.7),
n=161

63 (47.7), 
n=132

48 (42.5), 
n=113

30 (35.7), 
n=84

18 (43.9),  
n=41

73 (33.2), 
n=220

107 (27.3), 
n=392

Tumor size (cm) 8.5  
(5.5, 11.8), 
n=741

5.0  
(3.2, 7.6), 
n=407

4.5  
(3.4, 5.9), 
n=391

4.8  
(3.1, 7.6), 
n=329

5.9  
(3.8, 10), 
n=136

6.3  
(4, 10),  
n=230

3 .1 
(1.9, 4.3), 
n=234

3.4  
(2.2, 5.1), 
n=564

5.0  
(3.9, 6.8), 
n=137

6.0 
(3.3, 9.0),  
n=79

5.1  
(4.0, 7.9),  
n=154

4.6  
(3.3, 6.8), 
n=132

5.0  
(3.2, 7.3), 
n=109

3.8  
(2.1, 6.4), 
n=84

5.0  
(3.5, 10.7), 
n=41

4.0  
(3.0, 6.3), 
n=220

3.5  
(2.2, 5.8), 
n=471

Vascular invasion,  
n(%)

242 (30.8), 
n=786

20 (4.9), 
n=407

0 (0), 
n=436

42 (11.9), 
n=352

14 (10.0), 
n=140

34 (14.1), 
n=242

2 (0.9),  
n=234

168 (27.5), 
n=612

8 (5.8), 
n=138

12 (14.1),  
n=85

47 (28.1), 
n=167

5 (3.8),  
n=131

7 (6.2),  
n=113

0 (0) 4 (9.8),  
n=41

0 (0) 44 (9.3),  
n=471

Baseline ALBI grade 
n (%)

n=784 n=407 n=391 n=355 n=140 n=242 n=234 n=612 n=124 n=75 n=167 n=132 n=97 n=82 n=41 n=220 n=389

1 337 (43.0) 128 (31.5) 89 (22.8) 95 (26.8) 35 (25.0) 94 (38.8) 58 (24.8) 81 (13.2) 66 (53.2) 17 (22.7) 78 (46.7) 58 (43.9) 28 (28.9) 35 (42.7) 5 (12.2) 51 (23.2) 124 (31.9)

2 434 (55.4) 244 (60.0) 262 (67.0) 230 (64.8) 94 (67.1) 135 (55.8) 158 (67.5) 434 (70.9) 48 (38.7) 46 (61.3) 87 (52.1) 71 (53.8) 60 (61.9) 43 (52.4) 31 (75.6) 150 (68.2) 144 (37.0)

3 13 (1.7) 35 (8.6) 40 (10.2) 30 (8.5) 11 (7.9) 13 (5.4) 18 (7.7) 97 (15.9) 10 (8.1) 12 (16.0) 1 (1.2) 3 (2.3) 9 (9.3) 4 (4.9) 5 (12.2) 19 (8.6) 121 (31.1)

Baseline ALBI score -2.50 (0.5), 
n=784

-2.26 (0.6), 
n=407

-2.15 (0.6), 
n=391

-2.21 (0.6), 
n=355

-2.22 (0.5), 
n=140

-2.35 (0.5), 
n=242

-2.21 (0.5), 
n=234

-1.97 (0.6), 
n=612

-2.46 (0.6), 
n=124

-2.07 (0.6), 
n=75

-2.48 (0.5), 
n=167

-2.52 (0.5), 
n=132

-2.24 (0.7), 
n=97

-2.42 (0.5), 
n=82

-2.01 (0.5), 
n=41

-2.19 (0.5), 
n=220

-1.98 (-3.08, 
-1.24), n=389

Baseline AFP  
(ng/ml)

356.2  
(14.2, 
3650.5), 
 n=776

46.7  
(6.7, 472.2),  
n=366

79  
(12.1, 497),  
n=391

44  
(7, 391), 
n=323

89.5  
(9, 1356.5), 
 n=140

126.5  
(16, 2300),  
n=242

15  
(5, 58),  
n=191

43  
(12, 410), 
n=579

28 
(5.5, 305.5),  
n=128

8.3  
(4, 659.7), 
n=81

60  
(6, 1287),  
n=163

10.5  
(3, 157.5),  
n=100

87.3  
(7.1, 1206),  
n=102

73.6  
(7.5, 469),  
n=79

32.5  
(4, 546.5),  
n=40

26.6  
(6, 290.1),  
n=219

31.5  
(8, 236), 
n=466

Baseline albumin  
(g/l)

39 (5.4), 
 n=784

36 (6.1),  
n=407

35 (5.8), 
n=391

35 (5.9), 
n=355

35 (5.2), 
n=140

37 (5.2), 
n=242

37 (5.1), 
n=234

33 (6.1), 
n=612

38 (5.6),  
n=127

35 (6.0),  
n=76

38 (5.2),  
n=167

39 (4.7), 
n=132

37 (7.0), 
n=106

38 (5.3),  
n=83

33 (4.7),  
n=41

36 (5.4),  
n=220

32.7 (23.4, 
44.8), n=389

Baseline bilirubin 
(µmol/l)

16.7  
(11.7, 22.6), 
n=784

17.1  
(12.0, 25.7), 
n=407

18.8  
(13.7, 25.7), 
n=391

15  
(10, 24), 
n=356

14  
(9, 22),  
n=140

17  
(11, 24), 
n=242

21.6  
(14.0, 36.9), 
n=234

15.4  
(11.1, 23.9), 
n=612

16  
(8, 26),  
n=127

27.7  
(15.6, 42.5), 
n=84

14  
(9, 24),  
n=167

14  
(9.5, 23), 
n=132

20  
(14, 32),  
n=97

17  
(12, 25),  
n=82

15  
(10, 22),  
n=41

21.6 
 (14.4, 32.3), 
n=220

13.7  
(10.3, 21), 
n=471

Baseline AST (IU/L) 50  
(35, 75.5), 
n=784

65 
(43, 101), 
n=407

65  
(46, 93), 
n=391

NA NA NA NA NA 53  
(35, 92),  
n=126

NA 51  
(35, 84),  
n=167

NA NA 68.5  
(44, 107.5), 
n=80

51.5  
(37.5, 76), 
n=20

52  
(34.5, 80), 
n=220

53  
(36, 75), 
n=449

Baseline platelets  
(x 109)

128  
(81, 185), 
n=786

155  
(108, 221), 
n=407

NA NA 155  
(91, 240), 
n=138

162  
(111, 252), 
n=125

NA 102  
(69, 147), 
n=500

142  
(106, 195), 
n=126

110  
(76, 165), 
n=85

NA NA NA 130  
(82, 202), 
n=83

154  
(110.5, 231.5), 
n=40

117  
(82, 173.5), 
n=220

124  
(85, 178), 
n=392

Baseline INR 1.1  
(1.0, 1.2), 
n=778

1.1  
(1.0, 1.2), 
n=407

1.2  
(1.1, 1.3), 
n=391

NA 1.1  
(1.1, 1.2), 
n=140

0.9  
(0.9, 1.0), 
n=242

1.3  
(1.1, 1.4), 
n=234

NA 1.1  
(1.1, 1.2), 
n=122

1.2  
(1.0, 1.2),  
n=77

1.1  
(1.0, 1.2), 
 n=167

1.1  
(1.0, 1.2), 
n=132

1.2  
(1.1, 1.4), 
n=103

1.2  
(1.1, 1.3), 
n=83

1.0  
(0.9, 1.1),  
n=41

NA 1.1  
(1.1, 1.2), 
n=350

Baseline creatinine
(μmol/L)

80  
(68, 93),  
n=781

79.6  
(61.9, 93.7), 
n=406

72.5  
(61.9, 96.4), 
n=391

NA 83  
(72.5, 98.5), 
n=140

NA NA NA 76  
(64, 91),  
n=127

79.6  
(70.7, 93.7), 
n=82

87  
(76, 101),  
n=167

84  
(73, 98), 
n=132

87  
(74, 99), 
n=106

NA 73  
(61, 82),  
n=41

80.4  
(68.1, 96.4), 
n=220

NA

Response after 1st 
TACE

n=786 n=407 n=390 NA NA NA n=234 NA n=105 NA NA NA NA NA n=39 n=212 n=461

CR 133 (16.9) 6 (1.5) 167 (42.8) NA NA NA 125 (53.4) NA 18 (17.1) NA NA NA NA NA 7 (18.0) 11 (5.2) 158 (34.3)

PR 203 (25.8) 57 (14.0) 150 (38.5) NA NA NA 96 (41.0) NA 54 (51.4) NA NA NA NA NA 9 (23.1) 68 (32.1) 110 (23.9)

SD 268 (34.1) 230 (56.5) 49 (12.6) NA NA NA 2 (0.9) NA 11 (10.5) NA NA NA NA NA 10 (25.6) 116 (54.7) 80 (17.4)

PD 182 (23.2) 114 (28.0) 24 (6.2) NA NA NA 11 (4.7) NA 22 (21.0) NA NA NA NA NA 13 (33.3) 17 (8.0) 113 (24.5)

*centres involved London (UK), Osaka (Japan), Seoul (Korea) and Novara (Italy).  
Abbreviations: AFP, alpha-fetoprotein; AST, aspartate transaminase; ALBI, Albumin-Bilirubin; CI, 
confidence intervals; CR, complete response; INR, International Normalised Ratio; TACE, transarterial 
chemoembolization; PD, progressive disease; PR, partial response; SD, stable disease.

 



116 117

Chapter 4 Prediction of survival after TACE for HCC

4

Statistical methods

Analysis was carried out using Stata/SE 14.1 (StataCorp, TX). Continuous variables 

were reported as the mean (with standard deviation) or median (with interquartile 

range), the latter for variables with skewed distributions. Categorical variables were 

presented as percentages. Logarithmic transformation (log10) was applied to skewed 

variables. Overall survival (OS) was calculated from date of treatment to date of death. 

Patients who were still alive were censored at date of last follow-up. Survival curves 

were plotted using the Kaplan-Meier (KM) method. For the Post-TACE-Predict model, 

which considers mRECIST response, OS was calculated from the date of response 

assessment rather than from the date of treatment. Patients with missing data were 

excluded.

All patients, excluding those from the largest Eastern (Xi’an, n = 786) and Western 

(Freiburg, n = 407) cohorts, were randomly split into two equally sized groups 

(n = 1,714), one for deriving the model(s) and one for internal validation of the 

model (Supplementary Fig. 1A). Patients were randomly split by generating a 

pseudorandom number from a uniform distribution (0, 1) for each patient, followed 

by shuffling patients by sorting these random numbers. Subsequently, the first half 

of the patients was labeled as the “training set”, and the second half was labeled as 

the “internal validation set”. External validation was then conducted using Xi’an and 

Freiburg data sets. Before construction of the models, the applicability of the original 

HAP and the subsequent mHAP-III models13, 15 was tested on all four subgroups. The 

clustering structure of the data set (i.e., the correlation between observations within 

a center) was taken into account in the statistical analysis. Robust estimates of the 

standard errors and variance-covariance matrix were obtained by considering the 

underlying intracenter correlation (option vce(clusterclustvar) in Stata). Multivariable 

models were built by backward selection of variables significant at the 10% level. 

The hazard ratio (HR), 95% confidence interval (CI), and p-values were reported. The 

proportional hazards assumption of the models was tested by examining the plots 

of scaled Schoenfeld residuals against time for each variable.

Two multivariable Cox regression models were generated:

- Pre-TACE-Predict model: comprising variables available at baseline, before 

treatment.

- Post-TACE-Predict model: incorporating first mRECIST response in addition to 

baseline features. Not all the cohorts had the mRECIST response recorded; therefore, 

a smaller set of patients was used (n = 2,688). This set of patients was divided into four 

subgroups (training, internal, and two external validation samples), as illustrated in 

Supplementary Fig. 1B.

The linear predictor was derived using the coefficients of each model. To generate four 

risk categories, reported cutoffs were applied to the linear predictor of the training 

set at its sixteenth, fiftieth, and eighty-fourth centiles25. The same cutoffs were used 

for subsequent groupings in the other cohorts. KM survival curves according to the 

risk categories were plotted for each of the training and validation sets. Median OS 

(with 95% CIs), HR, and p-value comparing the HR of the reference group (least risk 

category) to the others were also reported. Prognostic performance of the models 

(using the nonstratified linear predictor) was measured by Harrell’s C, Gönen and 

Heller’s K, and Royston-Sauerbrei’s R2
D

25-27.

Models were calibrated by comparing model-predicted versus observed survival 

curves. Model-predicted mean survival curves were generated by applying fractional 

polynomial regression to approximate the log baseline cumulative hazard function as 

a smooth function of time25. Model-predicted versus KM estimates were then plotted 

according to each risk category in the derivation and validation sets.
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RESULTS

Within the substudy, the HAP score could clearly identify four distinct prognostic 

subgroups, both in patients undergoing resection and in those receiving sorafenib 

for advanced HCC (Supplementary Fig. 2A-B). The median OS according to each HAP 

score and the HR and p-values are shown in Supplementary Table 1.

The baseline demographics of the patients from each center are shown in Tables 1 and 2.  

The percentage of patients who had undergone TACE treatments before January 

1, 2012, and January 1, 2013, was 68% and 75.5%, respectively. The percentage of 

patients with missing data in at least one of the model variables was 14% (training 

set). For each variable individually, the percentage of missing data was ≤5%. mRECIST 

assessments were undertaken within 9 weeks after first TACE for the majority of 

patients (94.6%) with a mean (standard deviation) of 5.5 weeks (6.8). The overall 

median survival for the entire group of patients who underwent TACE was 19.9 

months (95% CI: 19.1, 20.7), ranging from 13.7 (95% CI: 9.4, 16.9) to 33.8 (95% CI: 27.4, 

39.0). Of all the patients, 2.2% (98/4,486) had more than one cause recorded.

Application of the HAP and mHAP-III scores

The HAP score and the mHAP-III score were applied to the present data set. The latter 

score does not categorize patients into risk categories but provides individual-level 

prognostication, and this will be compared with HAP later (see the Model Comparisons 

section). The HAP score stratified the patients into four risk categories in all four 

subgroups (Supplementary Fig. 3A-D). The median OS according to each HAP score 

as well as the HR and p-values are shown in Supplementary Table 1.

Univariable Cox regressions

The results from the univariable Cox regression analysis based on the training set 

are shown in Supplementary Table 2. Sex, cause, tumor number, tumor size, VI, 

AFP, and bilirubin were found to be statistically significant prognostic variables. 

When survival was assessed from date of response assessment (instead of date of 

treatment), mRECIST response (following first TACE), cause, tumor number, tumor 

size, VI, AFP, and bilirubin significantly influenced prognosis.

Multivariable Cox regression

Pre-TACE-Predict model

The model confirmed the prognostic influence of the variables in the mHAP-III model, 

namely tumor number, tumor size, AFP, albumin, and bilirubin, in addition to VI and 

cause (Table 3). It produced four distinct risk categories in each of the four subgroups 

(Fig. 1A-D). There was no statistically significant difference between the two lowest 

risk categories in the external validation sets, probably attributable to the low patient 

numbers in risk category 1 (n = 40-44) (Table 4). Median OS ranged from 35 to 47 

months in risk category 1 to 8 to 9 months in risk category 4 (Table 4). The formula 

used to generate the curves in Fig. 1 was as follows:

Linear predictor = 0.313 x tumor number (0 = solitary, 1 = multifocal)

   + 1.252 x log10 tumor size (cm)

   + 0.230 x baseline log10 AFP (ng ∕mL)

   − 0.0176 x baseline albumin (g ∕L)

   + 0.458 x baseline log10 bilirubin (µmol ∕L)

   + 0.437 x VI (0 = no, 1=yes)

   + 0.149 x HBV (0 = no, 1 = yes)

   + 0.333 x alcohol (0 = no, 1 = yes)

   + 0.211 x other cause if not HCV∕HBV∕alcohol (0 = no, 1 = yes) (1)  

where HCV is the reference group for cause.

To generate the four risk categories, the following cutoffs were applied: ≤0.94 (risk 

category 1), >0.94 to ≤1.47 (risk category 2), >1.47 to ≤2.10 (risk category 3), and >2.10 

(risk category 4). To calculate the probability of survival at t months for a given patient, 

the following equation was used:

 S(t) = S0(t) exp(xb − 1.47) (2)

where S0(t) is 0.89, 0.74, 0.48, and 0.32 for probability at 6, 12, 24, and 36 months, 

respectively.
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Table 3. Multivariable Cox regression model.

Variables
Pre-TACE-predict model Post-TACE-predict model

Hazard ratio (95% CI) p-value Hazard ratio (95% CI) p-value

Tumor number

 Solitary 1 1

 Multiple 1.367 (1.146, 1.630) 0.001 1.229 (1.043, 1.450) 0.014

log10 Tumor size (cm) 3.497 (2.678, 4.567) <0.0001 3.091 (1.689, 5.659) <0.0001

Baseline log10 AFP (ng/ml) 1.258 (1.208, 1.311) <0.0001 1.159 (1.065, 1.261) 0.001

Baseline albumin (g/L) 0.983 (0.966, 0.999) 0.042 N/A N/A

Baseline log10 bilirubin (µmol/L) 1.581 (1.139, 2.194) 0.006 2.118 (1.466, 3.060) <0.0001

Vascular invasion

 No 1 1

 Yes 1.549 (1.185, 2.025) 0.001 1.563 (1.004, 2.433) 0.048

Cause

 HCV 1 N/A N/A

 HBV 1.160 (1.030, 1.307) 0.015 N/A N/A

 Alcohol 1.395 (1.049, 1.854) 0.022 N/A N/A

 Other 1.235 (1.017, 1.499) 0.033 N/A N/A

First mRECIST response

 Complete response N/A N/A 1

 Partial response N/A N/A 1.598 (1.066, 2.396) 0.023

 Stable disease N/A N/A 3.138 (2.126, 4.630) <0.0001

 Progressive disease N/A N/A 3.871 (2.553, 5.871) <0.0001

Abbreviations: AFP, alpha-fetoprotein; CI, confidence intervals; HBV, hepatitis B virus; HCV, hepatitis 
C virus; TACE, transarterial chemoembolization; mRECIST, modified Response Evaluation Criteria In 
Solid Tumors.

Figure 1. Survival according to risk categories as defined by the Pre-TACE-Predict model. KM survival 
curves in the (A) derivation, (B) internal validation, (C) Eastern external validation, and (D) Western ex-
ternal validation sets. Abbreviation: cat., category.
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Table 4. Median overall survival (months) according to the risk categories.

Figure Risk 
stratification

Risk  
category N Median OS (95% CI) Hazard ratio  

(95% CI) p-value

1A
Derivation set

Pre-TACE-
Predict model

1 233 41.02 (36.84, 49.24) 1

2 496 29.18 (27.20, 33.49) 1.57 (1.27, 1.95) <0.0001

3 495 17.99 (16.81, 19.93) 2.59 (2.10, 3.20) <0.0001

4 231 8.36 (6.84, 9.77) 5.44 (4.31, 6.86) <0.0001

1B
Internal 

validation set

Pre-TACE-
Predict model

1 255 39.18 (34.44, 51.77) 1

2 483 25.89 (23.09, 27.89) 1.58 (1.29, 1.93) <0.0001

3 499 18.22 (15.99, 20.23) 2.26 (1.86, 2.75) <0.0001

4 219 8.65 (7.73, 9.97) 3.93 (3.15, 4.90) <0.0001

1C
External 

validation set 
(Eastern)

Pre-TACE-
Predict model

1 44 46.68 (29.05, 54.05) 1

2 124 33.82 (28.68, 42.66) 1.36 (0.85, 2.19) 0.201

3 228 16.88 (14.11, 19.34) 2.66 (1.71, 4.15) <0.0001

4 330 7.93 (6.94, 9.08) 4.94 (3.19, 7.65) <0.0001

1D
External 

validation set 
(Western)

Pre-TACE-
Predict model

1 40 34.77 (26.81, 47.24) 1

2 96 23.95 (19.64, 30.69) 1.33 (0.89, 1.98) 0.165

3 155 17.11 (12.63, 22.50) 1.74 (1.19, 2.53) 0.004

4 73 8.29 (6.28, 12.27) 2.99 (1.97, 4.53) 0.0001

2
All patients

mRECIST

CR 625 42.83 (38.83, 46.68) 1

PR 745 22.70 (21.09, 24.21) 1.99 (1.71, 2.31) <0.0001

SD 765 14.28 (13.03, 15.76) 2.95 (2.56, 3.40) <0.0001

PD 496 8.85 (7.87, 10.13) 4.51 (3.87, 5.26) <0.0001

3A
Derivation set

Post-TACE-
Predict model

1 101 55.53 (47.53, NR) 1

2 218 30.26 (26.05, 34.61) 2.50 (1.68, 3.72) <0.0001

3 214 17.93 (15.26, 20.46) 5.03 (3.40, 7.42) <0.0001

4 92 8.36 (6.88, 9.34) 12.35 (8.06, 18.93) <0.0001

3B
Internal 

validation set

Post-TACE-
Predict model

1 106 51.18 (37.37, 78.22) 1

2 221 27.50 (24.97, 35.76) 2.14 (1.48, 3.08) <0.0001

3 220 19.47 (16.51, 24.21) 3.37 (2.36, 4.80) <0.0001

4 79 8.09 (5.72, 10.53) 7.55 (5.01, 11.39) <0.0001

3C
External 

validation set 
(Eastern)

Post-TACE-
Predict model

1 38 49.80 (28.06, 70.03) 1

2 99 31.22 (27.53, 37.53) 1.72 (1.02, 2.90) 0.043

3 203 21.18 (17.60, 24.97) 2.39 (1.46, 3.92) 0.001

4 375 7.01 (6.09, 7.80) 5.94 (3.68, 9.59) <0.0001

3D
External 

validation set 
(Western)

Post-TACE-
Predict model

1 9 25.13 (11.68, NR) 1

2 41 34.31 (23.39, 47.11) 1.44 (0.57, 3.67) 0.444

3 147 22.96 (18.78, 27.34) 1.81 (0.74, 4.44) 0.192

4 144 9.84 (6.35, 11.78) 3.50 (1.43, 8.56) 0.006

Abbreviations: CR, complete response; PR, partial response; SD, stable disease; PD, progressive 
disease; CI, confidence interval; mRECIST, modified Response Evaluation Criteria in Solid Tumors; NR, 
not reached; OS, overall survival; TACE, transarterial chemoembolization.

Post-TACE-predict model

Response, as assessed by mRECIST, clearly impacted median survival, which ranged 

from 42.83 months (95% CI: 38.83, 46.68) in those achieving CR to 8.85 months (95% 

CI: 7.87, 10.13) in those with PD (Fig. 2), although these figures should be treated with 

caution because the different response cohorts had different baseline features that 

would also influence survival. Nonetheless, in the Post-TACE-Predict model, response 

was clearly an independent prognostic factor (Table 3), in addition to tumor number, 

tumor size, AFP, bilirubin, and VI. Four distinct risk categories were observed in each 

of the four subgroups (Fig. 3A-D); however, there was some overlap between the two 

lowest risk categories in the Western external validation set, in which the patient 

numbers were again very low, with only 9 patients in risk category 1. The median 

OS of the risk categories ranged from 25 to 56 months in risk category 1 to 7 to 10 in 

risk category 4 (Table 4). The formula to generate the curves in Fig. 3 was as follows:

Linear predictor =  0.207 x tumor number (0 = solitary, 1 = multifocal)

   + 1.129 x log10 tumor size (cm)

   + 0.147 x baseline log10 AFP (ng ∕mL)

   + 0.750 x baseline log10 bilirubin (µmol ∕L)

   + 0.447 x VI (0 = no, 1 = yes)

   + 0.469 x PR (0 = no, 1 = yes)

   + 1.143 x SD (0 = no, 1 = yes)

   + 1.354 × PD (0 = no, 1 = yes) (3)

 where CR is the reference group for mRECIST.

To generate the four risk categories, the following cutoffs were applied (as determined 

by the sixteenth, fiftieth, and eighty-fourth centiles): ≤1.82 (risk category 1), >1.82 to 

≤2.49 (risk category 2), >2.49 to ≤3.37 (risk category 3), and >3.37 (risk category 4). 

To calculate the probability of survival at t months for a given patient, the following 

equation was used:

 S(t) = S0(t) exp(xb − 2.49) (4)

where S0(t) is 0.92, 0.79, 0.52, and 0.36 for probability at 6, 12, 24, and 36 months, 

respectively.
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For routine clinical application, a simple online calculator (based on Equations 1-4) 

that takes the variables from the model(s) and returns the scores, the risk category, 

and survival likelihood at six monthly intervals between 6 and 36 months after 

TACE for the individual patient was developed and is available at https://jscalc.io/

calc/2omTfeWrmOLc41ei.

Figure 2. KM survival curves according to mRECIST response.

Model calibration

Plots of KM estimates versus pre-TACE-predicted and post-TACE-predicted survival 

curves were, overall, very similar (Supplementary Figs. 4 and 5A-D), although it 

should be noted that there was an overlap in the CIs for the KM estimates in the 

lowest two risk categories of the external validation sets. This was reflected by the 

non–statistically significant HRs, as stated above; low patient numbers may have 

contributed to this.

Model comparisons

Table 5 summarizes the comparisons between the different models by Harrell's 

C, Gönen and Heller’s K, and Royston-Sauerbrei’s R2
D. It confirms that mHAP-III, 

performs better than the HAP score. It also shows a trend of increasingly better 

survival prediction performance from mHAP-III to the pre-TACE and then post-TACE 

models.

Figure 3. Survival according to risk categories as defined by the Post-TACE-Predict model. KM survival 
curves in the (A) derivation, (B) internal validation, (C) Eastern external validation, and (D) Western ex-
ternal validation sets. Abbreviation: cat., category.
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Table 5. Model performance.

Goodness 
of fit test Dataset HAP (SE) mHAP-III (SE) Pre-TACE 

model (SE)
Post-TACE 
model (SE)

Harrell’s  
C index

Training 0.616 (0.010) 0.651 (0.011) 0.682 (0.010) 0.723 (0.013)

Internal validation 0.624 (0.009) 0.649 (0.010) 0.659 (0.010) 0.693 (0.016)

External validation (Eastern) 0.640 (0.012) 0.687 (0.012) 0.707 (0.012) 0.730 (0.011)

External validation (Western) 0.597 (0.015) 0.618 (0.016) 0.613 (0.017) 0.631 (0.017)

Gönen &  
Heller’s K

Training 0.592 (0.010) 0.633 (0.010) 0.651 (0.010) 0.680 (0.012)

Internal validation 0.598 (0.010) 0.617 (0.010) 0.623 (0.010) 0.654 (0.013)

External validation (Eastern) 0.605 (0.013) 0.655 (0.011) 0.667 (0.012) 0.681 (0.012)

External validation (Western) 0.581 (0.014) 0.545 (0.023) 0.587 (0.016) 0.596 (0.016)

Royston-
Sauerbrei’s
R2

D

Training 0.078 (0.015) 0.132 (0.021) 0.181 (0.020) 0.262 (0.034)

Internal validation 0.087 (0.016) 0.111 (0.020) 0.120 (0.020) 0.185 (0.030)

External validation (Eastern) 0.096 (0.023) 0.184 (0.024) 0.209 (0.028) 0.243 (0.034)

External validation (Western) 0.059 (0.023) 0.050 (0.019) 0.058 (0.022) 0.073 (0.026)

Standard errors (SE) were estimated from 200 bootstrap samples.

DISCUSSION

These models, based on TACE response, stratify survival better than the currently 

available HAP and mHAP-III models. The median OS was 19.9 months, almost 

identical to the figures of 19.4 months reported by Lencioni et al. in a large systematic 

review of published trials involving TACE between 1980 and 201328. This suggests 

that this cohort is representative of the current international practice of TACE for 

HCC. Furthermore, the clear demonstration that the degree of response has a major 

and independent impact on survival strongly supports the contention that TACE is 

indeed altering the natural history28. The heterogeneity of intermediate-stage HCC 

and the widespread use of TACE outside recommended guidelines has encouraged 

the development of scores that can predict survival after TACE using baseline 

clinical features10, 12, 14, 29-32. The first of these, the HAP score, has been internationally 

validated and enhanced by the addition of a fifth variable, namely tumor number13, 

22, 31. Recognizing the limitations of points-based scores, Cappelli et al. built a model 

(known as mHAP-III) based on the mHAP-II score but using the same variables in 

their continuous form, which permitted individual patient prognostication15. Sposito 

et al. subsequently validated the mHAP-III model in an independent data set of 298 

patients and confirmed its superiority to both HAP and mHAP-II33. The reported 

STATE and START scores8 also appear to be valuable in identifying patients as poor 

or good candidates for TACE but require variables such as C-reactive protein, which 

were not routinely measured in the centers involved in the present study. Similarly, 

the ABCR score34 that combines four variables (AFP, BCLC stage, change in Child-

Pugh score, and tumor response) aims to identify those with poor prognosis who 

may not achieve benefit from further TACE. Again, the variables were not available 

to make a direct comparison (particularly the actual CP scores), but in the follow-

up prospective study, an attempt will be made to collect the requisite variables to 

permit comparison of STATE, START, and ABCR with the current models. It will also 

be possible to investigate other and potentially valuable additional variables, such as 

performance status and presence or absence of cirrhosis. Nonetheless, the additional 

significant variables, the individual patient prognostication, and the extensive 

international validation are likely to represent a real improvement on existing scores. 

The online calculator (TACE-Predict) provides a simple utility for individual patient-

level prognostication. It also permits easy graphical assessment of the importance 

of the various prognostic variables on ultimate survival. The model involves readily 

available, routinely recorded clinical variables. The clear correlation of survival with 

degree of response (as assessed by mRECIST) is consistent with past findings35. Using 

these calculators, clinicians will be able to predict the probability of survival at the 

individual patient level, thereby furthering the ultimate aim of matching “personalized 

prognosis” to “personalized therapy”. For example, either before proposed first TACE 

or at the time of first response assessment, the clinician will be able to consider if 

the predicted survival is appropriate in the light of the potential side effects and 

toxicities of TACE. This may be particularly clinically valuable in the situation where 

the predicted outcome is poor, and consideration might be given to systemic therapy. 

Moreover, all the models were validated on large cohorts of patients to demonstrate 

the applicability of this approach to both the Eastern and Western practice.

It is acknowledged that the TACE procedure is unlikely to be entirely consistent across 

centers. However, this limitation applies equally to all TACE studies, including those on 

which current guidelines are based. Similarly, there must be interobserver variation in 
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mRECIST classification. Although such variation may be overcome in the clinical trial 

setting by centralized review of relevant scans, this cannot be a solution in clinical 

practice. Hence, we made the pragmatic decision that mRECIST classification, as 

assessed by the local investigator, would be used in the present study.

Nonetheless, there is considerable heterogeneity in achievement, for example, of CR. 

The most likely explanation is that those centers with the highest CR (Italy and Egypt) 

had smaller tumors, more early-stage disease, less VI, and more solitary nodules. 

The very clear separation of survival according to mRECIST (Fig. 2) suggests that a 

valid parameter is indeed being measured. It is recognized that calculating OS from 

mRECIST assessment introduces a degree of variability into the post-TACE model 

because of the differing times of imaging between patients. This source of variability 

is, however, intrinsic to the time at which mRECIST is assessed, which is patient-

specific, and would affect any model that includes mRECIST, regardless of whether 

OS is calculated in the model from date of mRECIST response or date of treatment.

The inherent limitations of a retrospective study are also acknowledged. First, there 

are several other baseline features that are likely to impact OS and could be included in 

the analysis, specifically, the extent of VI11 (as opposed to a simple binary classification 

of present or absent), the structure of the tumor (pseudocapsule versus infiltrative), 

or liver function kinetics. However, such parameters are not routinely collected, 

and their inclusion in the study would have limited the applicability of the models. 

Second, only the first TACE in this study was considered. Assessment of the response 

after the second TACE or using the “best response” are also options, but both would 

limit the applicability of the model. Furthermore, patients were excluded who had 

received TACE as a “bridge to transplantation”. An alternative approach would have 

been to recruit such patients and censor at the time of transplantation, but, given 

the usually short period of time between TACE and transplantation, this alternative 

approach would only have minimal impact on the models. In the prospective study, 

the investigation of the impact of all the above limitations will be feasible.

As in many areas of hepatology, the recent availability of curative therapies for HCV 

will have a broad impact on predictive and therapeutic studies. At present, it is not 

known whether patients who have developed HCC after a DAA-induced sustained 

virological response should be classified as HCV- positive in the models, but the 

number of such cases is likely to be relatively small. The great majority of patients in 

the present study were recruited before DAAs became widely available. The question 

of how to assign cause as a variable remains challenging, even in a prospective study. 

Although cause was shown to be an important prognostic factor, with patients who 

were HCV-positive surviving longer, several of the cases had multiple causes; however, 

even with a large data set of more than 4,000 cases, the numbers in individual 

subgroups, such as those with HCV and alcohol excess or both HBV and HCV, remain 

too small for meaningful statistical analysis. NAFLD is an increasingly important 

causal factor in HCC development; however, there are no internationally agreed-on 

criteria for diagnosis of NAFLD in the setting of HCC. Furthermore, it is acknowledged 

that the diagnosis of NAFLD is difficult in the setting of cirrhosis (which is the case in 

most HCCs) because the characteristic features of NAFLD have often “burned out” 

and are unrecognizable by the time consequential cirrhosis has developed. For all 

these reasons, it is concluded that the fairest statement of cause is, as used here, 

simply HBV or HCV or “other”.

Many programs offer TACE with DEB-TACE as opposed to conventional TACE. This has 

the advantage of offering a better pharmacokinetic profile by means of sustained and 

controlled drug release36. Published meta-analyses, however, suggest that there is 

little difference in terms of impact on outcome37-41, albeit with a decreased need for 

repeat sessions42. This was therefore not included in the analysis.

International guidance and expert reviews quote overall post-TACE survival of more 

than 30 months1. If the analysis of the data set is confined to those that strictly align 

with TACE guidelines, survival is indeed in the order of 30 months, and in the model, 

just using baseline features, some subgroups surviving more than 40 months are 

identified. The overall median survival of 19.9 months is also similar to that reported 

in a recent review28, suggesting that TACE is often prescribed for patients beyond BCLC 

B. The model and online calculator can help rationalize the use of TACE and avoid 

interventions with an expected poor prognosis and the associated risks.

In summary, an extensively validated and TACE-specific model based on routinely 

available clinical features and response after first TACE is presented. The model 

and its associated online calculator permit patient-level prognostication and may 
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help clinicians rationalize the use of TACE by avoiding intervention in patients with 

a predicted poor prognosis.
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SUPPLEMENTARY MATERIAL
 
Supplementary Table 1. Median overall survival (months) according the risk categories.

Supplementary 
figure

Risk 
stratification

Risk 
category N Median OS 

(95% CI)
Hazard ratio 

(95% CI) p-value

2A
Patients undergoing 

surgical resection
HAP score

A 1430 110.16 (95.51, 127.07) 1

B 1333 73.91 (61.70, 82.20) 1.73 (1.51, 1.97) <0.0001

C 635 36.88 (29.52, 43.36) 2.93 (2.52, 3.41) <0.0001

D 158 16.99 (12.00, 24.11) 4.54 (3.62, 5.69) <0.0001

2B
Patients with 

advanced HCC 
receiving sorafenib

HAP score

A 178 16.45 (14.54, 20.76) 1

B 313 11.84 (10.30, 13.52) 1.42 (1.12, 1.79) 0.003

C 311 7.17 (6.28, 8.06) 2.30 (1.83, 2.89) <0.0001

D 165 4.24 (3.72, 4.70) 4.32 (3.36, 5.56) <0.0001

4A
Derivation set

HAP score

A 280 32.80 (27.30, 40.30) 1

B 522 27.37 (23.09, 29.61) 1.28 (1.06, 1.54) 0.009

C 543 18.72 (16.88, 20.66) 1.81 (1.51, 2.17) <0.0001

D 169 9.01 (7.47, 11.71) 3.15 (2.50, 3.96) <0.0001

4B
Internal 

validation set
HAP score

A 271 33.19 (28.62, 37.20) 1

B 551 26.07 (23.09, 28.22) 1.36 (1.13, 1.64) 0.001

C 489 17.27 (15.33, 19.90) 1.87 (1.55, 2.26) <0.0001

D 209 9.34 (7.89, 11.02) 3.50 (2.81, 4.35) <0.0001

4C
External 

validation set 
(eastern)

HAP score

A 64 32.80 (29.01, 38.72) 1

B 204 21.41 (18.55, 28.26) 1.56 (1.09, 2.23) 0.016

C 255 12.93 (11.18, 16.51) 2.21 (1.55, 3.15) <0.0001

D 204 7.30 (6.12, 8.36) 3.61 (2.52, 5.15) <0.0001

4D
External 

validation set 
(western)

HAP score

A 72 30.39 (22.99, 39.41) 1

B 113 22.50 (17.11, 26.71) 1.40 (1.02, 1.93) 0.038

C 117 16.28 (11.35, 20.36) 1.68 (1.22, 2.30) 0.001

D 63 8.68 (5.92, 13.85) 2.52 (1.76, 3.62) <0.0001

Abbreviations: CI, confidence intervals; HAP, Hepatoma Arterial Prognostic; HCC, hepatocellular carcinoma; 
OS, overall survival.

Supplementary Table 2. Univariable Cox regression analysis.

Variables
Time starting from  
date of treatment

Time starting from  
date of response assessment

Hazard ratio (95% CI) p-value Hazard ratio (95% CI) p-value

Age (years) 0.994 (0.981, 1.006) 0.326 0.997 (0.980, 1.014) 0.725

Sex

 Female 1 1

 Male 1.154 (1.059, 1.258) 0.001 0.966 (0.872, 1.071) 0.512

Etiology

 HCV 1 1

 HBV 1.462 (1.210, 1.767) <0.0001 1.052 (0.627, 1.765) 0.847

 Alcoholic 1.473 (1.187, 1.827) <0.0001 1.340 (1.025, 1.752) 0.032

 Other 1.547 (1.216, 1.969) <0.0001 1.202 (0.970, 1.489) 0.093

Tumor number

 Solitary 1 1

 Multiple 1.348 (1.131, 1.606) 0.001 1.536 (1.274, 1.853) <0.0001

log10 Tumor size (cm) 4.082 (3.160, 5.274) <0.0001 3.775 (2.355, 6.052) <0.0001

Vascular invasion

 No 1 1

 Yes 2.379 (1.858, 3.046) <0.0001 2.300 (1.194, 4.427) 0.013

Baseline log10 AFP (ng/ml) 1.344 (1.267, 1.425) <0.0001 1.232 (1.170, 1.298) <0.0001

Baseline albumin (g/l) 0.987 (0.968, 1.006) 0.187 1.000 (0.988, 1.011) 0.978

Baseline log10 bilirubin 
(µmol/l) 1.462 (1.021, 2.093) 0.038

2.211 (1.085, 4.506) 0.029

First mRECIST response

 Complete response N/A N/A 1

 Partial response N/A N/A 1.991 (1.377, 2.879) <0.0001

 Stable disease N/A N/A 3.801 (2.816, 5.131) <0.0001

 Progressive disease N/A N/A 4.386 (3.070, 6.266) <0.0001

Abbreviations: AFP, alpha-fetoprotein; CI, confidence intervals; HBV, hepatitis B virus; HCV, hepatitis C 
virus; mRECIST, modified Response Evaluation Criteria In Solid Tumors.
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Supplementary Figure 1: Patient number breakdown into training and validation sets using (A) overall 
patients and (B) patients with mRECIST response.

Supplementary Figure 2. Kaplan-Meier survival curves according to the HAP score in patients under-
going (A) resection and (B) sorafenib treatment.

Supplementary Figure 3. Kaplan-Meier survival curves according to the HAP score in the (A) derivation, 
(B) internal validation, (C) Eastern external validation and (D) Western external validation sets.
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Supplementary Figure 4. Plots comparing Kaplan-Meier estimates (dots with confidence intervals) with 
pre-TACE model predicted (solid lines) mean survival curves in the (A) derivation, (B) internal validation, 
(C) eastern external validation and (D) western external validation sets.

Supplementary Figure 5. Plots comparing Kaplan-Meier estimates (dots with confidence intervals) with 
post-TACE model predicted (solid lines) mean survival curves in the (A) derivation, (B) internal validation, 
(C) eastern external validation and (D) western external validation sets.
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ABSTRACT

Background: Upon FDA/EMA registration for hepatocellular carcinoma (HCC), 

sorafenib received a broader therapeutic indication than the eligibility criteria of 

the landmark Sorafenib Hepatocellular Carcinoma Assessment Randomized Protocol 

(SHARP) trial. This allowed treatment of SHARP non-eligible patients in daily clinical 

practice.

Aim: To assess sorafenib efficacy and safety in SHARP eligible and non-eligible 

patients, and determine the validity of the current therapeutic indication as described 

by the FDA/EMA.

Patients and methods: Consecutive patients treated with sorafenib for advanced 

HCC at two Dutch tertiary referral centers between 2007 and 2016 were analyzed 

retrospectively. Primary outcome was overall survival (OS). Secondary outcomes 

were time to progression (TTP), response rate, adverse events and reasons for 

discontinuation. Outcomes were compared between SHARP eligible and non-eligible 

patients.

Results: One hundred and ninety-three of 257 (75%) patients were SHARP eligible. 

SHARP eligible patients (9.5 months, 95% CI 7.7–11.3) had a longer median OS than 

non-eligible patients (5.4 months, 95% CI 3.6–7.1) (log-rank p<.001). SHARP non-

eligible patients were more often Child–Pugh B, had higher AST and ALT levels and 

developed more grade 3–4 liver dysfunction (44 versus 23%, p<.001) during treatment. 

SHARP ineligibility remained the strongest predictor of OS (HR 1.78, 95% CI 1.32–2.41) 

and an independent predictor of TTP (HR 1.45, 95% CI 1.05–2.00) in multivariable 

analysis.

Conclusions: Landmark trial outcomes of sorafenib for HCC are reproducible in 

daily practice, provided that the SHARP eligibility criteria are respected. Based on 

the findings of this and previous studies, sorafenib usage should be restricted to 

Child–Pugh A patients.

INTRODUCTION

For almost a decade, the multikinase inhibitor sorafenib has been the only registered 

treatment for advanced hepatocellular carcinoma (HCC). Implementation of sorafenib 

as standard treatment for advanced HCC is based on the results of two randomized 

phase-III trials: the Sorafenib Hepatocellular Carcinoma Assessment Randomized 

Protocol (SHARP) trial and the parallel Sorafenib Asian-Pacific (AP) trial1, 2. Both 

studies demonstrated a sorafenib survival benefit of 3 months compared with 

placebo in strictly selected patients. HCC develops mostly in patients with liver 

cirrhosis, thus only patients with well-preserved liver function (Child-Pugh A) were 

eligible for study participation. Presence or absence of underlying cirrhosis was not 

specified. Accordingly, the current guidelines recommend sorafenib treatment for 

advanced HCC in patients with Child-Pugh A liver function only, without specifying 

the presence or absence of underlying cirrhosis 3, 4. Nonetheless, the Food and Drug 

Administration (FDA) and the European Medicines Agency (EMA) gave sorafenib a 

broader therapeutic indication than the eligibility criteria of the landmark SHARP 

trial5. The guideline endorsed Barcelona Clinic Liver Cancer (BCLC) staging system 

does not exclude Child-Pugh B patients for sorafenib treatment6. Consequently, 

several real-life studies showed that sorafenib is currently prescribed to a broad 

spectrum of patients, including substantial numbers (12.5-34%) of Child-Pugh B 

patients7-16. It is well-established that patients with Child-Pugh B liver function have 

significantly poorer outcomes, although sorafenib toxicity seems not related to Child-

Pugh status9, 12, 15. Still, in absence of randomized-controlled trials, the exact benefit 

in patients not-meeting the SHARP eligibility criteria, specifically in Child-Pugh B 

patients, remains controversial. Real-life studies in some tumor types (i.e., colorectal 

and prostate cancer) have shown decreased outcomes when systemic therapies 

are given outside the landmark trial eligibility criteria17, 18, whereas outcomes were 

comparable in patients with bile tract cancer19. A direct comparison between SHARP 

eligible and non-eligible subgroups in advanced HCC has not been conducted. Hence, 

it remains unknown whether sorafenib treatment of a substantial numbers of SHARP 

ineligible patients, which are exposed to sorafenib toxicity and results in significant 

healthcare costs, is beneficial. Hence, this retrospective multicenter study aims to 
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assess the real-life efficacy and safety of sorafenib in advanced HCC, comparing 

SHARP eligible and non-eligible subgroups; and to determine whether the current 

sorafenib therapeutic indication as described by EMA/FDA is valid based on the 

current evidence.

PATIENTS AND METHODS

Study population

All consecutive patients, ≥18 years old, evaluated at two tertiary HCC referral centers 

in the Netherlands (Academic Medical Center [AMC], Amsterdam, and Erasmus 

University Medical Center [EMC], Rotterdam) who received at least one dose of 

sorafenib for advanced HCC between May 2007 and December 2016 were included 

in this retrospective study. Study-based sorafenib was allowed, but patients who 

received study-based selective internal radio-embolization therapy (SIRT) combined 

with sorafenib were excluded from this analysis20.

HCC diagnosis was established histologically or by the American Association for the 

Study of Liver Diseases (AASLD) imaging criteria21. Absence or presence of underlying 

cirrhosis was established on criteria proposed by Mittal et al22. Patients were staged 

by four-phase computed tomography (CT) or dynamic contrast-enhanced magnetic 

resonance imaging (MRI) and discussed at a multidisciplinary meeting. Patients were 

considered for treatment with sorafenib according to the BCLC guidelines3. HIV-

infection was not a contraindication for treatment. Following the indications provided 

by the manufacturer, patients received sorafenib 400 mg twice daily (BID), but were 

allowed to receive lower starting doses (200 mg twice daily), toxicity-adjusted dosing 

and treatment interruptions at the discretion of the medical oncologist to cope 

with drug-related adverse events5. The Institutional Review Board (IRB) of the AMC 

(reference number W17_420#17.488) approved the study and a waiver for informed 

consent was given.

Data collection

Potential patients were identified using keywords and diagnostic codes from 

the electronic patient record and pharmacy records. Included keywords were 

‘hepatocellular carcinoma’, ‘HCC’, ‘malignancy liver’, ‘liver neoplasm’ and ‘liver 

malignant neoplasm’. Medical records were reviewed and clinical data was manually 

extracted. Extracted data included previous treatments, baseline patient and tumor 

characteristics and treatment details including treatment emergent adverse events 

(AE), which was prospectively monitored as part of standard care. Efforts were made 

to collect missing data, for example by contacting referring hospitals for additional 

data on referred patients.

Figure 1. Study flowchart.
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SHARP eligibility criteria

Subgroups were made based on meeting or not meeting the eligibility criteria of the 

SHARP trial2. These criteria are shown in Figure 1. In summary, patients were required 

to have advanced stage HCC or intermediate stage HCC which was not or no longer 

eligible for surgical or locoregional therapies, without previous systemic therapy for 

HCC. SHARP eligible patients were required to have an ECOG PS 0-2, Child Pugh A liver 

function and adequate renal and hematological function. The actual life expectancy 

was not mentioned in the files, but was considered to be within the limits of the 

SHARP eligibility criteria (≥12 weeks) based on descriptive data. Patients violating one 

or more SHARP eligibility criteria were assigned to the ‘SHARP non-eligible subgroup 

and patients meeting all criteria were assigned to the ‘SHARP eligible’ subgroup. 

Patients who could not be assigned to a subgroup due to missing data were excluded 

from this study.

Outcome measures

The primary outcome, overall survival (OS), was calculated from the date of the 

first dose of sorafenib until death or censored on the last known date to be alive. 

Survival status was checked in the electronic medical record and verified by using 

the municipal records database on 17 January 2018.

Time to progression (TTP) was defined as the time from start of sorafenib treatment 

until clinical or radiological disease progression. Radiological response evaluation 

was performed every 2-3 months as part of standard of care and assessed by 

experienced abdominal radiologists using the Response Evaluation Criteria in Solid 

Tumors (RECIST 1.1)23. Progression-free patients were censored at the time of last 

radiological evaluation. Patients who died or were lost to follow-up before first 

radiological evaluation, were excluded from TTP analysis. In response evaluation, 

all patients who showed clinically progressive disease in the absence of radiological 

evaluation were considered to have progressive disease. All adverse events were 

classified according to the National Cancer Institute’s Common Toxicity Criteria 

(NCI-CTC v4.03)24. Liver dysfunction was defined as occurrence or deterioration of 

hyperbilirubinemia, ascites or encephalopathy.

Statistical analysis

Continuous variables were expressed as medians and ranges, and categorical variables 

as absolute and relative frequencies. The Pearson’s chi-square or Fisher’s exact test 

where appropriate, were used to compare categorical data in the SHARP eligible and 

non-eligible subgroups. Continuous data was compared using the Student’s t-test 

or Mann-Whitney U-test, where appropriate. The Kaplan-Meier method and log-

rank tests were used to estimate and compare OS and TTP curves. Cox proportional 

hazard regression analysis was used to calculate hazard ratios (HRs) and assess the 

association of baseline variables, including literature reported predictors, with OS and 

TTP. All predictors with a two-sided p-value <0.05 in univariate analysis were included 

in a subsequent multivariable model in which correlated predictors were adjusted to 

reduce overlapping variance. In order to identify the impact of the separate SHARP 

eligibility criteria, we performed an exploratory univariate analysis of the individual 

criteria separately. A two-sided p-value <0.05 was considered statistically significant. 

Statistical analyses were performed using IBM SPSS statistics (version 23.0; IBM Corp., 

Armonk, New York, USA).

RESULTS

Patient characteristics

Between May 2007 and December 2016, a total of 323 patients with advanced 

HCC were treated with sorafenib. Of these, 66 patients (20%) were excluded due 

to incomplete data (n=47) or because they received combined SIRT and sorafenib 

treatment (n=19) (Figure 1). The remaining 257 patients formed the study cohort of 

whom baseline patient and tumor characteristics are summarized in Table 1. The 

majority of patients had liver cirrhosis (79%), and 218 patients (85%) were in the 

Child-Pugh A class. The most common etiological factors were alcohol (34%), followed 

by hepatitis B virus infection (HBV; 16%) and hepatitis C virus infection (HCV; 16%). 

At the start of sorafenib treatment, most patients had advanced stage HCC (73%) 

and 93 patients (36%) received prior treatment for HCC, mainly TACE (21%). In total, 

193 of the 257 (75%) were considered SHARP eligible. Reasons for non-eligibility of 

the other 64 patients are listed in Figure 1. SHARP non-eligible patients had more 
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often Child-Pugh B liver function with lower albumin and higher bilirubin, aspartate 

transaminase (AST) and alanine transaminase (ALT) levels. Less common reasons 

for SHARP ineligibility were prior systemic treatment for HCC(n=4), low platelet 

count (n=4) or low hemoglobin (n=3). SHARP non-eligible patients were younger (63 

versus 66 years, p=0.040), but other baseline clinical and tumor characteristics were 

comparable between subgroups.

Table 1. Baseline characteristics of all, SHARP eligible and non-eligible patients.

Variable All patients
N = 257

Eligible
N = 193

Non-Eligible
N = 64

p-valuea

Age – yr, median (range) 65 (26-84) 66 (26-84) 63 (27-79) 0.040

Male Sex– no (%) 208 (81) 161 (83) 47 (73) 0.098

Etiology – no (%)

Alcohol 87 (34) 67 (35) 20 (31) 0.650

HBV 40 (16) 30 (15) 10 (16) 0.998

HCV 41 (16) 31 (16) 10 (16) 0.934

NAFLD/NASH 20 (8) 17 (9) 3 (5) 0.420

Other/Unknown 15 (6) 9 (5) 6 (9) 0.215

Cirrhosis – no (%) 203 (79) 148 (77) 55 (86) 0.081

Child-Pugh class – no (%)b <0.001

A 218 (85) 193 (100) 25 (39)

B 35 (14) NA (0) 35 (55)

ECOG Performance status – no (%) 0.558

0 81 (32) 64 (33) 17 (27)

1 153 (60) 113 (59) 40 (63)

2 23 (9) 16 (8) 7 (11)

BCLC stage prior to start sorafenib– no (%) 0.300

B (intermediate) 69 (27) 55 (29) 14 (22)

C (advanced) 188 (73) 138 (72) 50 (78)

Number of nodes – no (%) 0.097

1 node 53 (21) 41 (21) 12 (19)

2-3 nodes 60 (23) 66 (34) 14 (22)

>3 nodes or diffuse infiltrating 20 (8) 86 (45) 38 (59)

Size of largest node – mm (range) 72 (10-230) 70 (12-225) 77 (10-230) 0.143

Macroscopic vascular invasion – no (%) 107 (42) 79 (41) 28 (44) 0.692

Table 1. Continued.

Variable All patients
N = 257

Eligible
N = 193

Non-Eligible
N = 64

p-valuea

Extend of disease - no (%) 0.085

Confined to liver 108 (42) 87 (45) 21 (33)

Extrahepatic spread 149 (58) 106 (55) 43 (67)

Laboratory analysis

AFP – ng/ml, median (range) 179
(2-1201500)

158
(2-1201500)

244
(3-688200)

0.137

AFP ≥400 ng/ml – no (%) 109 (42) 81 (42) 28 (44) 0.727

Hemoglobin – mmol/L, median (range) 8.2 (4.9-10.8) 8.3 (5.6-10.8) 7.8 (4.9-10.5) 0.001

Thrombocytes – x109, median (range) 187 (52-846) 188 (62-672) 175 (52-846) 0.761

PT – seconds, median (range) 12.5 (9.8-17.5) 12.3
(9.8-16.4)

13.0
(10.7-17.5)

<0.001

Creatinine – µmol/L, median (range) 72 (41-247) 74 (41-151) 68 (41-247) 0.227

Albumin – g/dl, median (range) 40 (23-50) 40 (30-50) 35 (23-47) <0.001

Bilirubin – µmol/L, median (range) 14 (3-75) 13 (3-40) 22 (3-75) <0.001

AST – U/L, median (range) 69 (17-697) 64 (17-198) 126 (29-697) <0.001

ALT– U/L, median (range) 47 (9-493) 45 (9-224) 51 (20-493) 0.012

Received prior treatment – no (%) 93 (36) 75 (39) 18 (28) 0.121

Liver transplantation 5 (2) 5 (3) 0 (0) 0.336

Surgical resection 26 (10) 23 (12) 3 (5) 0.149

RFA 36 (14) 28 (15) 8 (13) 0.836

TACE 53 (21) 41 (21) 12 (19) 0.669

SIRT 1 (<1) 1 (<1) 0 (0) 1.00

Systemic therapy 4 (2) NA 4 (6) 0.004

ap-value applies to the ‘eligible’ versus ‘non-eligible’ groups. 
bMissing in four patients. 
Abbreviations: AFP, alpha-fetoprotein; ALT, Alanine transaminase; AST, aspartate transaminase; 
BCLC, Barcelona Clinic Liver Cancer classification; ECOG, Eastern Cooperative Oncology Group; HBV, 
Hepatitis virus B; HCV, Hepatitis virus C; NA, non-applicable; NAFLD/NASH, Non-alcoholic fatty liver 
disease/Non-alcoholic steatohepatitis; PT, prothrombin time; RFA, radiofrequent ablation; SHARP, 
Sorafenib Hepatocellular Carcinoma Assessment Randomized Protocol; SIRT, selective internal 
radiation therapy; TACE, transcatheter arterial chemoembolization.
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Overall survival

After a median follow-up of 45.8 months (range 0.2-63.2), 232 of 257 (90%) patients 

had died. The median OS for all patients receiving sorafenib was 8.4 months (95% CI 

6.9-9.9). The median OS in the SHARP eligible subgroup was 9.5 months (95% CI 7.7-

11.3) compared with 5.4 months (95% CI 3.6-7.1) in the SHARP non-eligible subgroup 

(logrank p<0.001; Figure 2a).

In univariable Cox regression analysis (Table 3), not meeting the SHARP inclusion 

criteria was the strongest predictor of an increased risk of mortality [hazard ratio 

(HR) = 1.81, 95% CI 1.35-2.44]. Other baseline factors that were associated with an 

increased risk of mortality were ECOG performance status 2, tumor size >72 mm 

(above median), macrovascular invasion (MVI) and alpha-fetoprotein (AFP) ≥400 ng/

ml, whereas patients that received prior HCC treatment had a better prognosis (HR 

0.67, 95% CI 0.51-0.88). In subsequent multivariable analysis, not meeting the SHARP 

inclusion criteria (HR = 1.78, 95% CI 1.32-2.41), MVI (HR = 1.34, 95% CI 1.02-1.76) and 

AFP ≥400 (HR = 1.60, 95% CI 1.22-2.11) were independently associated with reduced 

survival. An additional exploratory analysis aimed at assessing the impact of the 

individual SHARP eligibility criteria (Supplementary Table 1), showed that Child 

Pugh B (HR 2.03, 95% CI 1.40-2.95), hemoglobin <5.3 mmol/l (HR 13.85, 95% CI 4.16-

46.06), bilirubin >51.3 µmol/L (HR 2.46, 95% CI 1.16-5.25), AST >5x ULN (HR 2.66, 95% 

CI 1.72-4.11), ALT >5x ULN (HR 1.18, 95% CI 0.52-2.67) and creatinine >1.5x ULN (HR 

8.57, 95% CI 2.08-35.39) were associated with reduced OS. A multivariable analysis 

was not conducted due risk of collinearity of multiple violations, and limited sample 

size of subgroups.

Figure 2. a) Overall survival and b) Time to progression in SHARP eligible and SHARP non-eligible sub-
groups. 33 patients were not evaluable for TTP analysis.
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TTP and response rate

Data on TTP (Figure 2b) was available in 224 patients (87%); 33 patients (13%) died or 

were lost to follow-up before clinical or radiological disease progression. Overall, the 

median TTP was 3.8 months (95% CI 2.9-4.6). SHARP eligible patients had a significant 

longer TTP (4.3 months, 95% CI 3.1-5.6) than non-eligible patients (3.0 months, 95% CI 

1.7-4.4)(log-rank p =0.019). After correction for other univariable predictors (HBV, MVI 

and AFP ≥400), not meeting the SHARP eligibility criteria remained an independent 

predictor of poor TTP (HR 1.45, 95% CI 1.05-2.00)(Supplementary Table 2). The best 

radiological response according to RECIST 1.1 was not statistically different between 

eligible and non-eligible subgroups (Table 2).

Treatment details and adverse events

Treatment details and adverse events are summarized in Table 2. Median duration 

of sorafenib treatment was 13 weeks (range 0-225 weeks) with a median maximum 

tolerated dose of 200 mg twice daily, reflecting that the majority of patients (59%) 

did not reach the maximum dose. The most common treatment emergent AE’s (all 

grades) were gastrointestinal (37%), liver dysfunction (35%), asthenia (30%) and 

skin toxicity (34%). The most common grade III/IV AE’s were liver dysfunction (28%), 

followed by gastrointestinal (13%) skin toxicity (11%). During sorafenib treatment, 

liver dysfunction occurred more frequently in the SHARP non-eligible patients (56 

versus 28%, p<0.001) compared with SHARP eligible patients. Non-eligible patients 

developed more often grade 3-4 liver dysfunction (44 versus 23%, p=0.001), but 

maximum tolerated sorafenib dose and AE’s were comparable between subgroups. 

Patients who were SHARP non-eligible showed a trend towards shorter treatment 

duration (9 versus 13 weeks, p=0.052) and terminated treatment more often due to 

combined progression and AE’s (38 versus 22%, p=0.030). In SHARP eligible patients, 

the main reason for permanent discontinuation was disease progression (54%).

Table 2. Treatment details and adverse events of SHARP eligible and non-eligible patients.

Variable All patients
N= 257

Eligible
N=193

Non-Eligible
N=64

p-valuea

Weeks of treatment – median (Range) 13 (0-225) 13 (0-209) 9 (0-225) 0.052

Total tolerated daily dose – mg, median (Range)
400
(200-1400)

400
(200-1400)

400
(200-1000)

0.203

Treatment emergent Adverse Events – no (%)

Any, all grades 203 (79) 150 (78) 53 (83) 0.082

Any, grade 3/4 140 (55) 104 (54) 36 (56) 0.742

Asthenia, all grades 76 (30) 56 (29) 20 (31) 0.734

Asthenia, grade 3/4 14 (5) 12 (6) 2 (3) 0.528

Dermatological, all grades 88 (34) 72 (37) 16 (25) 0.072

Dermatological, grade 3/4 29 (11) 24 (12) 5(8) 0.370

Gastrointestinal, all grades 94 (37) 69 (36) 25 (39) 0.634

Gastrointestinal, grade 3/4 32 (13) 27 (14) 5 (8) 0.274

Hematological, all grades 26 (10) 21 (11) 5 (8) 0.634

Hematological, grade 3/4 8 (3) 6 (3) 2 (3) 1.000

Hypertension, all grades 16 (6) 15 (8) 1 (2) 0.130

Hypertension, grade 3/4 5 (2) 5 (3) 0 (0) 0.336

Liver dysfunction, all grades 90 (35) 54 (28) 36 (56) <0.001
Liver dysfunction, grade 3/4 72 (28) 44 (23) 28 (44) 0.001
Other, all grades 28 (11) 20 (10) 8 (13) 0.634

Other, grade 3/4 14 (5) 9 (5) 5 (8) 0.347

Treatment interruptions – no (%) 0.998

None 172 (67) 129 (67) 43 (67)

1-2 interruptions 77 (30) 58 (30) 19 (30)

≥ 3 interruptions 8 (3) 6 (3) 2 (3)

Reason termination – no (%) 0.030
Ongoing 6 (2) 6 (3) 0 (0)

Progression 127 (49) 104 (54) 23 (36)

Toxicity 34 (13) 25 (13) 9 (14)

Progression and adverse event 66 (26) 42 (22) 24 (38)

Other/Unknown 24 (9) 16 (8) 5 (16)

Best radiological response (RECIST 1.1) – no (%) 0.373

Complete response 0 (0) 0 (0) 0 (0)

Partial response 20 (8) 13 (7) 7 (11)

Stable disease 98 (38) 79 (41) 19 (30)

Progressive disease 106 (41) 77 (40) 29 (45)

Not evaluable 33 (13) 9 (9) 6 (19)

ap-value applies to the ‘Eligble’ versus ‘non-eligble’ groups. p-values <0.05 are highlighted in bold. 
Abbreviations: RECIST, Response Evaluation Criteria in Solid Tumors; SHARP, Sorafenib Hepatocellular 
Carcinoma Assessment Randomized Protocol.
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Table 3. Hazard ratios for overall survival in univariable and multivariable analysis.

Univariable analysis Multivariable analysis

Variable HR 95%CI p-value HR 95%CI p-valuea

Not meeting SHARP inclusion criteria 1.81 1.35-2.44 <0.001 1.78 1.32-2.41 <0.001

Female Sex 1.27 0.92-1.75 0.152

Age > 65 years 0.96 0.74-1.24 0.729

HBV 1.02 0.71-1.47 0.929

HCV 0.87 0.60-1.25 0.437

Alcohol abuse 0.96 0.73-1.26 0.747

Cirrhosis (Ref =no cirrhosis) 1.11 0.81-1.53 0.520

ECOG PS 2 (ref = ECOG 0-1) 1.57 1.01-2.44 0.045 1.36 0.86-2.15 0.191

BCLC stage C (ref = B) 1.23 0.91-1.65 0.180

Number of nodes (ref = 1 node) 0.087

2-3 nodes 0.86 0.60-1.24

>3 nodes / diffuse infiltrating 1.20 0.86-1.68

Tumor size >72 mm 1.53 1.17-1.98 0.002 1.27 0.95-1.70 0.111

Macroscopic vascular invasion 1.44 1.11-1.88 0.006 1.34 1.02-1.76 0.036

Extrahepatic spread (ref = Liver confined) 1.11 0.85-1.44 0.456

AFP ≥400 1.76 1.35-2.30 <0.001 1.60 1.22-2.11 0.001

Received previous treatments 0.67 0.51-0.88 0.004 0.84 0.61-1.15 0.264

ap-values <0.05 are highlighted in bold. 
Abbreviations: AFP, alpha-fetoprotein; BCLC, Barcelona Clinic Liver Cancer classification; ECOG PS: 
Eastern Cooperative Oncology Group Performance status; HBV, Hepatitis virus B; HCV, Hepatitis virus 
C; NAFLD/NASH, Non-alcoholic fatty liver disease/Non-alcoholic steatohepatitis; SHARP, Sorafenib 
Hepatocellular Carcinoma Assessment Randomized Protocol. 

DISCUSSION

We showed that SHARP eligible patients treated in daily clinical practice had an OS 

similar to those treated in the SHARP trial (9.5 versus 10.7 months, respectively), 

whereas SHARP non-eligible patients had significantly reduced survival (5.4 months), 

reduced TTP and more liver dysfunction during treatment.

In our cohort, a minority of patients (25%) did not meet the SHARP eligibility criteria, 

mainly due to Child Pugh class B liver function or serum AST/ALT values exceeding five 

times the upper limit of normal. This suggests that the observed survival difference, 

between SHARP eligible and non-eligible patients can be explained by more 

compromised liver function in the latter subgroup. Likewise, there was an increased 

occurrence of (severe) liver dysfunction whereas maximum tolerated dose and other 

toxicity types were comparable. Hence, this study confirms the remarks made by 

the authors of both sorafenib landmark studies, which stressed that restricting 

enrollment to Child Pugh A patients, could have potentially prevented deaths related 

to advanced liver disease masking the effects of sorafenib1, 2.

Despite these remarks and the guidelines advising sorafenib treatment of advanced 

HCC in Child-Pugh A patients only3, multiple cohort studies showed that prescription 

to Child-Pugh B patients has not been uncommon (12-44%, Table 4) in the past 

decade 9, 12, 15. As sorafenib toxicity in these patients is comparable to Child-Pugh 

A patients, sorafenib seems a safe treatment option; however safety alone is not 

enough to consider sorafenib as standard of care. Our study validates the findings of 

a series of previous studies, both retrospective and prospective (Table 4), showing 

that Child Pugh B patients have a poor outcome on sorafenib treatment. Interestingly, 

the outcomes of SHARP non-eligible patients treated with sorafenib were inferior 

to historic cohorts of SHARP eligible patients receiving placebo (7.9 months)2 and 

comparable to patients with Child-Pugh B receiving best-supportive care (BSC) only 

(5 months)3, 25. This suggests that sorafenib is non-superior to BSC in patients with 

more advanced liver disease. Despite the multitude of studies counting almost 5000 

patients treated with sorafenib, including more than 1100 Child-Pugh B patients, the 

conclusions on the usage in these patients remain conflicting (Table 4).

Table 4. Studies comparing sorafenib outcomes in Child-Pugh A and B subgroups in advanced HCC.

First author Year Design No. of patients
(% Child-Pugh B)

Overall survival
Child A vs B (mo.)

Conclusion on 
Child-Pugh B

Pinter14 2009 Retrospective 59 (39%) 8.3 vs 4.3 More data needed

Wörns16 2009 Prospective 34 (44%) 7.2 vs 3.3 Treat with caution

Abou-Alfa7 2011 Retrospective 127 (30%) 9.5 vs 3.2 More data needed

Hollebecque9 2011 Prospective 120 (17%) 13 vs 4.5 Treat with caution

Iavarone10 2011 Prospective 296 (12%) 12.7 vs 7.7 -

Pressiani15 2012 Prospective 297 (21%) 10.0 vs 3.8 Treat with caution

Da Fonseca11 2015 Retrospective 120 (17%) 9.7 vs 2.5 More data needed

Ogasawara13 2015 Prospective 89 (34%) 11.1-14.5 vs 4.6-8.7 Child-Pugh B7 is eligible

Marrero12 2016 Prospective 2717 (25%) 13.6 vs 5.2 Treat with caution

Edeline8 2016 Retrospective 905 (20% 7.0-10.2 vs 3.6 Limit indication to Child-
Pugh A
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Ideally a randomized placebo-controlled trial should be conducted to determine the 

efficacy in Child-Pugh B patients. Unfortunately, such an initiative (BOOST trial) had 

to be terminated prematurely due to slow enrollment, demonstrating the difficulty in 

recruiting these patients and carrying out such a trial26. Still, healthcare authorities 

increasingly demand validation of (expensive) drugs and both clinicians and patients 

are facing dilemmas when considering treatment. The significant costs of sorafenib 

therapy, which proved only to be cost-effective in patients with compensated liver 

disease and when applying proper dose adjustments, underlines the need of strict 

patient selection27, 28. Therefore, we conclude that currently there is insufficient 

evidence for sorafenib treatment beyond the SHARP eligibility criteria, specifically 

in patients with Child-Pugh B liver function, and that the registered therapeutic 

indication and the BCLC staging system should restrict treatment to Child-Pugh A 

patients. The limitations of Child-Pugh A as a selection criterion and alternatives 

[i.e., Albumin-Bilirubin (ALBI) score] have been discussed previously8, 29. Our findings 

support adherence to the current guidelines with careful patient selection and dose-

adjustments according to the current evidence. This may reduce non-beneficial 

exposure of patients to sorafenib toxicity and the unnecessary healthcare costs.

Still, even in SHARP eligible patients further optimization of sorafenib usage is 

possible, indicated by low response rates, heterogeneity in survival outcomes and 

lack of a significant improvement in patient-reported quality of life variables2. In the 

future, molecular biomarkers, i.e., tumor profiling or biochemical serum markers, 

might aid in further selecting the optimal candidates for sorafenib or future trials.

Our study has several limitations, including the retrospective design with its inherent 

drawbacks. Non-availability of key parameters (i.e. Child Pugh classification) led to 

exclusion of some patients, as adherence to the SHARP eligibility criteria could not 

be assessed. Furthermore, the retrospective assessment of parameters that are 

subject to inter-observer variability, such as ECOG PS or life expectancy, might have 

caused inaccurate assessment. Strengths of our study include the focus on unselected 

patients in the daily clinical practice of two tertiary referral centers for HCC, covering 

roughly 30-40% of the Dutch HCC population. The construction of a robust dataset 

was possible due to the standardized evaluation of all patients in a multidisciplinary 

team meeting, prospective monitoring of drug toxicity and standardized RECIST 1.1 

response monitoring.

In conclusion, our results confirm that the trial outcomes of sorafenib in advanced 

HCC are reproducible in daily clinical practice, provided that the SHARP eligibility 

criteria are respected. Based on our findings and the results of previous studies, 

sorafenib usage should be restricted to Child-Pugh A patients.
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SUPPLEMENTARY MATERIAL
 
Supplementary Table 1. Hazard ratios for overall survival in an exploratory univariable analysis of the 
separate SHARP criteria.

Patients Univariable analysis

Variable HR 95% CI p-valuea

Prior systemic therapy for HCC 4 0.70 0.26-1.89 0.483

ECOG PS 3-4 (ref=0-2) 0 - - -

Child-Pugh B (ref=Child-Pugh A) 35 2.03 1.40-2.95 <0.001

Hemoglobin <5.3 mmol/l) 3 13.85 4.16-46.06 <0.001

Platelet count <60 ×109 4 0.90 0.29-2.81 0.852

PT >6 sec elongated or INR >2.3 0 - - -

Albumin <28 g/l 4 1.09 0.35-3.42 0.879

Bilirubin >51.3 μmol/L 7 2.46 1.16-5.25 0.020

AST >5 x ULN (>200 U/L) 24 2.66 1.72-4.11 <0.001

ALT >5 x ULN (>225 U/L) 6 1.18 0.52-2.67 0.698

Creatinine >1.5 x ULN (>165 µmol/L) 2 8.57 2.08-35.39 <0.001

No measurable according to RECIST 0 - - -

Life expectancy <12 weeks 0 - - -

ap-values <0.05 are highlighted in bold. 
Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase; ECOG, Eastern Cooperative 
Oncology Group; HCC, hepatocellular carcinoma; INR, international normalized ratio; PT, prothrombin 
time; RECIST, Response Evaluation Criteria in Solid Tumors; SHARP, Sorafenib Hepatocellular 
Carcinoma Assessment Randomized Protocol; ULN, upper limit of normal.

Supplementary Table 2. Hazard ratios for time to progression in univariable and multivariable analysis.

Univariable analysis Multivariable analysis

Variable HR 95% CI p-value HR 95% CI p-value

Not meeting SHARP inclusion criteria 1.46 1.06-2.00 0.020 1.45 1.05-2.00 0.024

Female Sex 1.37 0.97-1.95 0.078

Age > 65 years 0.88 0.67-1.16 0.356

HBV 1.52 1.05-2.21 0.026 1.58 1.09-2.29 0.016

HCV 0.91 0.62-1.33 0.624

Alcohol abuse 0.88 0.66-1.17 0.376

Cirrhosis 1.20 0.86-1.69 0.290

ECOG PS 2 (Ref = ECOG 0-1) 1.40 0.89-2.21 0.142

BCLC stage C (reference: B) 1.36 0.97-1.89 0.074

Number of nodes (ref=1 node) Ref - 0.229

2-3 nodes 1.03 0.69-1.54

>3 nodes / diffuse infiltrating 1.30 0.90-1.87

Tumor size >72 mm 1.24 0.94-1.63 0.135

Macroscopic vascular invasion 1.36 1.03-1.80 0.028 1.35 1.02-1.79 0.036

Extrahepatic spread (Ref= Liver confined) 1.29 0.97-1.71 0.083

AFP ≥400 1.60 1.21-2.12 0.001 1.61 1.21-2.13 0.001

Received previous treatments 0.84 0.63-1.12 0.225

ap-values <0.05 are highlighted in bold. 
Abbreviations: AFP, alpha-fetoprotein; BCLC, Barcelona Clinic Liver Cancer classification; ECOG PS: 
Eastern Cooperative Oncology Group Performance status; HBV, Hepatitis virus B; HCV, Hepatitis virus 
C; NAFLD/NASH, Non-alcoholic fatty liver disease/Non-alcoholic steatohepatitis; SHARP, Sorafenib 
Hepatocellular Carcinoma Assessment Randomized Protocol.
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ABSTRACT

Background: Few data are available on the pharmacokinetics (PK) of sorafenib 

in patients with advanced hepatocellular carcinoma (HCC) and Child-Pugh B liver 

cirrhosis. This study aimed to explore the sorafenib PK and its relationship with 

efficacy and toxicity in these patients.

Methods: Patients with advanced HCC and Child-Pugh B7-8 liver function were 

prospectively recruited at a tertiary center. Adverse events (AEs), progression-free 

survival (PFS), and overall survival (OS) were recorded. Patients received a starting 

dose of 200 mg b.i.d. with toxicity-adjusted dose escalation to a target dose of 400 

mg b.i.d. with PK sampling at fixed time points.

Results: Between May 2014 and March 2017, 12 patients were screened, of whom 7 

progressed to a terminal stage during the screening (n = 6) or shortly after recruitment 

(n = 1). The five included patients had median PFS of 3.8 months (range, 1.7–10.8) and 

OS of 7.4 months (range, 1.7–25.8). Three patients had severe AEs and one patient 

had a partial response with an OS of 25.8 months. In 2017, the trial was aborted for 

lack of accrual.

Conclusion: Because of low accrual, no conclusion can be drawn on the sorafenib 

PK in patients with advanced HCC and Child-Pugh B liver cirrhosis. The poor survival 

and frequent cirrhosis-related AEs suggest limited benefit for most of these patients.

SUMMARY OF TRIAL OUTCOMES

Sorafenib, a tyrosine kinase inhibitor, is recommended for patients with advanced 

hepatocellular carcinoma (HCC) and Child-Pugh class A liver function1-3. Nonetheless, 

real-life studies showed that sorafenib is still commonly (12-44%) prescribed to 

patients with Child-Pugh B liver function4-14. Sorafenib undergoes hepatic metabolism 

and biliary excretion which could potentially be influenced by concomitant liver 

cirrhosis15. Prior studies analyzing the association between hepatic impairment and 

sorafenib’s pharmacokinetics (PK) had small Child-Pugh B subgroups (n<20)16-19. 

The present study aimed to prospectively recruit 45 patients to study sorafenib PK 

parameters and identify potential predictors for sorafenib exposure (i.e. bilirubin, 

CYP3A4 activity) and its relationship with toxicity, progression-free survival (PFS) 

and overall survival (OS).

Patients with advanced HCC, an Eastern Cooperative Oncology Group performance 

status (ECOG PS) 0-2 and a Child-Pugh score of B7 or 8 were recruited at a large referral 

center. Patients received a starting dose of 200 b.i.d. with ramp-dosing to a target 

dose of 400 mg b.i.d. with PK sampling at fixed time points20.

Despite extensive accrual efforts for almost 3 years (May 2014 to March 2017), our 

study had to be terminated prematurely after inclusion of 5 patients (Table 1). 

Foremost, there were competing studies also recruiting patients with Child-Pugh 

B7 (i.e., SORAMIC and STOP-HCC trials21, 22) which were prioritized by patients and 

physicians. The accrual was further hampered by a rapidly deteriorating liver function 

(Child-Pugh ≥B9) or clinical condition (ECOG PS ≥3) in 7 of 12 (58%) screened patients 

who had a median OS of 2.5 months (range 0.5-5.7). Six of these patients progressed 

to a terminal stage during the screening period, whereas one patient had a variceal 

bleeding and progressive ascites 5 days after starting sorafenib. The main outcomes 

are summarized in Table 2. Unfortunately, this incomplete study is limited in drawing 

definitive conclusions on the impact of Child-Pugh B liver function on sorafenib PK, 

efficacy and safety. This is the second study in patients with Child-Pugh B patients 

treated with sorafenib that had to be terminated due to slow enrollment23. This 

reflects the difficulty in recruiting and treating these patients mainly due to the higher 

risk of cirrhosis-related adverse events.
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Table 1. Patient characteristics.

Characteristics n

Gender

Male 5

Female 0

Age – years (median) 69 (63-79 years)

HCC Etiology

Alcohol 5

Other 0

ECOG Performance Status

0 1

1 4

Child-Pugh classification

B7 4

B8 1

BCLC stage

Intermediate stage (BCLC-B) 1

Advanced stage (BCLC-C) 4

Received prior treatment

No 4

Yes: TACE 1

Abbreviations: BCLC, Barcelona Clinic Liver Cancer; ECOG, Eastern Cooperative Oncology Group; HCC, 
hepatocellular carcinoma; TACE, Transarterial chemoembolization.

Table 2. Trial information.

Disease Hepatocellular carcinoma

Stage of disease/treatment Advanced/Palliative

Prior therapy No designated number of treatments

Type of Study – 1 Phase II

Type of Study – 2 Single arm

Primary endpoint Sorafenib exposure

Secondary endpoint Toxicity/Adverse events

Secondary endpoint Progression-free survival

Secondary endpoint Overall survival

Additional details of endpoints or study design

The main endpoint was sorafenib and 
N-oxide sorafenib exposure as a marker of the 

pharmacokinetics (PK). The population PK analysis 
was planned to be done using nonlinear mixed 

effects modelling (NONMEM). Power calculations 
are not possible in NONMEM. As a role of thumb, 

40 patients allow one to identify ca. 3 clinical 
significant correlations between PK parameters 

and patients characteristics. To be sure to have 40 
evaluable patients we aimed to recruit 45 patients.

Investigator analysis

Poor accrual in fragile population. High rates of 
cirrhosis-related adverse events. Sorafenib is 

unlikely to be beneficial for most patients with 
Child-Pugh B.

Drug information for Phase II advanced malignancies
Drug 1

Generic/Working Name Sorafenib

Trade name Nexavar

Company Name Bayer

Drug Type Small molecule

Drug Class Tyrosine Kinase inhibitor

Dose 400 mg b.i.d.

Route Oral (p.o.)

Schedule of administration
Starting dose: 200 mg b.i.d. with ramp-dosing to 

the maximum dose of 400 mg b.i.d.

Primary assessment method
Number of patients screened 12

Number of patients enrolled 5

Number of patients evaluable for PK-analysis 4

Number of patients evaluable for toxicity 5

Number of patients evaluable for PFS 5

Number of patients evaluable for OS 5

Radiological evaluation method mRECIST
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Table 2. Continued.
Radiological response

Complete response 0 (0%)

Partial response 1 (20%)

Stable disease 3 (60%)

Progressive disease 0 (0%)

Response unknown 1 (20%)

Median duration assessments PFS 3.8 months (range, 1.7-10.8)

Median duration assessments OS 7.4 months (range, 1.7-25.8)

Median duration of treatment 13 weeks (range, <1-46)

Median total tolerated dose 400 mg (range, 200-600)

Adverse events according CTCV4.03
Variable (n=) All grades Grade 1-2 Grade 3-4

Any adverse events 5 2 3

Fatigue/Asthenia 3 3 0

Diarrhoea 3 3 0

Vomiting 1 1 0

Constipation 1 1 0

Hand-Foot Skin syndrome 3 2 1

Mucositis 2 2 0

Other

Sepsis 1 0 1

Hyperkalemia 1 1 0

Hyponatremia 1 0 1

Neuropathy 1 1 0

Tinnitus 1 1 0

Hiccups 1 1 0

Cirrhosis-related adverse events

Ascites 3 1 2

Hypoalbuminemia 2 1 1

Hyperbilirubinemia 5 4 1

Thrombocytopenia 4 4 0

Variceal Bleeding 1 0 1

Pharmacokinetics / Pharmacodynamics
Analysis not feasible because of small number of patients

Assessment, analysis and discussion
Completion Study terminated before completion

Termination reason Did not fully accrue

Investigator assessment
High rates of cirrhosis-related adverse events. 
Sorafenib is unlikely to be beneficial for most 

patients with Child-Pugh B.

Abbreviations: PFS, progression-free survival; OS, overall survival; PK, pharmacokinetic.

DISCUSSION

Advanced stage hepatocellular carcinoma (HCC) bears a poor prognosis with an 

expected median survival of 6-8 months without treatment24. Sorafenib, a multi-

tyrosine kinase inhibitor, was the first treatment showing a modest survival benefit 

in these patients. Two randomized phase-III studies showed that sorafenib improved 

the overall survival with 2-3 months compared with placebo25, 26. In these landmark 

studies, enrollment was restricted to patients with Child-Pugh class A liver function, 

regardless of presence or absence of underlying liver cirrhosis. International 

guidelines therefore recommend sorafenib treatment for patients with advanced HCC 

(Barcelona Clinic Liver Cancer [BCLC] stage C, and Child-Pugh A only1-3. Nonetheless, 

several real-life studies showed that sorafenib is still commonly (12-44%) prescribed 

to patients with Child-Pugh B liver function4-14.

Although prior studies suggested similar adverse event profiles in patients with Child-

Pugh B liver function7, 10, 13, there is currently no data showing that sorafenib offers 

a significant survival benefit in Child-Pugh B patients. Sorafenib undergoes hepatic 

metabolism (predominantly CYP3A4) and biliary excretion which could potentially be 

influenced by the presence of underlying liver disease15. Eight sorafenib metabolites 

have been identified of which pyridine N-oxide, the main circulating metabolite of 

sorafenib in plasma, has shown in vitro potency similar to that of sorafenib15. Prior 

studies describing the impact of the severity of hepatic impairment on sorafenib’s 

pharmacokinetics (PK) did not find significant differences in the PK profile of 

sorafenib or the N-oxide metabolite in patients with decreased liver function16-19. In 

these preliminary studies, subgroups with Child-Pugh B were small (n<20). In order 

to assess the tolerability and potential efficacy of sorafenib treatment in patients 

with advanced HCC and Child-Pugh B liver cirrhosis, the main aim of our study was 

to explore the PK of sorafenib and its metabolites. This prospective, open-label 

observational study aimed to recruit 45 patients to study various PK parameters (i.e. 

exposure and variability of sorafenib and N-oxide sorafenib) and identify potential 

predictors for sorafenib exposure (i.e. bilirubin, CYP3A4 activity). Secondary aims were 

to correlate PK parameters with sorafenib toxicity and progression-free survival (PFS).
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Between May 2014 and March 2017, patients were recruited at a large referral center 

for patients with HCC (Amsterdam University Medical Centers, location Meibergdreef, 

Amsterdam). Patients were eligible for the study in case of advanced HCC (BCLC-C) 

with a preserved Eastern Cooperative Oncology Group performance status (ECOG 

PS) 0-2 and a Child-Pugh score of B7 or 8. Patients received a starting dose of 200 mg 

b.i.d. with ramp-dosing to a target dose of 400 mg b.i.d. with PK sampling at fixed 

time points20.

Despite the clear study design targeting a clinically relevant study population with 

a well-known systemic treatment (sorafenib), our study met some major obstacles 

and had to be terminated prematurely within 3 years after inclusion of 5 patients. 

Foremost, it proved difficult to recruit enough patients due to competing studies 

in advanced HCC that also recruited patients with Child-Pugh B7 for combined 

selective internal radiation therapy (SIRT) with sorafenib treatment (i.e., SORAMIC 

and STOP-HCC trials21, 22). Understandingly, these studies were prioritized by patients 

and physicians. One patient refused the study due to the burden of hospital visits 

for sorafenib treatment and the additional PK sampling. For logistical reasons, 

expansion to a multicenter study was not feasible. Efforts to improve the accrual, 

including promoting the study on patient information websites and referral of 

potential candidates within the national study collaboration (Dutch Hepatocellular- 

& Cholangiocarcinoma Group [DHCG]), did not lead to a sufficient increase in accrual. 

In addition, the accrual was further hampered by a rapidly deteriorating liver function 

(Child-Pugh ≥B9) or clinical condition (ECOG PS ≥3) in 7 of 12 (58%) screened patients. 

Six of these patients progressed to a terminal stage (BCLC-D) during the screening 

period, whereas one patient was admitted with a variceal bleeding and progressive 

ascites 5 days after starting sorafenib, leading to permanent sorafenib discontinuation 

in this case. These patients died after a median of 2.5 months (range 0.5-5.7), 

indicating a poor prognosis if patients with advanced HCC develop decompensated 

liver cirrhosis.

Lastly, the focus of this trial on patients with Child-Pugh B7-8 exposed the limitations 

of the Child-Pugh score as a tool for patient selection. Prior studies have reported 

up to 12.1% discrepancies in Child-Pugh score, caused by interobserver variation 

of subjective parameters (severity of ascites, encephalopathy) or incorrect 

categorization of continuous parameters (albumin, bilirubin, prothrombin-time)6. 

Small fluctuations in serum test can also lead to migration of patients across Child-

Pugh classes.

In total, 5 male patients were enrolled with a median age of 69 years (range, 63-79 

years). Patients were treated for a median of 13 weeks (range, 5 days to 46 weeks) with 

a median tolerated daily dose of 400 mg (range, 200-600 mg). All patients died, with 

a median PFS of 3.8 months (range, 1.7-10.8 months) and OS of 7.4 months (range, 

1.7-25.8 months). Three patients experienced severe adverse events, including 1 

patient admitted with a variceal bleeding and refractory ascites, 1 patient with grade 

3 hyperbilirubinemia and refractory ascites and 1 patient with grade 3-4 hand-foot 

syndrome (HFS) complicated by a sepsis with grade 3 hypoalbuminemia and grade 

3 hyponatremia.

Unfortunately, this incomplete study is limited in drawing definitive conclusions on 

impact of Child-Pugh B liver function on sorafenib PK, efficacy and safety. This is the 

second study in patients with Child-Pugh B patients treated with sorafenib that had 

to be terminated prematurely due to slow enrollment23. This reflects the difficulty in 

recruiting and treating these patients mainly due to the higher risk of cirrhosis-related 

adverse events. In a prior study, we extensively discussed this topic and pled for 

adherence to the current guidelines and restriction of sorafenib to patients with Child-

Pugh A liver function9. Interestingly, one patient with a partial response to sorafenib 

had an OS of 26 months, showing that longer survival is possible in patients with 

Child-Pugh B and underscoring limitations of Child-Pugh as a prognostic tool when 

considering sorafenib. Novel algorithms such as the recently proposed “PRediction Of 

Survival in Advanced Sorafenib-treated HCC” (PROSASH) score have refined survival 

prediction based on prognostic and predictive clinical features27, 28. This approach 

offers an individualized survival prediction with a higher accuracy than the Child-Pugh 

score and BCLC-algorithm29. These algorithms may improve clinical decision making 

and optimize the prognostic stratification of future clinical studies in which sorafenib 

is the control arm. Further studies in the mechanisms leading to the onset of sorafenib 

toxicity and treatment effect are needed to find additional biomarkers that may aid 

in improved survival prediction and patient-tailored treatment.
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In conclusion, patients with Child-Pugh B liver function are unlikely to benefit from 

sorafenib treatment due to a higher risk of cirrhosis-related adverse events. Further 

studies in the mechanisms leading to the onset of sorafenib toxicity and treatment 

effect are needed to find additional biomarkers that may aid in improved survival 

prediction and patient-tailored treatment.
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ABSTRACT

Background: Previous studies have suggested body composition as a predictor of 

sorafenib toxicity and outcome in patients with advanced hepatocellular carcinoma 

(HCC). Large studies on the impact of body composition parameters in European HCC 

patients are lacking. Our aim was to validate the prognostic value of body composition 

parameters in Dutch patients with HCC treated with sorafenib.

Patients and Methods: A retrospective analysis was performed in a cohort of HCC 

patients treated with sorafenib at two Dutch tertiary referral centers between 2007 

and 2016. Body composition (adipose and skeletal muscle tissue) was measured at 

baseline by computed tomography (CT). Low skeletal muscle mass (SMM) and density 

were defined using published cut-offs. Body composition parameters were correlated 

with overall survival (OS), time to progression, response rate, and toxicity.

Results: A total of 278 patients were included, mostly Child-Pugh class A (85%) and 

Barcelona Clinic Liver Cancer (BCLC) stage C (73%), with a median OS of 9.5 months 

(95% CI 8.1–11.0). Patients with combined low SMM and low total adipose tissue index 

(TATI) (n = 68, 25%) had a poor median OS

(5.8 months, 95% CI 4.8–6.8) compared with other patients (11.7 months, 95% CI 

9.4–14.0). Combined low SMM and low TATI remained an independent predictor of OS 

(HR 1.56, 95% CI 1.15–2.11, p = 0.004) after adjusting for known prognostic factors. 

There was no association between body composition and sorafenib toxicity.

Conclusions: In Dutch HCC patients treated with sorafenib, the combined presence of 

low SMM and low TATI was associated with impaired survival, independent of known 

prognostic factors. CT-assessment of body composition may provide additional 

prognostic information prior to sorafenib treatment.

INTRODUCTION

For patients with advanced stage hepatocellular carcinoma (HCC), the multi-kinase 

inhibitor sorafenib is the standard of care1. Sorafenib provides a median survival 

benefit of 3 months compared to placebo in patients with preserved liver function2, 3. 

Unfortunately, not all patients benefit from this treatment; in the landmark SHARP 

trial 27% of patients showed progressive disease at the first radiological evaluation3. 

Furthermore, potential survival benefit came at the cost of sorafenib-induced toxicity 

which resulted in dose reduction and interruption of treatment in 26% and 44% 

of patients, respectively. This indicates a large variability in sorafenib tolerability 

and survival outcomes. A recent post-hoc analysis of 2 placebo-controlled studies 

showed greater survival benefit in patients with hepatitis C virus (HCV), liver-confined 

disease or a low neutrophil-lymphocyte ratio (NLR)4. However, a precise prediction 

and personalized medicine is still far away from daily practice.

Host factors such as drug metabolism and distribution might affect sorafenib 

tolerability and efficacy. Sorafenib is a drug that is strongly lipophilic and has a large 

interpatient variation in bio-availability5, 6, which may be affected by patients’ body 

composition. Body composition, i.e., the amount and distribution of muscle and fat 

tissue, includes various parameters such as subcutaneous adipose tissue, visceral 

adipose tissue and skeletal muscle tissue. Recently, altered body composition has 

been identified as a prognostic biomarker for treatment-related toxicity and poor 

survival in several malignancies7-10. Loss of skeletal muscle mass (SMM) is the most 

studied body composition parameter in cancer patients7, 9, 11 and was recently adopted 

as part of the cancer cachexia syndrome8. Combined loss of SMM and skeletal muscle 

function is defined as “sarcopenia”.12 Loss of SMM is also a frequent complication of 

liver cirrhosis13 and often represents an occult condition that can even be present in 

patients with normal or high body mass index (BMI)8. Computed tomography (CT) 

can easily and reliably quantify body composition parameters, including skeletal 

muscle and adipose tissue mass14, 15, and is considered the gold standard for body 

composition measurements8, 16. In HCC, prior studies identified CT-assessed low 

SMM, skeletal muscle density and visceral adiposity as significant predictors of 

mortality in early stage HCC patients11, 17, 18. An increase in the number of prognostic 
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body composition components resulted in an increased mortality risk, suggesting 

a complementary effect of these parameters18, 19. However, studies addressing the 

prognostic role of body composition in advanced stage HCC have shown conflicting 

results19-25. These studies either had limited numbers of patients or were performed 

in Asian cohorts. A large-scale validation of the prognostic value of body composition 

parameters in a European cohort has not yet been performed and is warranted to 

translate these findings to this population.

Therefore, our primary aim was to validate whether CT-assessed body composition 

parameters are associated with survival in a Dutch cohort of patients with advanced 

HCC treated with sorafenib. Secondary aims were to assess the correlation of body 

composition with time-to-progression (TTP), response rate, and sorafenib toxicity.

METHODS

Study population

Consecutive patients with HCC, ≥18 years old, who were treated with sorafenib from 

January 2007 to December 2016, were recruited to this retrospective study in two 

Dutch academic referral centers for HCC (Amsterdam University Medical Centers 

[Amsterdam UMC], location Academic Medical Center, Amsterdam, and Erasmus 

University Medical Center [EMC], Rotterdam). Patients were identified using pharmacy 

records, and keywords or diagnostic codes from the electronic patient registration 

systems. Included keywords were “hepatocellular carcinoma”, “HCC”, “malignancy 

liver”, “liver neoplasm” and “liver malignant neoplasm”. Patients receiving trial-based 

sorafenib were also included. Patients lacking assessable CT images or in whom body 

height was unknown were excluded. The study was performed in accordance with 

the Declaration of Helsinki and approved by the Institutional Review Board of the 

Amsterdam UMC which waived the need for informed consent (reference number 

W17_420#17.488).

Diagnostic work-up and treatment algorithm

HCC diagnosis was established pathologically or radiologically by the European 

Association for the Study of the Liver imaging criteria1. Absence or presence of 

underlying cirrhosis was established using the criteria proposed by Mittal et al26. 

All patients were staged by four-phase CT or dynamic contrast-enhanced magnetic 

resonance imaging (MRI) and discussed at a multidisciplinary HCC tumor board. 

In accordance with the Barcelona Clinic Liver Cancer (BCLC) guidelines1, patients 

with an Eastern Cooperative Oncology Group performance status (ECOG PS) 0-2 

and BCLC stage C or BCLC stage B in whom transarterial chemoembolization (TACE) 

was not possible, were considered eligible for sorafenib treatment. Patients started 

with sorafenib at a dose of 200 mg twice daily (b.i.d.) followed by toxicity-adjusted 

dosing up to the full dose (400 mg b.i.d.) in 1-2 weeks. Patients were allowed dose 

adjustments and treatment interruptions at the discretion of the medical oncologist 

to deal with sorafenib toxicity. Treatment response was assessed using CT or MRI with 

intervals of 2-3 months and evaluated by specialized abdominal radiologists using 

the Response Evaluation Criteria in Solid Tumors (RECIST) 1.1 criteria27. Sorafenib 

was continued until clinical or radiological disease progression, severe liver function 

deterioration (bilirubin >51 µmol/L or Child-Pugh score >B8), or unacceptable toxicity 

as per institutional guidelines.

Data collection and outcomes

Medical records were reviewed and demographic, clinical and imaging data were 

manually extracted. The primary outcome measure, overall survival (OS), was defined 

from the first dose of sorafenib to date of death or last follow-up. Survival status was 

assessed using the national civil registry on January 17, 2018. Patients alive at the 

last moment of follow-up were censored. TTP was defined as the time from start of 

sorafenib until clinical or radiological disease progression. Progression-free patients 

were censored at the time of last radiological evaluation. Patients who died or were 

lost to follow-up before the first radiological evaluation, were excluded from TTP 

analysis. In response evaluation, all patients who showed clinically progressive disease 

in the absence of radiological evaluation were considered to have progressive disease. 

All toxicities and treatment emergent adverse events were classified according to 

the National Cancer Institute’s Common Toxicity Criteria (NCI-CTC) v4.028. Liver 

dysfunction was defined as the occurrence or deterioration of hyperbilirubinemia 

(according to CTC v4.0), ascites or encephalopathy.
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Body composition measurements

Body weight (kg) and height (m) closest to treatment initiation were recorded from the 

medical charts and body mass index (BMI, kg/m2) was calculated. The population was 

divided in subgroups of patients with (BMI ≥25.0) or without overweight (BMI <25.0). 

Body composition measurements were conducted on CT-images routinely performed 

for baseline tumor staging (≤4 weeks prior to start). If unavailable (i.e., baseline MRI 

only), CT-images ≤3 months prior to start were used. The anonymized CT-images 

were analyzed by one trained investigator (T.A.L.) using the FatSeg software 

package version 2.4 (Biomedical Imaging Group Rotterdam, Rotterdam, The 

Netherlands) as previously described29. In summary, skeletal muscle and adipose 

tissue compartments were manually outlined and measured using preset Hounsfield 

unit (HU) thresholds (-30 to +150 and -190 to -30 HU, respectively) at the level of the 

third lumbar vertebra (L3) where both transversal processes were visible (Figure 1). 

Measurements at this anatomical landmark have been linearly related to whole-body 

measurements14 and this method has a high inter- and intra-observer agreement15. 

Measured compartments were cross-sectional areas (cm2) of skeletal muscle (SMA), 

subcutaneous adipose tissue (SATA) and visceral adipose tissue (VATA). Renal fat was 

included in the VATA, whereas intraluminal bowel contents with the same radiodensity 

as adipose tissue were manually erased. Total adipose tissue area (TATA = SATA + VATA) 

and visceral fat percentage ((VATA/TATA)*100) were calculated. The mean skeletal 

muscle density, which is a measure for muscle density and skeletal muscle quality 

expressed in Hounsfield units (HU), was determined on all patients with contrast-

enhanced CT images (n=267) as contrast-enhancement influences tissue density30.

All measured cross-sectional areas (cm2) were normalized for patients’ height 

squared, resulting in a skeletal muscle index (SMI; cm2/m2) and a total, visceral and 

subcutaneous adipose tissue index (TATI, VATI, SATI; cm2/m).

Validated gender- and BMI-specific cut-off values, determined in a Western cohort 

of 1473 patients with solid tumors, were used to define low SMM (low SMI) and low 

muscle density9. For total adipose tissue there are no internationally validated cut-

offs. Therefore, the population was dichotomized into 2 groups: patients with high 

(above median) and low TATI (equal to or below median) subgroups. As fat distribution 

differs significantly according to gender, the population was divided into sex-specific 

high (above the sex-specific median) or low (equal to or below the sex-specific) VATI, 

SATI and visceral fat percentage subgroups.

Figure 1. Cross-sectional computed tomography (CT) image at the third lumbar vertebra used to quantify 
body composition variables. In this example, the skeletal muscle area (SMA) was manually outlined and 
highlighted in purple.

Statistical analysis

Continuous variables were presented as medians with interquartile ranges (IQR), 

whereas categorical variables were expressed as counts and percentages. Categorical 

variables were compared with Fisher’s exact or Pearson’s χ2 test, whereas continuous 

variables were compared with the Student’s t test or Mann-Whitney U test. The 

correlation between BMI and other body composition parameters was expressed 

using the Spearman’s rank correlation coefficient (ρ). Time to event data (OS, TTP) 

were estimated by Kaplan-Meier method and compared using the log-rank test. The 

association between survival and body composition parameters was assessed in 

a multivariable Cox proportional hazards analysis, adjusting for known prognostic 

factors4, 31 and additional factors that were associated with survival in univariable 

analysis (p<0.1). Hazard ratios (HR) with 95% confidence intervals (CI) were calculated. 
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For all statistical tests described, a p-value of <0.05 was considered statistically 

significant. Statistical analyses were performed using IBM SPSS Statistics for Windows 

Version 23.0 (IBM Corp., Armonk, NY, USA).

RESULTS

Patient characteristics

Of the 323 consecutive patients who were treated with sorafenib between May 2007 

and December 2016, we excluded 45 (14%) patients because of missing body height 

or nonassessable CT-images. Consequently, the study population consisted of 278 

patients. Baseline characteristics and study outcomes (OS, TTP, toxicity) did not 

significantly differ between the included and excluded patients.

The baseline characteristics of included patients are described in Table 1. The 

majority of patients were men (79%), with a median age of 64 years (IQR 57-70). Alcohol 

was the most prevalent (33%) underlying etiology, followed by chronic infection with 

hepatitis B virus (HBV; 17%) or HCV (16%). The majority of patients had cirrhosis (77%), 

Child-Pugh class A liver function (85%) and BCLC stage C HCC (73%). The median 

largest tumor size was 70 mm (IQR 40-110 mm), 41% of patients had macrovascular 

invasion (MVI), and extrahepatic metastases were present in 59%; 42% of patients 

had received prior treatment for HCC, mostly TACE (21%).

Body composition measurements

The body composition features are summarized in Table 1. With the exception of 

BMI, muscle density, and TATI, all body composition parameters differed significantly 

between men and women. This reflects known gender differences such as higher 

SMM (median SMI 49.5 vs 39.8, p<0.001) and higher percentages of visceral fat in 

men (median 53 vs 36%, p<0.001). Most patients (59%) were considered overweight 

or obese (BMI ≥25.0). The BMI correlated strongly with adipose tissue indexes (TATI, 

VATI and SATI, ρ=0.832, 0.704, and 0.723, all p<0.001), moderately with SMI (ρ=0.500, 

p<0.001) and poorly with visceral fat percentage and muscle density (ρ=0.273 and 

-0.343, both p<0.001).

Table 1. Baseline characteristics of study cohort.

Characteristic All patients (N=278)

Clinical parameters

Age – yr (IQR) 64 (57-70)

Males – no. (%) 220 (79)

Etiology – no. (%)

Alcohol 92 (33)

HBV / HCV 46/44 (17/16)

NAFLD-NASH 19 (7)

Other/Unknown 17/71 (6/26)

Cirrhosis – no. (%) 213 (77)

Child-Pugh class – no. (%)*

A/B 236/32 (85/12)

ECOG PS – no. (%)

0 / 1 / 2 98/158/22 (35/57/8)

BCLC stage – no. (%)

Intermediate (B) / Advanced (C) 76/202 (27/73)

Number of nodes – no. (%)

1 / 2-3 / >3 or diffuse infiltrating 54 / 93 / 131 (19/33/47)

Size of largest node – mm (IQR) 70 (40-110)

Macroscopic vascular invasion – no. (%) 113 (41)

Extend of disease – no. (%)

Confined to liver / Lymph nodes / Other organ 116/74/88 (42/27/32)

Received prior treatment for HCC – no. (%) 118 (42)

Liver transplantation / Surgical resection 5/41 (2/15)

RFA / TACE / SIRT 42/58/19 (15/21/7)

Other systemic 3 (1)

Laboratory analysis

AFP – ng/ml, (IQR) 140 (12-2794)

AFP ≥400 ng/ml – (%) 109 (39)

Hemoglobin – mmol/l, (IQR) 8.2 (7.3-9.1)

Trombocytes – x109 (IQR) 184 (124-272)

Prothrombin time – sec (IQR) 12.5 (11.7-13.6)

Albumin – g/dl (IQR) 40 (36-43)

Bilirubin – µmol/L (IQR) 13 (9-20)

NLR – (IQR)** 3.02 (2.02-3.84)
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Table 1 continued:

Body composition parameter All patients Male (n=220) Female (n=58)

BMI – kg/m2 (IQR) 26 (23-29) 26 (23-29) 25 (22-28)

BMI category (kg/m2) – no. (%)

Underweight (<18.5) 2 (1) 1 (1) 1 (2)

Normal (18.5-24.9) 109 (40) 81 (37) 29 (50)

Overweight (25.0-29.9) 113 (41) 97 (44) 19 (33)

Obese (>30.0) 49 (18) 41 (19) 9 (16)

Lumbar Skeletal muscle tissue

SMI – cm²/m² (IQR) 48.2 (42.2-53.0) 49.5 (44.4-54.5) 39.8 (35.9-42.2)

Low SMM – no. (%) 145 (52) 109 (50) 36 (62)

Muscle density – HU (IQR)*** 36 (31-42) 36 (31-42) 36 (32-43)

Low muscle density – no. (%) 114 (41) 88 (40) 26 (45)

Lumbar Adipose Tissue

Total fat (TATI)– cm²/m² (IQR)**** 109.9 (75.1-155.5) 117.4 (77.4-156.4) 96.9 (66.9-149.8)

Subcuteanous fat (SATI)– cm²/m² (IQR)**** 48.3 (36.6-70.4) 48.1 (35.4-65.8) 65.3 (37.7-97.3)

Visceral fat (VATI)– cm²/m² (IQR) 56.1 (29.3-85.5) 63.0 (38.5-92.0) 29.6 (20.6-55.4)

Visceral fat percentage – % (IQR)**** 50 (38-60) 53 (44-62) 36 (24-45)

*Child-Pugh score was calculated in all patients (regardless of cirrhosis). Data of 10 patients were missing. 
**Data of 179 patients were missing. 
***Data of 11 patients were excluded because of no contrast-enhancement. 
**** Data of 34 patients were excluded because of uncompletely displayed tissues. 
Abbreviations: AFP, alpha-fetoprotein; BCLC, Barcelona Clinic Liver Cancer classification; BMI, Body 
mass Index; ECOG PS, Eastern Cooperative Oncology Group performance status; HBV, hepatitis B 
virus; HCV, Hepatitis C virus; IQR, interquartile range; NAFLD/NASH, Non-alcoholic fatty liver disease/
Non-alcoholic steatohepatitis; RFA, radiofrequent ablation; SATI, Subcutaneous adipose tissue index; 
SIRT, selective internal radiation therapy; SMI, Skeletal muscle index; SMM, Skeletal Muscle Mass; 
TACE, transcatheter arterial chemoembolization; TATI, Total adipose tissue index; VATI, Visceral 
adipose tissue index.

A total of 145 (52%) patients had low SMM, and 114 (41%) had low skeletal muscle 

density. Patients with low SMM were older (median age 67 vs 62 years, p<0.001), more 

often overweight or obese (66% vs 53%, p=0.039), had a lower muscle density (34 

vs 39 HU, p<0.001), and had a higher NLR (3.29 vs 2.51, p=0.014) than patients with 

high SMM. There were no significant differences in terms of Child-Pugh classification, 

disease extent, Alpha-fetoprotein (AFP) values, BCLC stage, and ECOG PS between 

these subgroups.

The median TATI, SATI and VATI for all patients and stratified per sex are shown in 

Table 1. In 34 patients with severe overweight or obesity (median BMI 29.5), the L3 

CT-image did not entirely display the complete subcutaneous fat area, prohibiting 

complete measurement of this body composition compartment. To avoid exclusion 

bias, median SATI and TATI values were determined in adequately measured patients 

(n=244), and the 34 patients were categorized based on their measured, albeit 

underestimated, SATI and TATI.

Association of body composition parameters with OS

After a median follow-up of 54.9 months (IQR 39.0-63.2), 255 (92%) patients had died. 

The median OS was 9.5 months (95% CI, 8.0-11.0). Patients with a low TATI had a 

significantly poorer survival than patients with a high TATI (7.3 vs 11.9 months, log-

rank p=0.006)(Figure 2C). Low SMM (Figure 2A), low muscle density, low VATI, low 

SATI, low visceral fat percentage or BMI ≥25.0 were not significantly associated with OS 

(Table 2). Besides low TATI (HR 1.42, 95% CI 1.11-1.82, p=0.006), other baseline factors 

that were significantly associated with decreased OS in univariable analysis included 

Child-Pugh class B, ECOG PS 2, size of largest tumor >70 mm (above median), MVI, high 

NLR (above median) and AFP ≥400 ng/mL (Table 2). Patients who received prior HCC 

treatment had a better OS. NLR was not included in the multivariable analysis due 

to large numbers of missing values (n=179, 65%). In multivariable analysis, low TATI 

was no longer significantly associated with OS after correction for other predictors of 

mortality (HR 1.28, 95% CI 0.98-1.66, p=0.072) (Supplementary Table 1).
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Table 2. Univariable and multivariable analyses for overall survival.

Univariable analysis Multivariable analysis
Body composition variables HR 95%CI p-valueaHR 95%CI p-valuea

Low SMM 1.20 0.94-1.54 0.417
Low muscle density 0.97 0.75-1.24 0.782
Low TATI* 1.42 1.11-1.82 0.006 - - -
Low SATI 1.20 0.94-1.53 0.154
Low VATI 1.19 0.93-1.52 0.172
Low visceral fat percentage 0.97 0.76-1.24 0.808
BMI ≥25.0 kg/m2 (Ref: <25.0) 0.82 0.64-1.05 0.118
Low SMM + Low TATI 1.77 1.33-2.35 <0.001 1.56 1.15-2.11 0.004
Other baseline variables
Female Sex 1.26 0.93-1.71 0.131
Age >65 years 0.87 0.68-1.12 0.277
HBV 1.20 0.86-1.68 0.294
HCV 0.97 0.68-1.37 0.844
Alcohol 1.00 0.77-1.29 0.967
Child-Pugh B (Ref: Child-Pugh A) 2.38 1.62-3.49 <0.001 2.30 1.56-3.41 <0.001
ECOG Performance status (Ref: ECOG PS 0) 0.002 0.030

ECOG PS 1 1.22 0.93-1.59 1.10 0.83-1.45
ECOG PS 2 2.40 1.48-3.89 1.99 1.19-3.33

BCLC stage C (Ref: B) 1.21 0.91-1.59 0.187
Number of nodes (Ref:1 node) 0.152

2-3 nodes 0.87 0.61-1.24
>3 nodes / diffuse infiltrating 1.15 0.83-1.60

Tumor size >70 mm 1.54 1.20-2.00 0.001 1.27 0.96-1.67 0.090
Macroscopic vascular invasion 1.44 1.12-1.85 0.005 1.25 0.96-1.64 0.095
Presence of extrahepatic metastases (Ref: none) 0.792

Lymph nodes 1.13 0.83-1.54
Other organ 1.08 0.81-1.45

High NLR** 1.70 1.12-2.58 0.012 - - -
AFP ≥400 1.93 1.49-2.51 <0.001 1.81 1.38-2.37 <0.001
Received previous treatments 0.66 0.51-0.85 0.001 0.83 0.63-1.10 0.188

*Not included in multivariable analysis due to collinearity with Low SMM + Low TATI (model shown in 
Supplementary Table 1). 
**Not included in multivariable analysis due to large numbers of missing values (n=179). 
ap-values <0.05 are highlighted in bold. 
Abbreviations: AFP, alpha-fetoprotein; BCLC, Barcelona Clinic Liver Cancer classification; BMI, Body 
mass Index; ECOG PS, Eastern Cooperative Oncology Group performance status; HBV, hepatitis B 
virus; HCV, Hepatitis C virus; SATI, Subcutaneous adipose tissue index; SMM, Skeletal Muscle Mass; 
TATI, Total adipose tissue index; VATI, Visceral adipose tissue index.

Figure 2. Overall survival and time to progression curves according to body composition parameters. 
A/B) Patients with low and high skeletal muscle mass (SMM), C/D) Patients with high and low 
total adipose tissue index (TATI), E/F) Patients with and without combined low SMM and low TATI. 
N=35 were unavailable for TTP analysis.

Association of body composition parameters with TTP and response rate

A total of 243 patients were available for TTP analysis; 35 patients (13%) could not be 

evaluated because they died or were lost to follow-up before clinical or radiological 

disease progression. The median TTP was 3.9 months (95% CI 3.2-4.5). Patients with 

low SMM showed significantly shorter TTP compared with patients with high SMM 

(3.5 vs 4.4 months, p=0.032)(Figure 2B). Other body composition parameters showed 
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no statistically significant association with TTP (Table 3). Additional univariable 

predictors of TTP were female sex, presence of HBV, Child-Pugh class B, ECOG PS, 

BCLC stage, MVI, high NLR and AFP ≥400 ng/mL (Table 3). NLR was not included in 

the multivariable analysis due to large numbers of missing values (n=179, 65%). Low 

SMM remained significantly associated with reduced TTP (HR 1.35, 95% CI 1.01-1.81, 

p=0.042) after correction for known predictors in multivariable analysis.

According to the RECIST criteria, 10% of the patients had a partial response, 37% 

stable disease and 41% progressive disease (Supplementary Table 3). There were no 

statistically significant associations between response rates and BMI, SMM, muscle 

density, TATI, VATI, SATI or visceral fat percentage.

Table 3. Univariable and multivariable analyses of time to progression.

Univariable analysis Multivariable analysis

Body composition variables HR 95%CI p-valueaHR 95%CI p-valuea

Low SMM 1.33 1.02-1.74 0.033 1.35 1.01-1.81 0.042

Low muscle density 1.01 0.77-1.32 0.970

Low TATI 1.24 0.95-1.62 0.107

Low SATI 1.07 0.82-1.39 0.608

Low VATI 1.21 0.93-1.58 0.149

Low visceral fat percentage 1.14 0.87-1.48 0.325

BMI ≥25.0 kg/m2 (Ref: <25.0) 0.92 0.70-1.20 0.543

Low SMM and low TATI* 1.57 1.15-2.14 0.005 - - -

Other baseline variables

Female Sex 1.46 1.05-2.03 0.025 1.44 1.01-2.06 0.043

Age >65 years 0.82 0.63-1.07 0.146

HBV 1.45 1.02-2.05 0.037 1.36 0.94-1.96 0.103

HCV 0.91 0.63-1.32 0.621

Alcohol 0.84 0.64-1.11 0.224

Child-Pugh B (Ref: Child-Pugh A) 1.59 1.04-2.43 0.031 1.50 0.97-2.31 0.070

ECOG Performance status (Ref: ECOG PS 0) 0.027 0.131

ECOG PS 1 1.07 0.80-1.42 0.97 0.72-1.30

ECOG PS 2 1.96 1.19-3.22 1.63 0.96-2.78

BCLC stage C (Ref: B)** 1.50 1.10-2.06 0.012 - - -

Table 3. Continued.

Univariable analysis Multivariable analysis

Body composition variables HR 95%CI p-valueaHR 95%CI p-valuea

Number of nodes (Ref: 1 node) 0.408

2-3 nodes 1.13 0.77-1.66

>3 nodes / diffuse infiltrating 1.27 0.88-1.83

Tumor size >70 mm 1.35 1.04-1.76 0.025 1.10 0.82-1.48 0.524

Macroscopic vascular invasion 1.46 1.12-1.91 0.005 1.37 1.03-1.81 0.029

Presence of extrahepatic metastases (Ref: none) 0.208

Lymph nodes 1.28 0.93-1.78

Other organ 1.27 0.93-1.74

Received previous treatments 0.81 0.62-1.05 0.114

High NLR*** 1.81 1.16-2.83 0.009 - - -

AFP ≥400 1.74 1.32-2.28 <0.001 1.84 1.37-2.46 <0.001

*Not included in multivariable analysis due to collinearity with Low SMM + Low TATI (model shown in 
Supplementary Table 2). 
**Not included in multivariable analysis to reduce overlapping variance (multicollinearity). 
***Not included in multivariable analysis due to large numbers of missing values n=179. 
a p-value <0.05 are highlighted in bold. 
Abbreviations: AFP, alpha-fetoprotein; BCLC, Barcelona Clinic Liver Cancer classification; BMI, Body 
mass Index; ECOG PS, Eastern Cooperative Oncology Group performance status; HBV, hepatitis B 
virus; HCV, Hepatitis C virus; SATI, Subcutaneous adipose tissue index; SMM, Skeletal Muscle Mass; 
TATI, Total adipose tissue index; VATI, Visceral adipose tissue index.

Association of body composition parameters with treatment tolerability and 

toxicity

The treatment details are summarized in Supplementary Table 3. Median treatment 

duration was 14 weeks (IQR 14-34). Only 30% of patients tolerated the maximum 

dose, reflected by the median daily dose of 200 mg b.i.d. During treatment, 54% of 

patients had grade III/IV adverse events: mostly liver dysfunction (27%), hand-foot-

syndrome or rash (13%), and/or gastrointestinal adverse events(12%). Most patients 

stopped treatment due to disease progression (51%), followed by combined toxicity 

and progression (24%) which included liver dysfunction caused by end-stage HCC. 

There were no statistically significant associations between maximum tolerated dose, 

treatment duration or the occurrence of treatment emergent adverse events and BMI, 

SMM, muscle density, TATI, VATI, SATI or visceral fat percentage.
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Figure 3. Overall survival (A) and time to progression (B) curves in patients according to the combination 
of low or high SMM and TATI. N=35 were unavailable for TTP analysis.

Combined body composition parameters

We performed an exploratory analysis on a subgroup with combined low SMM and 

low TATI, as these body composition parameters had the most impact on OS and TTP 

in our study. Combined low SMM and low TATI was present in 68 patients (25%) and 

relatively more common in women than men (45% vs 19%, p<0.001). These patients 

had a significantly lower BMI (24 vs 27 kg/m2, p< 0.001) than other patients. Moreover, 

these patients had lower hemoglobin (7.4 vs 8.5 mmol/L, p<0.001) and albumin (38 vs 

40 g/dl, p=0.026) levels. There were no significant differences in age, disease etiology, 

Child-Pugh classification, ECOG PS, BCLC stage, tumor number, or tumor extent 

compared with other patients.

Patients who had low SMM and a low TATI showed a significantly poorer survival 

(5.8 months, 95% CI 9.4-14.0) than patients with only one or no altered body 

composition parameter (11.7 months, 95% CI 4.8-6.8) (p<0.001, Figures 2E and 3A). 

In a multivariable model corrected for Child-Pugh classification, ECOG PS, MVI, tumor 

size, AFP levels and prior HCC treatments, combined low SMM and low TATI remained 

significantly associated with poor survival (HR 1.56, 95% CI 1.15-2.11, p=0.004)(Table 

2). Other predictors of mortality included Child-Pugh class B (HR 2.30, 95% CI 1.56-

3.41), ECOG PS 2 (HR 1.99, 95% CI 1.19-3.33) and AFP ≥400 ng/mL (HR 1.81, 95% 1.38-

2.37). In both subgroups of patients with ECOG PS 0-1 and ECOG PS 2, there was a 

clear stratification in patients with and without combined low SMM and low TATI 

(data not shown).

Combined low SMM and low TATI was associated with reduced TTP (3.2 months, 95% 

CI 2.4-4.0) compared with other subgroups (4.4 months, 95% CI 3.2-5.7) (log-rank 

p=0.004, Figure 2F and 3B). Although this was a predictor for TTP in univariable 

analysis(HR 1.57, 95% CI 1.15-2.14, p=0.005), it was no longer significant (HR 1.36, 95% 

CI 0.95-1.93, p=0.091) after correction for known predictors (Supplementary Table 

2). Patients with low SMM and low TATI had significantly shorter treatment duration 

(11 vs 16 weeks, p=0.028) and more hematological toxicity (18 vs 6%, p=0.004) than 

other patients. There were no significant differences in response rate or treatment 

emergent adverse events.
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DISCUSSION

This is the largest multicenter study in a European country to analyse the prognostic 

impact of CT-assessed body composition parameters in HCC patients treated with 

sorafenib. We found that low SMM alone was associated with shorter TTP, but not with 

OS. Presence of combined low SMM and low TATI was associated with poor OS, also 

after correcting for known prognostic factors. Therefore, body composition should 

be considered as a new prognostic factor in advanced HCC.

Body composition parameters, especially low SMM, are associated with OS and 

treatment toxicity in early stage HCC18, 32-34. In our study, low SMM was not significantly 

associated with OS. These differences may reflect that low SMM has a bigger impact 

on patients treated with surgical resection, mainly due to increased surgery-related 

morbidity and mortality33, 34. Studies on the impact of body composition parameters 

in patients treated with sorafenib are scarce and outcomes conflicting (Table 4). 

Our data are in concordance with 2 other studies in European cohorts22, 23, but not 

in concordance with 4 studies in Japanese patients which reported a significant 

impact of low SMM on OS20, 21, 24, 25. The difference between European and Japanese 

studies might be explained due to different cut-offs for low SMM used in European 

and Japanese studies. Data on the clinical relevance of ethnical differences in body 

composition on sorafenib outcome and international consensus on cut-off values for 

CT-based low SMM is lacking. Moreover, comparison of Asian and European cohorts 

is difficult due to known differences in baseline characteristics (i.e. HCC etiology) 

and sorafenib outcomes2, 3. Future international studies are needed to refine the 

currently used cut-off values for body composition parameters in patients with chronic 

liver disease.

Table 4. Studies on the impact of body composition on sorafenib outcomes.

Outcome Body composition parameter Correlation Patients (n) Reference

O
ve

ra
ll 

su
rv

iv
al

Skeletal muscle index

Yes
Yes
Yes
Yes
No
No
No

HCC (232)
HCC (40)
HCC (214)
HCC (100)
HCC (52)
HCC (40)
HCC (278)

Nishikawa et al.24

Imai et al. 21

Takada et al.25

Saeki et al.19

Nault et al.23

Mir et al.22

Labeur et al.

Psoas muscle index
Yes
No

HCC (93)
HCC (40)

Hiraoka et al.41

Yamashima et al.19

Muscle density No HCC (278) Labeur et al.

SATI
No
No

HCC (52)
HCC (278)

Nault et al.23

Labeur et al.

VATI
Yes
Yes
No

HCC (52)
HCC (100)
HCC (278)

Nault et al.23

Saeki et al.19

Labeur et al.
TATI No HCC (278) Labeur et al.

Visceral fat percentage No HCC (278) Labeur et al.

BMI
No
No
No

HCC (40)
HCC (52)
HCC (278)

Imai et al.21

Nault et al.23

Labeur et al.

Muscle + Fat (complementary)
Yes
Yes

HCC (100)
HCC (278)

Saeki et al.19

Labeur et al.

To
xi

ci
ty

Skeletal muscle index

Yes
Yes
Yes
No
No

RCC (55)
HCC (40)
HCC (52)
HCC (214)
HCC (278)

Antoun et al.35

Mir et al.22

Nault et al.23

Takeda et al.25

Labeur et al.
Lean body mass No HCC (52) Nault et al.23

Muscle density No HCC (278) Labeur et al.

SATI
No
No
No

HCC (40)
HCC (52)
HCC (278)

Mir et al.22

Nault et al.23

Labeur et al

VATI
No
No
No

HCC (40)
HCC (52)
HCC (278)

Mir et al.22

Nault et al.23

Labeur et al.

TATI
No
No
No

RCC (55)
HCC (40)
HCC (278)

Antoun et al. 35

Mir et al.22

Labeur et al.
Visceral fat percentage No HCC (278) Labeur et al.

BMI
Yes
No
No

RCC (55)
HCC (40)
HCC (278)

Antoun et al.35

Mir et al.22

Labeur et al.
BSA No HCC (40) Mir et al.22

Muscle + Fat (complementary) No HCC (278) Labeur et al.

Reference Labeur et al. refers to the present study.  
Abbreviations: BMI, Body mass Index; BSA, Body surface area; HCC, Hepatocellular carcinoma; RCC, 
renal cell carcinoma; SATI, Subcutaneous adipose tissue index; SMI, Skeletal Muscle index; TATI, Total 
adipose tissue index; VATI, Visceral adipose tissue index.
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With regards to toxicity, low SMM has been associated with increased sorafenib 

exposure and dose-limiting toxicity in both advanced stage HCC and renal cell 

carcinoma22, 23, 35. Nevertheless, in our study none of the body composition parameters 

was significantly associated with increased sorafenib toxicity or reduced maximum 

tolerated dose. Our findings are in concordance with Takada et al who also reported 

applying dose reductions in patients at high age or in those experiencing adverse 

events25. These discrepancies may be explained by variations in clinical practice. In 

our practice, patients started half dose (200 mg b.i.d.) with toxicity-adjusted dosing 

to full dose (400 mg b.i.d.), as opposed to starting full-dose sorafenib in prior studies. 

Lower starting doses with tolerability-based dose escalation have been shown to 

decrease the rates of sorafenib discontinuation due to adverse events36.

Combined low SMM and low TATI was associated with the poorest survival in 

this study. Clinical features of this subgroup (lower muscle and fat index, lower 

hemoglobin, lower albumin) reflect a poor nutritional state that meets the criteria 

of cancer cachexia8. These results are in concordance with two prior studies showing 

a complementary effect of body composition components on HCC outcomes 18, 19. 

This is also in concordance with the current consensus that cachexia severity is a 

continuum with various stages of severity8. Currently used prognostic scores for 

assessing clinical performance and severity of disease (i.e. ECOG PS, BCLC stage, 

Child-Pugh) were not significantly different to other patients and thus are not suitable 

to detect these patients. These scoring systems also have significantly inter-observer 

variability. BMI only correlated strongly with fat indexes (TATI, SATI and VATI), but 

poorly with muscle index. Presence of ascites might also cause an overestimation of 

BMI. Considering the limitations of current prognostic clinical scores and BMI, body 

composition assessment on baseline CT-images can be a useful non-invasive clinical 

tool that is technically easy to implement. Moreover, body composition may be used 

to stratify patients in randomized clinical trials comparing new agents with sorafenib.

Whether and how the outcomes of patient with unfavorable body composition can be 

improved, remains debatable. First, a better understanding of the complex hormonal, 

inflammatory, and metabolic alterations in liver cirrhosis and HCC is needed13, 37. 

Sorafenib undergoes extensive biotransformation to several active metabolites38, 

but the role of altered host metabolism is poorly understood. Based on the current 

evidence, improving outcomes in patients with cachexia may be possible with a 

multimodal approach (nutritional support, exercise, pharmacological agents)8, 39. 

However, this might not be superior to symptom palliation in case of severe cachexia. 

Therefore, future prospective trials aiming to counteract cachexia and subsequently 

improve outcomes of these patients should compare a multimodal intervention with 

symptom palliation only7.

The main limitation of our study is the retrospective design and its inherent 

limitations. Firstly, the exclusion of patients because of non-availability of CT-

images or documented body height might have caused selection bias. Furthermore, 

retrospective assessment of sorafenib outcomes is prone to reporting bias. 

Nevertheless, there were no differences in baseline characteristics between the 

included and excluded patients, and primary (OS) and secondary outcomes (TTP, 

response rate, toxicity) were comparable with previous large series31, 40. The risk of 

selection bias was reduced by including patients with CT-images 1-3 months prior 

to sorafenib initiation, who did not have statistically significant differences in body 

composition compared with patients who had CT-imaging ≤4 weeks prior to start. 

Despite these limitations, our study is the largest validation of the prognostic value of 

body composition parameters in HCC patients treated with sorafenib in a European 

country. The standardized assessment of all patients in a multidisciplinary team 

meeting and prospective response evaluation, allowed for the assembly of a robust 

dataset. Therefore, our study may be considered representative for the daily clinical 

practice of a European tertiary referral center for HCC.

In conclusion, in Dutch HCC patients treated with sorafenib, combined low SMM and 

low TATI was associated with impaired survival, independent of known predictors. 

CT-assessment of body composition is a valid method providing additional prognostic 

information prior to sorafenib treatment. Future prospective trials should investigate 

the pathophysiology of altered body composition and determine whether an 

intervention can reverse this nutritional status and improve outcomes.
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SUPPLEMENTARY MATERIAL
 
Supplementary Table 1. Univariable and multivariable analyses for overall survival.

Univariable analysis Multivariable analysis

Body composition variables HR 95%CI p-valuea HR 95%CI p-valuea

Low SMM 1.20 0.94-1.54 0.417

Low muscle density 0.97 0.75-1.24 0.782

Low TATI* 1.42 1.11-1.82 0.006 1.28 0.98-1.66 0.072

Low SATI 1.20 0.94-1.53 0.154

Low VATI 1.19 0.93-1.52 0.172

Low visceral fat percentage 0.97 0.76-1.24 0.808

BMI ≥25.0 kg/m2 (Ref: <25.0) 0.82 0.64-1.05 0.118

Low SMM + Low TATI* 1.77 1.33-2.35 <0.001 - - -

Other baseline variables

Female Sex 1.26 0.93-1.71 0.131

Age >65 years 0.87 0.68-1.12 0.277

HBV 1.20 0.86-1.68 0.294

HCV 0.97 0.68-1.37 0.844

Alcohol 1.00 0.77-1.29 0.967

Child-Pugh B (Ref: Child-Pugh A) 2.38 1.62-3.49 <0.001 2.31 1.56-3.42 <0.001

ECOG Performance status (Ref: ECOG PS 0) 0.002 0.041

ECOG PS 1 1.22 0.93-1.59 1.11 0.84-1.46

ECOG PS 2 2.40 1.48-3.89 1.94 1.16-3.25

BCLC stage C (Ref: B) 1.21 0.91-1.59 0.187

Number of nodes (Ref:1 node) 0.152

2-3 nodes 0.87 0.61-1.24

>3 nodes / diffuse infiltrating 1.15 0.83-1.60

Tumor size >70 mm 1.54 1.20-2.00 0.001 1.35 1.03-1.77 0.028

Macroscopic vascular invasion 1.44 1.12-1.85 0.005 1.23 0.94-1.61 0.127

Presence of extrahepatic metastases (Ref: none) 0.792

Lymph nodes 1.13 0.83-1.54

Other organ 1.08 0.81-1.45

High NLR** 1.70 1.12-2.58 0.012 - - -

AFP ≥400 1.93 1.49-2.51 <0.001 1.77 1.34-2.33 <0.001

Received previous treatments 0.66 0.51-0.85 0.001 0.81 1.34-2.33 0.147

*Not included in multivariable analysis due to collinearity with Low TATI (model shown in Table 2). 
**Not included in multivariable analysis due to large numbers of missing values (n=179). 
a p-values <0.05 are highlighted in bold. 
Abbreviations: AFP, alpha-fetoprotein; BCLC, Barcelona Clinic Liver Cancer classification; BMI, Body 
mass Index; ECOG PS, Eastern Cooperative Oncology Group performance status; HBV, hepatitis B 
virus; HCV, Hepatitis C virus; TATI, Total adipose tissue index.

Supplementary Table 2. Univariable and multivariable analyses for time to progression.

Univariable analysis Multivariable analysis

Body composition variables HR 95%CI p-valuea HR 95%CI p-valuea

Low SMM* 1.33 1.02-1.74 0.033 - - -

Low muscle density 1.01 0.77-1.32 0.970

Low TATI 1.24 0.95-1.62 0.107

Low SATI 1.07 0.82-1.39 0.608

Low VATI 1.21 0.93-1.58 0.149

Low visceral fat percentage 1.14 0.87-1.48 0.325

BMI ≥25.0 kg/m2 (Ref: <25.0) 0.92 0.70-1.20 0.543

Low SMM + low TATI 1.57 1.15-2.14 0.005 1.36 0.95-1.93 0.091

Other baseline variables

Female Sex 1.46 1.05-2.03 0.025 1.33 0.91-1.92 0.137

Age >65 years 0.82 0.63-1.07 0.146

HBV 1.45 1.02-2.05 0.037 1.31 0.91-1.90 0.152

HCV 0.91 0.63-1.32 0.621

Alcohol 0.84 0.64-1.11 0.224

Child-Pugh B (Ref= Child-Pugh A) 1.59 1.04-2.43 0.031 1.52 0.98-2.33 0.065

ECOG Performance status (Ref = ECOG PS 0) 0.027 0.142

ECOG PS 1 1.07 0.80-1.42 0.93 0.69-1.26

ECOG PS 2 1.96 1.19-3.22 1.57 0.92-2.65

BCLC stage C (reference: B)* 1.50 1.10-2.06 0.012 - - -

Number of nodes (ref=1 node) 0.408

2-3 nodes 1.13 0.77-1.66

>3 nodes / diffuse infiltrating 1.27 0.88-1.83

Tumor size >70 mm 1.35 1.04-1.76 0.025 1.13 0.84-1.52 0.437

Macroscopic vascular invasion 1.46 1.12-1.91 0.005 1.39 1.05-1.85 0.020

Presence of extrahepatic metastases (Ref = none) 0.208

Lymph nodes 1.28 0.93-1.78

Other organ 1.27 0.93-1.74

Received previous treatments 0.81 0.62-1.05 0.114

High NLR*** 1.81 1.16-2.83 0.009 - - -

AFP ≥400 1.74 1.32-2.28 <0.001 1.76 1.32-2.34 <0.001

* Not included in multivariable analysis due to collinearity with Low SMM (model shown in Table 3). 
** Not included in multivariable analysis to reduce overlapping variance (multicollinearity). 
***Not included in multivariable analysis due to large numbers of missing values n=179. 
a p-values <0.05 are highlighted in bold. 
Abbreviations: AFP, alpha-fetoprotein; BCLC, Barcelona Clinic Liver Cancer classification; BMI, Body 
mass Index; ECOG PS, Eastern Cooperative Oncology Group performance status; HBV, hepatitis B 
virus; HCV, Hepatitis C virus; SATI, Subcutaneous adipose tissue index; SMM, Skeletal muscle mass; 
TATI, Total adipose tissue index; VATI, Visceral adipose tissue index.
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Supplementary Table 3. Treatment details of HCC patients treated with sorafenib.

Variable All patients
N=278

Duration of treatment – weeks (IQR) 14 (14-34)

Total tolerated daily dose – mg (Range) 400 (200-1200)

Full dose tolerated – no. (%) 84 (30)

No. of treatment interruptions – no. (%)

None 180 (65)

1 69 (25)

2 19 (7)

≥3 10 (4)

Toxicity and treatment emergent adverse events – no. (%) Any grade Grade 3/4

Overall 221 (80) 150 (54)

Arterial Hypertension 17 (6) 6 (2)

Asthenia 86 (31) 18 (7)

Dermatological 100 (36) 35 (13)

Gastrointestinal 110 (40) 33 (12)

Hematological 25 (9) 8 (3)

Liver dysfunction 93 (34) 75 (27)

Other 35 (13) 18 (7)

Best radiological response (RECIST 1.1) – no. (%)

Complete response 0 (0)

Partial response 27 (10)

Stable disease 102 (37)

Progressive disease 114 (41)

Not evaluable 35 (13)

Reason termination – no. (%)

Ongoing 5 (2)

Progression 143 (51)

Toxicity 38 (14)

Combined Toxicity/Progression 66 (24)

Other/Unknown 26 (9)

Abbreviations: IQR, interquartile range; RECIST, Response Evaluation Criteria in Solid Tumors.
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ABSTRACT

Background: Sorafenib for advanced hepatocellular carcinoma (HCC) is dose adjusted 

by toxicity. Preliminary studies have suggested an association between plasma 

concentrations of sorafenib and its main metabolite (M2) and clinical outcomes. 

This study aimed to validate these findings and establish target values for sorafenib 

trough concentrations.

Methods: Patients with advanced HCC were prospectively recruited within a 

multicenter phase II study (SORAMIC). Patients with blood samples available at 

trough level were included for this pharmacokinetic (PK) substudy. Trough plasma 

concentrations of sorafenib and its main metabolite (M2) were associated with 

sorafenib-related toxicity and overall survival (OS).

Results: Seventy-four patients were included with a median OS of 19.7 months (95% CI 

16.1-23.3). Patients received sorafenib for a median of 51 weeks (IQR 27-62) and blood 

samples were drawn after a median of 25 weeks (IQR 10-42). Patients had a median 

trough concentration of 3217 ng/ml (IQR 2166-4526) and 360 ng/ml (IQR 190-593) with 

coefficients of variation of 65% and 146% for sorafenib and M2, respectively. Patients 

who experienced severe sorafenib-related toxicity received a lower average daily dose 

(551 vs 730 mg/day, p=0.003), but showed no significant differences in sorafenib (3298 

vs 2915 ng/ml, p=0.442) or M2 trough levels (428 vs 283 ng/ml, p=0.159). Trough levels 

of sorafenib or M2 showed no significant association with OS.

Conclusions: In patients with advanced HCC treated with sorafenib, the administered 

dose, trough levels of sorafenib or M2, and clinical outcomes were poorly correlated. 

Toxicity-adjusted dosing remains the standard for sorafenib treatment.

INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common primary liver cancer and ranks 

as the fourth most common cause of cancer-related death worldwide1. Despite 

surveillance programs for patients at risk for developing HCC, around 40% of patients 

present with advanced stage HCC that is incurable and has a poor prognosis. These 

patients have tumors with macrovascular invasion, extrahepatic metastases or 

cancer-related symptoms. Systemic treatment with sorafenib was the first therapy to 

show a survival benefit over placebo (median of 2-3 months) in advanced HCC patients 

or those ineligible for locoregional treatment2,3. After sorafenib’s implementation 

other first- and second-line targeted therapies have been approved4, but sorafenib 

remains the standard of care as first line treatment for patients with advanced HCC 

(Barcelona Clinic Liver Cancer [BCLC-C]) and preserved liver function5,6.

There is great variability in sorafenib tolerability and survival benefit. Sorafenib 

treatment frequently causes adverse events (AEs) leading to treatment interruption 

(44%) or permanent discontinuation (11%), whereas objective radiological responses 

to sorafenib are uncommon (2-10%)3,6. Survival outcomes of patients treated with 

sorafenib can vary from <3 months to more than 3 years2,3,7. In the absence of good 

predictive biomarkers for response or toxicity to sorafenib, the standard practice 

is to dose sorafenib at 400 mg twice daily (b.i.d.) orally, adjusted by clinical signs of 

toxicity and continued until signs of disease progression.

Prior studies have shown a high degree of interpatient variability in sorafenib 

exposure with a coefficient of variation (CV) ranging between 15 and 91%8-10. 

Preliminary studies have suggested an association between plasma concentrations 

of sorafenib and toxicity11-13 and to a lesser extent with treatment efficacy12,13. 

A Japanese study suggested that the plasma concentration of the pyridine N-oxide 

metabolite (M2) of sorafenib, which is the main metabolite with similar in vitro 

potency to the parent drug8, or the M2/sorafenib ratio of concentrations, had an even 

stronger correlation with treatment outcomes13. This suggests that individualized 

dosing guided by sorafenib pharmacokinetics (PK) could lead to less underdosing 

and reduce the toxicity rates due to overdosing. Moreover, the sorafenib area under 

the plasma concentration curve (AUC) has been shown to decrease significantly 
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during the course of sorafenib treatment14-17. Therapeutic drug monitoring (TDM) 

may allow treatment personalization and improve the treatment tolerability and 

efficacy. Because the current evidence is preliminary, consisting of studies with 

small sample size (n≤36) and heterogeneous exposure parameters (AUC, trough level, 

maximum concentration), no target value of sorafenib plasma concentration has been 

defined yet9,10,18,19. Therefore, the present study aimed to validate whether plasma 

levels of sorafenib or M2 was associated with toxicity and survival in a large cohort 

of patients treated with sorafenib in the context of the SORAMIC trial20. Our study 

aimed to establish target values for sorafenib trough concentrations to aid clinicians 

in optimizing sorafenib treatment.

METHODS

Study population

This study was a pre-planned PK substudy of the SORAMIC trial, a prospective, 

randomized-controlled, phase II trial conducted at 38 sites in 12 countries in Europe 

and Turkey20. The SORAMIC trial consisted of three parts: a diagnostic part, a curative 

part and a palliative part21. The present study was performed within the palliative 

part of SORAMIC, where patients were randomized to receive sorafenib monotherapy 

(standard of care) or selective internal radiation therapy (SIRT) plus sorafenib20. 

A full list of eligibility criteria for the palliative part of SORAMIC is shown in Appendix 

A. In summary, patients were eligible if they had preserved liver function (Child-

Pugh ≤B7), an Eastern Cooperative Oncology Group performance status (ECOG 

PS) ≤2 and unresectable tumors not eligible for curative treatment or Transarterial 

Chemoembolization (TACE). Extrahepatic metastases were permitted if patients 

displayed liver-dominant disease and did not have pulmonary metastases. For this 

PK substudy, eligible patients required ≥1 blood sample suitable for trough level 

analysis, as defined below.

Written informed consent was obtained from each participant and the study protocol 

was approved by the institutional review board.

Sorafenib treatment

In the sorafenib monotherapy arm, sorafenib was started directly after randomization, 

whereas sorafenib was started 3 days after completion of SIRT in the combination 

therapy arm. In both groups, patients started with sorafenib at a dose of 200 mg 

b.i.d. for 1 week before increasing the dose to the target dose of 400 mg b.i.d. In case 

of toxicity, dose modifications followed pre-defined dosing guidelines depending 

on the type and severity of AEs (Supplementary Figure 1). The lowest accepted 

dose level (level -2) was 200 mg b.i.d. on alternate days. After resolution of toxicities 

to grade 0-1, a stepwise dose-escalation was considered, aiming to maintain the 

highest tolerable dose level in each patient. Patients received follow-up every two 

months with recording of all treatment emergent adverse events (TEAEs) and routine 

laboratory assessment. Sorafenib was continued until unacceptable toxicity or 

disease progression.

PK sampling and analysis

PK analysis was performed on blood samples (3.5-5 mL EDTA plasma tubes) collected 

during routine follow-up visits, which were centrifuged and stored locally at -80° 

Celsius. The plasma levels of sorafenib and M2 were analyzed centrally (AMC Hospital 

Pharmacy laboratory, Amsterdam, The Netherlands) using liquid chromatography 

coupled to tandem mass spectrometry (LC-MS/MS) (Appendix B). With a sample 

volume of 100 µL, the sensitivity of LC-MS/MS is sufficient to determine sorafenib 

levels far below the therapeutic level with a lower limit of quantification of 20 ng/mL.

Sorafenib is administered orally twice daily, approximately every 12 hours, therefore 

trough levels were taken just before sorafenib dosing. Patients were instructed to 

take sorafenib without food at least 1 hour before or 2 hours after a meal. To correct 

for discrepancies from planned sampling times, trough plasma levels of sorafenib 

and M2 were estimated using the measured concentrations and time (t) between 

last sorafenib dose and PK sampling, based on the first-order kinetics expression 

(Supplementary Figure 2A), assuming the half-life of sorafenib to be 36.5 hours8,22. 

Trough levels were calculated with the following equation:

Trough level at 12 hours = Concentration (t) x e(-ln2/36.5 x (12-t)).
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Samples taken within 4 to 22 hours after sorafenib intake were used, causing a 

maximum adjustment of 17% in plasma level (Supplementary Figure 2B). Steady 

state trough levels are achieved after 1 week of sorafenib usage at the same dose 

level8.

Patients included in this substudy required ≥1 PK samples meeting these criteria:

-Blood sample drawn within 4 to 22 hours following last sorafenib intake (trough 

level)

-Blood sample drawn after ≥7 consecutive days of sorafenib treatment without 

dose modifications (steady state)

-The blood sample had measurable sorafenib levels.

In case of multiple trough level samples per patient, the mean and highest value of 

trough levels for sorafenib and M2 were used for analyses.

Outcome measures

This study explored the association between trough plasma levels of sorafenib and 

M2 with two main clinical outcomes: toxicity and overall survival. Adverse events 

were recorded according to the Common Terminology Criteria for Adverse Events 

(CTCAE) version 4.0. The relationship of each AE to sorafenib was assessed by the 

treating physician on a scale from ‘none’(0) to ‘definite’(5). For the toxicity analyses, 

AEs with a ‘probable’ (4) or ‘definite’ (5) relationship with sorafenib were included. 

Overall survival (OS) was calculated from date of randomization in the SORAMIC trial 

to date of death or last follow-up.

Although certain subgroups (age <65, non-alcoholic etiology, no cirrhosis) showed 

increased OS with SIRT plus sorafenib, the main SORAMIC study showed no significant 

differences between patients treated with sorafenib monotherapy or SIRT plus 

sorafenib in OS or the occurrence of treatment-related adverse events20. Therefore, 

both treatment arms were retained in the present substudy, provided that these 

treatment subgroups were balanced for parameters factors associated with survival 

differences (age, non-alcoholic etiology, cirrhosis)20.

Statistical analysis

Categorical parameters were described as absolute and relative counts and continuous 

parameters as mean with standard deviation (SD) or medians with interquartile range 

(IQR) where appropriate. The correlation between measurements was expressed 

using the Spearman’s rank correlation test (ρ). The Kaplan-Meier method was used to 

estimate and plot the OS with median and 95% confidence interval (95% CI). Baseline, 

treatment and PK characteristics were compared in subgroups of patients with and 

without grade 3-4 sorafenib-related AEs using the Pearson Chi-Square, Fisher’s 

exact, Student T-test or Mann-Whitney U test. For efficacy, the mean trough levels 

of sorafenib, M2 and M2/sorafenib ratio were selected for exploratory analyses with 

OS. For both sorafenib and M2, there are no validated cut-off values for efficacy or 

toxicity, although based on preclinical experience 3750 ng/mL has been proposed as 

an appropriate target for sorafenib (parent compound)19. Another study suggested 

an M2/Sorafenib ratio of 0.13 as optimum cut-off13. Therefore, multiple cut-offs 

were tested, including quartile-based stratification and dichotomization of patients 

according to the 3750 ng/ml cut-point for sorafenib. The survival rates were compared 

using log-rank tests and Cox proportional hazard analysis.

RESULTS

Patient characteristics

Of the 424 patients randomized within the palliative arm of the SORAMIC trial between 

5 January 2011 and 19 April 2016, 141 (33%) underwent PK sampling. Of these, 58 

patients were excluded because they lacked a blood sample at trough level (n=48), 

there was a recent dose modification prior to PK sampling (n=7) or sorafenib levels 

were non-measurable (n=3) (Figure 1). Consequently, a total of 74 patients were 

included in this study. The patient characteristics are summarized in Table 1. Twenty-

nine (39%) patients were treated with SIRT plus sorafenib and 45 patients received 

sorafenib monotherapy (61%). There were no significant baseline differences between 

these treatment groups, especially with regard to factors that have been associated 

with increased survival benefit of addition of SIRT to sorafenib (age <65, non-alcoholic 

etiology, non-cirrhosis).
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Table 1. Patient characteristics.

Variable PK population (n=74)
Demographics
Age, years – mean (SD) 65 (8.7)
Male sex – no. (%) 66 (89)
BMI – mean (SD) 28 (5.2)
BSA – mean (SD) 2.0 (0.2)
Liver disease
Etiology, multiple possible – no. (%)

HBV 9 (12)
HCV 16 (22)
Alcohol 35 (47)
NAFLD-NASH 13 (18)
Other / Unknown 12 (16)

Cirrhosis – no. (%) 61 (82)
Child-Pugh class – no. (%)

A 72 (97)
B 2 (3)

Tumor parameters
ECOG PS – no. (%)

0 50 (68)
1 24 (32)

Largest tumor size, mm – median (IQR) 52 (31-84)
Multifocal or diffuse no. (%) 67 (84)
Macrovascular invasion – no. (%) 32 (43)
Extrahepatic metastases – no. (%)

Lymph node 6 (8)
Other 3 (4)

BCLC stage – no. (%)
A 0 (0)
B 24 (32)
C 50 (68)

Received prior treatments – no. (%) 35 (47)
Serum tests (median, IQR)
AFP, ng/ml – median (IQR) 29 (6-1525)
Albumin, g/l – mean (SD) 40 (4.7)
Total bilirubin, µmol/L – median (IQR) 12 (9-15)
Treatment details
SORAMIC treatment arm – no. (%)

SIRT plus sorafenib (palliative) 29 (39)
Sorafenib monotherapy 45 (61)

Duration sorafenib treatment, weeks – median (IQR) 51 (27-62)

Abbreviations: AFP, Alpha-fetoprotein; BCLC, Barcelona Clinic Liver Cancer; BMI, body-mass index; 
BSA, body-surface area; ECOG PS, Eastern Cooperative Oncology Group performance status; HBV, 
hepatitis B virus; HCV, hepatitis C virus; IQR, interquartile range; NAFLD-NASH, Non-alcoholic fatty 
liver disease-non-alcoholic steatohepatitis; no, number; PK, pharmacokinetic; SD, standard deviation; 
SIRT, selective internal radiation therapy.

Figure 1. Study flowchart.

Sorafenib treatment and PK sampling

Median duration of sorafenib administration was 51 weeks (IQR 27-62), which was 

significantly longer in the sorafenib monotherapy arm compared with the SIRT plus 

sorafenib arm (53 vs 34 weeks, p=0.029). The mean daily dose was 676 mg (IQR 453-

782). A total of 154 PK samples were suitable for trough level analysis, ranging between 

1 and 6 samples per patient and drawn after a median of 25 weeks (IQR 10-42) after 

the start of sorafenib treatment. The trough level was determined in a single sample 

in 30 (41%) patients or, in patients with two (n=19, 26%) or ≥3 samples (n=25, 34%), 

the average and highest value was calculated. Patients had a mean trough level of 

sorafenib and M2 of 3217 ng/ml (IQR 2166-4526, range 452-11,995) and 360 ng/ml 
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(IQR 190-593, range 27-6272) with CVs of 65% and 146%, respectively. There was no 

significant correlation between mean daily doses and mean trough levels of sorafenib 

(ρ=0.091, p=0.439 ) or M2 (ρ=0.022, p=0.851). The highest measured trough level of 

sorafenib and M2 in each patient was 3653 ng/ml (IQR 2318-6083, range 491-11,995) 

and 468 ng/ml (IQR 214-871, range 27-6927), respectively. There were no significant 

differences in mean trough levels of sorafenib (3258 vs 2745 ng/ml, p=0.230) or M2 

(522 vs 344 ng/ml, p=0.089) between patients treated with SIRT plus sorafenib or 

sorafenib, respectively.

Association between sorafenib toxicity and trough levels

The sorafenib-related AEs are summarized in Supplementary Table 1. The most 

common AEs were hand-foot syndrome or rash (43%), diarrhea (38%) and asthenia 

(28%). There were no treatment-related deaths, but treatment-related severe AEs 

(grade 3-4) were reported in 27 patients (37%). There were no baseline or clinical 

differences in patients developing grade 3-4 AEs (Supplementary Table 2), except 

that these patients received a lower daily sorafenib dose (551 mg/day, IQR 409-716) 

than patients with no or limited toxicity (730 mg/day, IQR 593-788)(p=0.003), reflecting 

previous dose reductions in these patients.

The timing of PK sampling was poorly matched with the occurrence of AEs: most 

AEs (45%) occurred in the first 8 weeks of treatment, whereas the median time to 

PK sampling was 25 weeks (IQR 10-42) and investigators reported in only 42/154 PK 

samples (28%) that the patient had an AE at that time. In the available samples, there 

were no significant differences in trough levels of sorafenib or M2 (mean or highest) 

between patients with and without severe (grade 3-4) sorafenib-related toxicity 

(Figure 2, Supplementary Table 2), suggesting that similar serum levels were present 

once a tolerable dose had been identified. There also was no difference in the M2/

sorafenib ratio between patients with and without severe toxicity (Supplementary 

Table 2).

Figure 2. Boxplot distribution of mean and highest sorafenib and M2 trough levels according to the 
severity sorafenib-related toxicity. Boxes and line represent 25-75 percentiles and median value, the 
whiskers are drawn according to the Tukey method. Outliners are represented by Ο.
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Table 2. Survival according to mean trough levels of sorafenib and M2 sorafenib.

Group N Median OS, months 
(95% CI) Hazard ratio (95% CI) p-value

Sorafenib - Mean trough plasma level (ng/ml)

≤2166 18 24.5 (15.3-33.6) 1 Reference

2167-3217 19 19.1 (8.3-29.8) 1.79 (0.85-3.75) 0.125

3218-4526 19 16.0 (11.7-20.3) 1.55 (0.69-3.46) 0.288

>4526 18 19.6 (16.1-23.1) 1.53 (0.70-3.33) 0.288

M2 - Mean trough plasma level (ng/ml)

≤190 18 19.7 (12.6-26.8) 1 Reference

191-360 19 19.1 (10.4-27.7) 1.08 (0.51-2.32) 0.837

361-593 19 22.2 (14.2-30.1) 1.39 (0.66-2.94) 0.393

>593 18 19.8 (7.9-31.7) 1.32 (0.61-2.87) 0.487

M2/sorafenib ratio

≤0.13 50 21.4 (15.6-27.2) 1 Reference

>0.13 29 19.8 (11.3-28.3) 1.48 (0.87-2.53) 0.148

 

Association between survival and trough levels

After a median follow-up period of 50.3 months (95% CI 20.9-79.7), 57 of the 74 patients 

(77%) had died. The median OS was 19.7 months (95% CI 16.1-23.3), which was not 

significantly different between patients treated with SIRT plus sorafenib or sorafenib 

monotherapy (p=0.157)(Supplementary Figure 3). There were no significant 

differences in OS based on the literature suggested cut-point of 3750 ng/ml (Figure 

3A), or between the different quartiles of trough levels of sorafenib (Table 2, Figure 

3B). Similarly, there was no significant association between steady state trough levels 

of the M2 metabolite or M2/sorafenib ratio and OS (Table 2, Figure 3C/D).

Figure 3. Overall survival according to A) mean trough plasma level of sorafenib ≤3750 (21.4 months, 95% 
CI 15.2-27.6) or >3750 ng/ml (19.6 months, 95% CI 15.7-23.5), B) quartiles of trough levels of sorafenib, C) 
quartiles of through levels of M2 and D) M2/Sorafenib ratio.

DISCUSSION

In this multicenter study, the largest prospective PK study of sorafenib for HCC 

patients, no significant association was found between trough values of sorafenib 

or its main metabolite (M2) and treatment outcomes (toxicity and OS). Patients who 

underwent dose reduction for severe toxicity had similar trough levels to patients 

who tolerated a higher dose, suggesting that toxicity-adjusted dosing leads to similar 

trough levels.

Toxicity-adjusted dosing remains the current practice in sorafenib treatment of 

advanced HCC. Our study showed comparable plasma levels and confirmed the 

large inter-patient variability in plasma concentrations of sorafenib (65%) and its 
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M2 metabolite (146%) as shown by prior studies9,10,19. Although the incidence and 

distribution of sorafenib-related toxicity was similar to previous studies3,23,24, the 

present study did not confirm the association between plasma concentrations of 

sorafenib and toxicity as suggested by preliminary studies11-13,17. These studies had 

smaller sample size (n=12 to 54), studied a variety of PK parameters (AUC, peak level, 

trough level) and all included PK sampling preceding the toxicity during the first four 

weeks of treatment as opposed to median sampling time of 25 weeks in this study. 

As the majority of sorafenib-induced AEs occur within the first 8 weeks of treatment 

and dose reductions are performed accordingly, the difference in timing of PK blood 

sampling might be a potential explanation for these different findings. While there 

was no difference in trough levels in patients who experienced grade 3-4 AEs, these 

patients did receive a lower daily dose compared with patients without severe toxicity 

(551 vs 730 mg/day, p=0.003), suggesting that patients had similar serum levels 

once a tolerable dose had been established after dose reductions. These findings 

are in accordance with three prior studies, showing a poor association between the 

maximum tolerated sorafenib dose and plasma concentration13,17,25. For many tyrosine 

kinase inhibitors (TKIs), the molecular mechanism of action (target modulation) 

poorly correlates with the maximum tolerated dose26. Unlike conventional cytotoxic 

agents, a clear linear relationship between increasing dose and toxicity grade is often 

not seen in TKIs. This underscores the need for studies to elucidate the mechanisms 

driving the onset of sorafenib-related toxicity.

Regarding treatment efficacy, monitoring plasma concentration is currently not 

recommended for sorafenib treatment. Based on preclinical studies and the mean 

sorafenib exposure in humans, a sorafenib level of 3750 ng/ml was suggested as a 

potential target value that needed further validation18,19. In our study, this cut-off 

showed no significant association with OS. Two prior Japanese studies have analyzed 

PK (AUC and maximum levels) in relation to OS and progression-free survival (PFS)12,13. 

Fukudo et al. showed in 36 patients a trend toward longer OS in patients who 

achieved a maximum concentration of >4780 ng/ml12. Shimada et al. showed in 25 

patients a longer PFS in patients with an AUCN-oxide >2.0 μg∙day/mL and recommended 

monitoring the M2/sorafenib ratio with a cut-off of 0.1313. Our study did not reveal 

significant differences in OS between the different quartiles of sorafenib, M2 trough 

levels or M2/sorafenib ratio in patients with advanced HCC. Moreover, the arbitrary 

cut-offs suggested by these preliminary studies were not confirmed in our study. 

Consequently, the optimal plasma concentration remains unknown.

For the majority of TKI’s, the value of dose individualization using TDM is still 

exploratory and the dose is only adjusted in case of intolerable toxicity19. The value 

of TDM in TKI’s was demonstrated in imatinib treatment for chronic myeloid leukemia 

(CML) and gastrointestinal stromal tumors27,28. Imatinib has high response rates in 

CML (69-87%) compared with the low rates of objective responses to sorafenib in 

HCC (<10%)3,29. Advanced HCC is a complex disease in which the patient’s survival 

is impacted by both the tumor biology and severity of the underlying liver disease. 

Despite extensive studies, no single predictive marker with a strong association with 

survival outcomes has been identified30. Still, refinement of sorafenib dosing has 

been shown to be feasible: a lower starting dose with toxicity-adjusted ramp dosing 

has been shown to reduce the toxicity with similar survival outcomes and improved 

cost-effectiveness compared to a full-dose strategy31-33.

A potentially interesting application of TDM could be verification of the patient’s 

compliance to treatment. Of all patients who underwent PK sampling within SORAMIC 

(n=141), 36 patients (26%) did not have detectable sorafenib levels despite having 

reported to have taken sorafenib less than a day ago, suggesting treatment non-

compliance. Non-compliance to therapy dosing is a well-recognized problem in 

oncology, with estimates for patients taking oral anticancer medications ranging 

between 10-50%, a finding which has health economic implication34.

This study has several limitations. Firstly, (early) PK sampling was not the primary 

aim nor a mandatory procedure in the SORAMIC trial. Consequently, not all patients 

in SORAMIC underwent PK sampling and patients with a longer duration of treatment 

and might have had a higher chance of undergoing (trough level) PK sampling. Sample 

availability was mandatory for this PK substudy, causing a selection bias toward 

patients with a longer treatment duration and survival. In addition, the sample 

of size of 74 patients was not sufficient to perform meaningful subgroup analyses 

with respect to factors associated with OS in patients treated with SIRT/sorafenib20.  

Also, few patients had samples available during the first treatment weeks, so the 



230 231

Chapter 8 Sorafenib pharmacokinetics in advanced HCC

8

prognostic value of plasma concentrations in an early treatment phase could not be 

assessed.

Despite these limitations, this is the largest prospective study investigating the value 

of trough level PK sampling in patients treated with sorafenib. Future PK studies in 

patients treated with sorafenib or other TKIs should implement early (i.e. within 4 

weeks after the start of treatment) PK sampling and additional blood samples in 

case of toxicity. There is accumulating evidence that early sorafenib-related toxicity, 

including hand-foot syndrome, diarrhea and hypertension, is associated with 

improved OS35-37. Therefore, improved insight into the toxicity-response mechanism 

and the role of drug exposure is warranted. More frequent sampling would allow for 

more advanced methods of exposure analysis (i.e. nonlinear mixed effects modelling). 

These models are more likely to reflect real-life drug exposure compared with (single 

sample) through levels.

In conclusion, our study confirmed the large variability in plasma levels of sorafenib 

and its main metabolite (M2). There was no significant association between steady 

state trough levels of sorafenib or M2 and toxicity or OS. Given the poor association 

between administered dose, plasma concentrations and clinical outcomes, a target 

plasma concentration for sorafenib or M2 cannot be established and toxicity-adjusted 

dosing remains the standard for sorafenib treatment.
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SUPPLEMENTARY MATERIAL
 
Supplementary Table 1. Incidence of sorafenib-related adverse events*.

Adverse event – no. of patients (%) All patients for PK analysis (n=74)

Grade 1 Grade 2 Grade 3 Grade 4 Any grade

Overall incidence 9 (12) 21 (28) 23 (31) 4 (5) 57 (77)

Constitutional symptoms

Fatigue/Asthenia 6 (8) 10 (14) 5 (7) 0 (0) 21 (28)

Night sweats 2 (3) 0 (0) 0 (0) 0 (0) 2 (3)

Dermatologic events

Alopecia 9 (12) 3 (4) 0 (0) 0 (0) 12 (16)

Dry skin 1 (1) 1 (1) 0 (0) 0 (0) 2 (3)

Hand-foot syndrome / Rash 12 (16) 10 (14) 10 (14) 0 (0) 32 (43)

Pruritus 3 (4) 1 (1) 0 (0) 0 (0) 4 (5)

Psoriasis 0 (0) 0 (0) 1 (1) 0 (0) 1 (1)

Gastrointestinal events

Anorexia 6 (8) 6 (8) 1 (1) 0 (0) 13 (18)

Diarrhea 10 (14) 11 (15) 7 (9) 0 (0) 28 (38)

Dry mouth 2 (3) 1 (1) 0 (0) 0 (0) 3 (4)

Nausea 7 (9) 1 (1) 0 (0) 0 (0) 8 (11)

Stomatitis 5 (7) 4 (5) 1 (1) 0 (0) 10 (14)

Vomiting 3 (4) 1 (1) 0 (0) 0 (0) 4 (5)

Other

Abdominal pain 1 (1) 3 (4) 0 (0) 0 (0) 4 (5)

Arthralgia 2 (3) 0 (0) 0 (0) 0 (0) 2 (3)

GGT increased 0 (0) 0 (0) 0 (0) 1 (1) 1 (1)

Hepatic encephalopathy 0 (0) 0 (0) 0 (0) 1 (1) 1 (1)

Hyperbilirubinaemia 0 (0) 0 (0) 1 (1) 0 (0) 1 (1)

Hypertension 2 (3) 3 (4) 1 (1) 1 (1) 7 (9)

Hypocalcaemia 0 (0) 0 (0) 1 (1) 1 (1) 2 (3)

Hypomagnesaemia 0 (0) 0 (0) 1 (1) 0 (0) 1 (1)

Hypophosphatemia 0 (0) 2 (3) 1 (1) 0 (0) 3 (4)

Muscle spasms 1 (1) 2 (3) 1 (1) 0 (0) 4 (5)

Voice changes 4 (5) 1 (1) 0 (0) 0 (0) 5 (7)

*The incidence of adverse events (maximum grade) that were considered to be probably or definitely 
related to sorafenib, as assessed by the treating physician. Adverse events that occurred in >1 patient 
or were grade 3 or 4 are shown.

Supplementary Table 2. Comparison of patients with and without grade 3-4 adverse events.

Variable Grade 0-2 toxicity
(n=47)

Grade 3-4 toxicity
(n=27)

p-value

Demographics
Age, years – mean (SD) 64 (9.3) 68 (6.9) 0.066
Male sex – no. (%) 40 (85) 26 (96) 0.245
BMI – mean (SD) 29 (5.4) 28 (4.9) 0.507
BSA – mean (SD) 2.0 (0.2) 1.9 (0.2) 0.252
Liver disease
Cirrhosis – no. (%) 38 (81) 23 (85) 0.757
Child-Pugh class – no. (%) 0.530

A 45 (96) 27 (100)
B 2 (4) 0 (0)

Tumor parameters
ECOG PS – no. (%) 0.155

0 29 (62) 21 (78)
1 18 (38) 6 (22)

BCLC stage – no. (%) 0.900
A 0 (0) 0 (0)
B 15 (32) 9 (33)
C 32 (68) 18 (67)

Serum tests (median, IQR)
AFP, ng/ml – median (IQR) 109 (6-2681) 20 (6-109) 0.126
Albumin, g/l – mean (SD) 40 (4.7) 40 (4.7) 0.892
Total bilirubin, µmol/L – median (IQR) 12 (9-17) 11 (8-14) 0.184
Treatment details
SORAMIC treatment arm – no. (%) 0.483

SIRT plus sorafenib (palliative) 17 (36) 12 (44)
Sorafenib monotherapy 30 (64) 15 (56)

Duration sorafenib treatment, weeks – median (IQR) 51 (30-59) 42 (23-77) 0.862
Mean daily sorafenib dose, mg – median (IQR) 730 (593-788) 551 (409-716) 0.003
PK parameters
Sorafenib trough levels, ng/ml

Mean – median (IQR) 3298 (1999-4687) 2915 (2177-3848) 0.442
Highest – median (IQR) 3780 (2311-6435) 3264 (2320-5128) 0.384

M2 metabolite trough levels, ng/mk
Mean – median (IQR) 428 (185-734) 283 (191-522) 0.159
Highest – median (IQR) 534 (232-932) 317 (202-609) 0.117

Ratio M2 / sorafenib trough level, ng/ml
Mean – median (IQR) 0.12 (0.09-0.17) 0.09 (0.07-0.15) 0.128
Highest – median (IQR) 0.12 (0.09-0.19) 0.10 (0.07-0.15) 0.102

Abbreviations: AFP, Alpha-fetoprotein; BCLC, Barcelona Clinic Liver Cancer; BMI, body-mass index; 
BSA, body-surface area; ECOG PS, Eastern Cooperative Oncology Group performance status; IQR, 
interquartile range; M2, N-oxide sorafenib metabolite; no, number; SD, standard deviation; SIRT, 
selective internal radiation therapy.
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Supplementary Figure 1. General scheme for sorafenib dose re-escalation.

Supplementary Figure 2A. First order rate constant. Adapted from Di, Li, and Edward H. Kerns. Drug-like 
properties: concepts, structure design and methods from ADME to toxicity optimization.

Supplementary Figure 2B. Dose adjustments according to time interval to last sorafenib intake.

Supplementary Figure 3. Overall survival (OS) according to received treatment. The median OS of the 
SIRT plus sorafenib subgroup was 19.6 months (95% CI 12.5-26.7) vs a median OS of 20.7 months (95% CI 
13.5-27.9) in the sorafenib monotherapy subgroup.
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APPENDIX A

Full list of eligibility criteria of the SORAMIC trial

Patients of either sex were eligible for this trial provided they met all in- and exclusion 

criteria.

Inclusion Criteria
1. Age: 18-85 years

2. Diagnosis of hepatocellular carcinoma

3. If primary diagnosis of HCC: diagnosis based on the following criteria: 
a. cyto-histological criteria, OR 
b. radiological criteria: Focal lesion >1 cm with arterial hypervascularization in 2 
coincident imaging techniques (CT, MRI, or US), OR 
c. combined criteria: one imaging technique showing a focal lesion 1-2 cm with 
arterial hypervascularization AND AFP levels >400 ng/mL, OR 
d. combined criteria: one imaging technique showing a focal lesion >2 cm with 
arterial hypervascularization AND AFP levels >200 ng/mL

4. If extrahepatic metastases: liver-dominant disease

5. Stage BCLC A, B, or C

6. Child-Pugh A, Child-Pugh B up to 7 points (in patients receiving anticoagulant therapy: 
Child-Pugh score up to 5 points; INR category not regarded for calculation of the Child-
Pugh score)

7. Willing to comply with all study procedures

8. Has voluntarily given written informed consent

Exclusion Criteria
1. If female, pregnant or breast feeding (females of child-bearing potential must use 

adequate contraception and must have a negative pregnancy test performed within 7 
days prior to inclusion into this study)

2. If male, not using adequate birth control measures

3. One or more of the following: 
- Hemoglobin <10g/dL, 
- WBC <2,500 cells/mm3, 
- ANC <1,500 cells/mm3, 
- platelets <50,000/mm3,

- ECOG performance status >2

4. Life expectancy <16 weeks or medically unstable

5. Extrahepatic metastases (except metastases to bone, lymph nodes, and adrenal glands 
which do not constitute an exclusion criterion), but, see Section 4.2, Additional Criteria 
for the Local Ablation Group, below

6. Patients with known GFR <30 mL/min/1.73m2

7. PT-INR/PTT >1.5 times the upper limit of normal (patients on anticoagulation therapy 
will be allowed to participate provided that no prior evidence exists of an underlying 
abnormality in anticoagulation)

8. uncontrolled infections at the time of microtherapy

9. Child-Pugh score >7 points; in patients receiving anticoagulant therapy: Child-Pugh 
score >5 points (INR category not regarded for calculation of the Child-Pugh score)

10. Uncontrolled ascites

11. Tumor load of the whole liver >70%

12. Contraindications for study medications according to product labeling or procedures 
(sorafenib, Primovist®, x-ray contrast agents, SIR-Spheres®, RFA, MRI, CT) incl. any 
contraindication to the trans-arterial interventional procedure (e.g., allergy against xray 
contrast agents, uncontrolled hyperthyroidism)

13. Prior resection of the papilla of Vater (e.g., Whipple procedure) or bile duct stent across 
the papilla

14. Significant cardiovascular disease; e.g., myocardial infarction within 6 months of 
inclusion, chronic heart failure (New York Heart Association class III or IV), unstable 
coronary artery disease

15. Uncontrolled hypertension

16. Thrombotic or embolic events including transient ischemic attacks within the past 6 
months (tumor-related portal vein thrombosis allowed in the palliative part of the trial)

17. History of GI bleeding within 30 days before inclusion into this study

18. History of esophageal varices bleeding which has not been controlled by effective 
therapy and/or therapy to prevent bleeding recurrence

19. Previous malignancy other than carcinoma in situ of the skin or the cervix uteri within 5 
years prior to inclusion

20. History of organ transplant (including prior liver transplantation)

21. HIV, congenital immune defect, any immunosuppressive therapy for autoimmune 
disease (rheumatoid arthritis) or inflammatory bowel disease

22. Mental conditions rendering the subject incapable to understand the nature, scope, and 
consequences of the trial
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23. Close affiliation with the investigational site; e.g. first-degree relative of the Investigator

24. Participating in another therapeutic clinical trial or has completed study participation 
in another therapeutic clinical trial within 30 days of enrolment into this trial

25. Having been previously enrolled in this clinical trial

Additional Criteria for the Palliative Treatment Group

Inclusion criteria
1.  Not eligible for TACE (at the discretion of the investigator; i.e. diffuse tumors, tumors

 larger than 5 cm)

2.  Patients who have undergone prior hepatic treatments for HCC (including resection,

 PEI, RFA, TAE and TACE) are eligible for inclusion in the study under the following

 conditions:

  - Resection (segmentectomy, lobectomy) prior RFA and vascular interventions must 
 leave sufficient liver tissue to maintain hepatic functional reserve as indicated by  
 the general inclusion/exclusion criteria

  - The last session of prior TAE and TACE must have been conducted a minimum of 
 12 weeks prior to randomization for the current study, with sufficient hepatic  
 vascular flow to permit infusion of yttrium-90 microspheres

  - For prior TAE/TACE procedures, there is sufficient hepatic vasculature to access 
 either pre-existing lesion(s) that have re-vascularized, or there is sufficient 
 collateral flow to new lesions to permit the infusion of yttrium-90 microspheres

Exclusion criteria
1. Bilirubin above 1.5 times the upper limit of the normal range (NOTE: good clinical

 practice suggests that bilirubin be [re]assessed within 1 or 2 days of the planned SIRT

 to assure that hepatic function has not deteriorated since the screening values.)

2. Hepato-pulmonary shunt leading to a lung dose >30 Gy

3. Any previous external beam radiation therapy to the liver

4. Previous therapy with monoclonal antibodies

APPENDIX B

Sorafenib pharmacokinetic analysis

Sorafenib and sorafenib N-oxide were analyzed using LC-MS/MS in the positive 

ionisation mode on a Shimadzu LC-20 (Nishinokyo-Kuwabaracho, Japan) system 

coupled to an ABSciex (Framingham, MA, USA) API3200 Qtrap lc-MS. To 100 µl of 

patient plasma, 750 µl methanol/acetonitrile (1:1 v/v), containing the internal 

standard Sorafenib-d3, was added to precipitate proteins. Samples were vortexed, 

stored at -20°C for 10 minutes, vortexed again and centrifuged for 5 minutes at 2750 

x g . For the determination of sorafenib and sorafenib N-oxide, 5 µl was injected onto 

a Thermo Scientific Hypurity C18 (50 x 2.1 mm, 3µm) column. A chromatographic 

gradient was applied using acetonitrile and water with a constant 5% addition of 

1% ammonium acetate / 3,5% glacial acetic acid in water. The flow was 500 µl/min, 

column-oven temperature was set at 30°C. Sorafenib was measured as [M+H]+, using 

the mass transition 465.1/252.0, Sorafenib N-oxide with mass transition 481.0/286.0 

and Sorafenib-d3 with mass transition 468.0/255.0. The method was validated over 

a range of 0.0500 – 100 mg/L (including dilution) for Sorafenib and over a range of 

0.0200 – 50.0 mg/L (including dilution) for Sorafenib N-oxide. The accuracy ranged 

from 90.7% to 109% for Sorafenib and from 90.7% to 112 % fo Sorafenib N-oxide 

across the validated range, the intra-day precision was ≤ 5.8% for Sorafenib and 

5.7% for Sorafenib N-oxide. The inter-day precisions was ≤ 5.6% for Sorafenib and ≤ 

6.9% for Sorafenib N-oxide. With a sample volume of 100 µL, the sensitivity of LC-MS/

MS is sufficient to determine sorafenib and sorafenib N-oxide levels far below the 

therapeutic level with a lower limit of quantification of 20 ng/mL.
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ABSTRACT

Background: The ‘Prediction Of Survival in Advanced Sorafenib-treated HCC’ 

(PROSASH) model addressed the heterogeneous survival of patients with 

hepatocellular carcinoma (HCC) treated with sorafenib in clinical trials but requires 

validation in daily clinical practice. This study aimed to validate, compare and 

optimize this model for survival prediction.

Methods: Patients treated with sorafenib for HCC at five tertiary European centres 

were retrospectively staged according to the PROSASH model. In addition, the 

optimized PROSASH-II model was developed using the data of four centres (training 

set) and tested in an independent dataset. These models for overall survival (OS) 

were then compared with existing prognostic models.

Results: The PROSASH model was validated in 445 patients, showing clear differences 

between the four risk groups (OS 16.9-4.6 months). A total of 920 patients (n = 615 

in training set, n = 305 in validation set) were available to develop PROSASH-II. This 

optimized model incorporated fewer and less subjective parameters: the serum 

albumin, bilirubin and alpha-fetoprotein, and macrovascular invasion, extrahepatic 

spread and largest tumor size on imaging. Both PROSASH and PROSASH-II

showed improved discrimination (C-index 0.62 and 0.63, respectively) compared with 

existing prognostic scores (C-index ≤0.59).

Conclusions: In HCC patients treated with sorafenib, individualized prediction 

of survival and risk group stratification using baseline prognostic and predictive 

parameters with the PROSASH model was validated. The refined PROSASH-II model 

performed at least as good with fewer and more objective parameters. PROSASH-II 

can be used as a tool for tailored treatment of HCC in daily practice and to define 

pre-planned subgroups for future studies.

INTRODUCTION

Hepatocellular carcinoma (HCC) is the most common primary liver cancer and the 

second leading cause of cancer-related death worldwide1. Most patients with HCC 

present with, or eventually progress to, advanced stage disease which bears a poor 

prognosis. Sorafenib, a multikinase inhibitor, was the first treatment to show a 

survival benefit in patients with advanced stage HCC. In two randomized-controlled 

trials, sorafenib improved the median overall survival (OS) by 2-3 months compared 

with placebo2, 3. Since then, sorafenib has been the standard treatment for patients 

with advanced stage HCC who are ineligible for loco-regional treatment and have 

preserved (Child-Pugh A) liver function.

However, there is significant heterogeneity in outcomes in patients treated with 

sorafenib with an OS ranging from <3 months to 2-3 years2-4. This indicates that 

the survival benefit offered by sorafenib varies between individual patients. Select 

subgroups may have similar or more benefit from alternative options such as 

lenvatinib5, best supportive care or clinical trials.

The variety in survival is inadequately captured by the currently available staging 

systems (i.e. Barcelona Clinic Liver Cancer [BCLC]). Therefore, guidelines have 

recommended exploration of further stratification of patients with intermediate 

(BCLC-B) and advanced stage HCC (BCLC-C)6. Previous studies have identified 

markers of liver function (i.e., albumin, bilirubin), clinical parameters (i.e. performance 

status, body composition), and tumor characteristics (i.e., alpha-fetoprotein [AFP], 

macrovascular invasion, tumor extent) that may aid in prognostic stratification prior 

to sorafenib treatment7-15. Predictive factors, that is, those associated with improved 

survival benefit over placebo, included absence of extrahepatic spread, presence 

of hepatitis C virus and a low neutrophil-to-lymphocyt ratio (NLR)16. Based on the 

combination of baseline factors, several scoring systems have been proposed for 

survival stratification of patients with advanced HCC treated with sorafenib17-20. 

Limitations of these models include the use of factors that either have a degree of 

subjectivity (i.e., infiltrative tumor growth, ascites) or are not commonly available (i.e., 

Des-gamma carboxyprothrombin [DCP]). A recently proposed model, the “PREdiction 

Of Survival in Advanced Sorafenib treated HCC” (PROSASH), provided individualized 
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survival prediction with excellent risk group discrimination based on 9 parameters 

(age, macrovascular invasion, extrahepatic spread, performance status, disease 

etiology, albumin, creatinine, aspartate transaminase (AST) and AFP)21. The PROSASH 

model was built and validated on the data from patients treated with sorafenib in 

two clinical trials22, 23, but has not yet been validated in patients treated in routine 

clinical practice. Multiple studies in various tumor types have underlined the limited 

applicability of data from the strictly selected and homogeneous patients treated in 

clinical trials to the more heterogeneous population in routine clinical practice24-28. 

Moreover, the PROSASH model has not yet been compared with the currently existing 

prognostic scores (BCLC, Child-Pugh). Consequently, it remains unknown whether 

this new model outperforms the existing models and whether risk stratification of 

sorafenib treated patients might be further refined using data from ‘real-life’ patients.

Therefore, this study aimed to 1) validate the PROSASH model in HCC patients 

treated with sorafenib in daily clinical practice and 2) improve the PROSASH based 

on patients treated in clinical practice. Subsequently, PROSASH, the improved model 

(PROSASH-II) and existing prognostic models were compared to determine the utility 

for clinicians to predict the survival of these patients.

METHODS

Study population

Patients with HCC treated with sorafenib were recruited consecutively at five tertiary 

European centres with specialist multidisciplinary services for HCC management: 

Bordeaux (n=306) and Rennes (n=129), France; Freiburg (n=183), Germany; Amsterdam 

(n=156) and Rotterdam (n=167), the Netherlands. The data were collected after 

obtaining the relevant authorization from the institutional review boards and this 

retrospective study was performed under ethically approved protocols (REC reference 

12/LO/1088 and W17_420#17.488). Patients were diagnosed with HCC by histological or 

radiological criteria in accordance with international guidelines6, 29. Exclusion criteria 

included patients receiving combination treatments (i.e., selective internal radiation 

therapy [SIRT] with sorafenib) or those with an Eastern Cooperative Oncology Group 

performance status (ECOG PS) >2. Patients received sorafenib with a target dose of 

400 mg BID, with toxicity-adjusted dosing and patient management according to the 

local practice.

Data collection and outcomes

Commonly available clinical, imaging and serum variables prior to sorafenib treatment 

were collected by members of the research team. Imaging parameters were obtained 

from the most recent radiological imaging prior to first dose of sorafenib. Radiological 

staging included a multiphasic contrast enhanced computed tomography (CT) or 

dynamic magnetic resonance imaging (MRI). The main outcome measure, OS, was 

defined from the date of start of treatment to date of death or censored on the date 

of last follow-up.

Patients were staged according to the PROSASH model21. To assess whether improved 

prediction may be possible using data from daily practice, a new model was built and 

validated (PROSASH-II, detailed below). The utility of both models was compared with 

existing prognostic scores that could be assessed in the dataset, including the BCLC 

staging system, Child-Pugh classification, albumin-bilirubin (ALBI) grade30, Japan 

Integrated Staging (JIS) score31, hepatoma arterial embolization prognostic (HAP)32 

and the Sorafenib Advanced HCC Prognostic (SAP) score18. With the exception of BCLC 

stage and Child-Pugh classification, which are commonly used in daily practice and 

were coded by the individual investigators, all prognostic scores were calculated 

using the raw data.

Statistical methods

Continuous variables were described as means with standard deviation (SD) or 

medians with interquartile range in case of highly skewed distributions. Categorical 

variables were described as absolute and relative frequencies. The Kaplan-Meier 

method was used to generate and compare survival curves, and to estimate median 

OS with 95% confidence interval (95% CI). For all analyses, a two-tailed p < 0.05 was 

considered statistically significant. Statistical analysis was performed using SPSS 

Statistics for Windows Version 24.0 (IBM Corp., Armonk, NY, USA) and STATA/SE 14.1 

(StataCorp, Texas, USA).
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Model building, testing and external validation

For the building of a prognostic model from patients treated in daily practice, the data 

of four centres were clustered into a training dataset and the largest independent 

dataset (Bordeaux) was used as an external validation set. Baseline variables that 

were considered clinically relevant and available in both datasets were included in 

the model building process (Supplementary Table 1). Highly skewed variables were 

log-transformed. BCLC stage and Child-Pugh grade were excluded from the model 

building process owing to multicollinearity with factors used in these scoring systems. 

Multiple imputations (10x) using chained equations were performed to account for 

missing key parameters that were missing at random in the training dataset33, 34. Model 

performance, derived coefficients and p-values of imputed data were compared with 

complete case data.

In the training set, the association between OS and baseline variables was assessed in 

an exploratory univariable and subsequent multivariable flexible parametric survival 

analysis35-37. The advantages of a flexible parametric analysis over the more commonly 

used Cox proportional hazard analysis were previously described21, 37. Risk factors 

were reported with hazard ratio (HR) and corresponding p-values. The multivariable 

model was built using a stepwise forward selection procedure of variables significant 

at the 5% level. The model was reported according to the TRIPOD guidelines38 as 

well as tested, optimized and validated using the methods described by Royston and 

Altman39. Any time-dependent effects and potential proportional hazard violations 

by variables in the model were examined using the likelihood ratio (LR) test37. The 

LR test was also used to optimize the degrees of freedom (number of knots) for the 

restricted cubic spline function37. Lastly, Martingale residuals were plotted against 

continuous variables to check the functional form and non-linearity.

A linear predictor was derived using the coefficients of the model variables. Four 

risk groups were generated by applying the previously suggested cut-offs at the 16th, 

50th and 84th centiles of the training set’s linear predictor39. The model, including the 

linear predictor and the centile-based risk group stratification, was applied to the 

external validation set.

The calibration of survival prediction was visually assessed by comparing the 

similarity between the observed and predicted survival curves in both the training 

and validation set. The observed and predicted survival-percentage at 12 months 

were also compared. Model discrimination was visually inspected by examining the 

separation survival curves of the four risk groups. In addition, survival rates between 

the risk groups were compared using HRs or log-rank test and the accompanying 

p-values. Lastly, subgroup analyses of the new model were performed in patients 

with Child-Pugh A or Child-Pugh B, because current guidelines recommend selecting 

patients with Child-Pugh A patients only6, 29.

Model comparison

The PROSASH model incorporates the variable ‘aspartate transaminase (AST)’ which 

was not available in the Rennes (training) and Bordeaux (validation) datasets.

Therefore, model comparisons were performed in three subgroups of patients:

1) The imputed training dataset,

2) The external validation set, with complete data for all prognostic models except 

for the PROSASH model and,

3) Patients with complete data for all prognostic scores.

For each prognostic model the utility and discriminative performance was quantified 

using the Akaike Information Criterion (AIC) Harrell’s c-index and Royston-Sauerbrei’s 

R2
D

40, 41. A lower AIC indicates a better goodness of fit, whereas a higher Harrell’s c-index 

indicates a larger proportion of patient pairs has agreement between the survival 

prediction and observed survival outcome in terms of rank. A higher R2
D reflects a 

better explained variation on the log relative hazard scale. Most prognostic models 

consist of a linear predictor or point-based system with a risk group categorization 

which can lead to loss of information (i.e., ALBI-score and ALBI grade 1, 2 and 3). To 

assess the difference, the performance of each model as a linear predictor or points and 

risk groups was assessed. Because of lacking data, the number of Child-Pugh points 

could not be calculated, thus only the Child-Pugh classes (A,B and C) were assessed.
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RESULTS

Study population

In total, 941 patients who received sorafenib for advanced HCC between February 

2003 and December 2016 were identified for this study. Of these, 21 patients (2%) 

were excluded because they received a combination of sorafenib with loco-regional 

treatment (n=20) or due an ECOG PS >2 (n=1). Subsequently, 920 patients were included 

in this study, of whom 615 (67%) patients were included in the training cohort and 305 

patients (33%) in the external validation cohort. The baseline characteristics of both 

cohorts are summarized in Table 1. Both cohorts had similar baseline features except 

that in the external validation cohort, more patients had ECOG PS 0 (65% vs 45%, 

p<0.001) and alcohol-induced liver disease was more common (64% vs 35%, p<0.001) 

compared with the training cohort, respectively. The median OS was 8.3 months 

(95% CI 7.6-9.2) in all patients. There was no statistically significant difference in 

survival between the training and validation cohort (HR 1.05, 95% 0.91-1.21, p=0.128)

(Supplementary Figure 1).

Table 1. Baseline characteristics.

Variables
Entire cohort Training-set External 

validation
p-value

n=920 n=615 n=305

Demographics

Age, years (SD) 65 (10.5) 64 (10.8) 66 (9.5) 0.003

Sex (% male) 787 (86) 512 (83) 275 (90) 0.005

Liver disease

Etiology (%, multiple possible)

 HBV 94 (10) 77 (13) 17 (6) 0.001

 HCV 153 (17) 86 (14) 67 (22) 0.002

 Alcohol 407 (44) 213 (35) 194 (64) <0.001

 Unknown/Other 407 (44) 263 (43) 64 (21) <0.001

Child-Pugh class (%) <0.001

 A 747 (85) 507 (87) 240 (79)

 B 133 (15) 73 (13) 60 (20)

 C 4 (<1) 0 (0) 4 (1)

Table 1. Continued.

Variables
Entire cohort Training-set External 

validation
p-value

n=920 n=615 n=305

Tumor parameters

ECOG PS (%) <0.001

 0 477 (52) 279 (45) 198 (65)

 1 388 (42) 294 (48) 94 (31)

 2 55 (6) 42 (7) 13 (4)

Number of liver lesions (%) <0.001

 1 229 (25) 135 (22) 94 (32)

 2-3 205 (23) 169 (28) 36 (12)

 >3 468 (52) >3 (50) 163 (56)

Largest tumor size, mm (IQR) 65 (37-100) 65 (37-100) 64 (36-100) 0.593

Macrovascular invasion (%) 348 (38) 223 (36) 125 (41) 0.170

Extra-hepatic spread (%) 418 (46) 305 (50) 113 (37) <0.001

BCLC stage (%) 0.032

 A 9 (1) 5 (1) 4 (1)

 B 220 (24) 155 (25) 65 (21)

 C 684 (74) 453 (74) 231 (76)

 D 6 (<1) 1 (<1) 5 (2)

Prior treatments (%) 0.558

 Yes, received prior treatment 467 (51) 308 (50) 159 (52)

 No, sorafenib was first treatment 453 (49) 307 (50) 146 (48)

Serum tests

AFP, ng/ml (IQR) 141 (8-2574) 127 (10-2005) 184 (7-4500) 0.239

Albumin, g/l (SD) 37 (5.7) 38 (5.3) 35 (5.8) <0.001

Bilirubin, µmol/l (IQR) 15 (10-24) 15 (10-22) 17 (12-28) <0.001

AST, U/l (IQR) 67 (107) 67 (107) N/A N/A

Creatinine, µmol/l (IQR) 73 (61-88) 75 (62-90) 69 (58-81) <0.001

Survival outcomes

Death (%) 832 (90) 559 (91) 273 (90) 0.501

Overall survival, months (95% CI) 8.3 (7.6-9.2) 8.9 (8.0-9.8) 7.7 (6.8-8.8) 0.534

Abbreviations: 95% CI, 95% confidence interval; AFP, Alpha-Fetoprotein; AST, aspartate transaminase; 
BCLC, Barcelona Clinic Liver Cancer; ECOG PS, Eastern Cooperative Oncology Group performance 
status; HBV, hepatitis B virus; HCV, hepatitis C virus; IQR, interquartile range; SD, standard deviation.
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Validation of the PROSASH model in routine clinical practice

The PROSASH model could be applied to 445/615 (73%) of patients from the training 

set who had a median OS of 8.0 months (95% CI 6.7-9.1). None of the patients from the 

external validation set were available due to missing AST (Supplementary Table 1). 

With the exception of risk group 2 vs 1 (HR 1.35, 0.94-1.92, p=0.102), there were clear 

survival differences between the four risk groups with a median OS ranging from 16.9 

months to 4.6 months (Figure 1) in risk group 1 and 4, respectively.

Figure 1. Overall survival according to the PROSASH risk groups with 95% confidence intervals.

Group N Median OS, months 
(95% CI)

Hazard ratio 
(95% CI) p-value

Risk group 1 42 16.9 (13.4-20.0) 1 Reference

Risk group 2 154 10.4 (8.4-11.8) 1.35 (0.94-1.92) 0.102

Risk group 3 176 6.7 (5.9-8.4) 2.16 (1.52-3.07) <0.001

Risk group 4 73 4.6 (3.0-5.6) 3.20 (2.15-4.77) <0.001

Prognostic factors and improved model: PROSASH-II

First, multiple imputation was performed on the training set to account for missing 

data (Supplementary Table 1). An exploratory univariable analysis showed that 

albumin, Ln(bilirubin), ECOG PS, macrovascular invasion, extrahepatic spread, largest 

tumor size, number of liver lesions, Ln(AFP) and receiving prior HCC treatments were 

associated with OS (Supplementary Table 2).

The stepwise multivariable regression identified albumin, Ln(bilirubin), macrovascular 

invasion, extrahepatic spread, largest tumor size and Ln(AFP) as statistically significant 

prognostic factors (Table 2). These six baseline variables and their coefficients were 

incorporated in a multivariable model, named the PROSASH-II (PREdiction Of Survival 

in Advanced Sorafenib treated HCC v2):

Linear predictor: (-0.0337 x albumin in g/l)     +

  (0.315 x Ln(bilirubin in µmol/l))    +

  (0.295 x macrovascular invasion, where 0=No and 1=Yes)  +

  (0.181 x extrahepatic spread, where 0=No and 1=Yes) +

  (0.0336 x Largest tumor size in cm)    +

  (0.0703 x Ln(AFP U/L))

Table 2. Multivariable flexible parametric regression on imputed training set data.

Variables Hazard ratio (95% CI) p-value

Albumin – (g/l) 0.967 (0.951-0.983) <0.001

Ln(Bilirubin) – µmol/l) 1.370 (1.178-1.594) <0.001

Macrovascular invasion – versus none 1.342 (1.124-1.603) 0.001

Extrahepatic spread – versus none 1.198 (1.010-1.420) 0.038

Largest tumor size – cm 1.034 (1.016-1.052) <0.001

LnAFP – U/L 1.073 (1.045-1.101) <0.001

Flexible parametric spline functions

γ0 (constant)
2.317 x10-2 (0.916 x 10-2 - 5.858 x 

10-2) <0.001

γ1 5.654 (4.274-7.479) <0.001

γ2 1.034 (1.019-1.050) <0.001

The based on 1 interior knot with 2 degrees of freedom. 
Abbreviations: 95% CI, 95% confidence interval; AFP, Alpha-Fetoprotein; LN, natural logarithm.
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A comparison of the model variables using complete case data (Supplementary 

Table 3) and imputed data showed very similar coefficients and p-values, indicating 

that the model was not greatly impacted by the imputation of missing data.

Using the centile-based cut-points, four risk groups were created: ≤ -0.0760 (risk group 

1), > -0.0760 to ≤ 0.355 (risk group 2), > 0.355 to ≤ 0.858 (risk group 3) and > 0.858 (risk 

group 4).

To simplify individual survival prediction, the calculation for the linear predictor 

and risk groups was incorporated in an online calculator (https://jscalc.io/calc/

qXgkZNB1h6B1jEfq). This calculator can be used to determine the risk group and 

chance of survival at 3, 6, 12 and 24 months for each patient. For example, a patient 

with an albumin of 45 g/l, a bilirubin of 7 µmol/L, an AFP of 5789 U/L, the largest 

tumor measuring 5.9 cm with macrovascular invasion, but without extrahepatic 

spread, will have a predicted survival of 87%, 70%, 44% and 19% and 9% at 3, 6, 12, 

24 and 36 months, respectively. The equations for these predictions are detailed in 

Supplementary Appendix A.

PROSASH-II performance in training and validation set

There were clear and statistically significant survival differences between the 

PROSASH-II risk groups in the training set (Figure 2A), with a median OS ranging 

from 19.6 months (risk group 1) to 3.9 months (risk group 4). The PROSASH-II model 

could be applied to 292 (93%) patients from the validation set. With the exception 

of risk group 1, which had fewer patients (n=36, 12%) and showed overlap in 95% CI 

with risk group 2 (HR 1.32, 95% CI 0.85-2.05, p=0.220), the risk groups showed evenly 

good discrimination in the validation set (Figure 2B).

Indicated by the concordance in the observed and predicted survival curves of 

both the training and validation sets (Figure 3A and 3B), the model showed good 

overall calibration. Similarly, the predicted and observed median OS and survival at 

12 months closely matched in both datasets (Table 3). Although the model slightly 

underestimated the OS of risk group 1 in the training set, this was not the case in the 

validation set. Figure 2A/B. Overall survival according to the PROSASH-II risk groups in the training (A) and validation 
(B) set with 95% confidence intervals.
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Figure 3A/B. Calibration plot of the predicted (dotted line) and observed (solid line) of the overall survival 
according to PROSASH-II risk groups in the training (A) and validation (B) set.
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Given the similarities of baseline characteristics and model performance in the 

training and validation sets, all patients were clustered together and then model-

based stratification was re-applied. The median OS was 19.0, 11.2, 7.2 and 3.4 

months with a 12-month survival of 65.6%, 45.6%, 31.2% and 10.1%, in risk groups 

1-4, respectively. There was no overlap in hazard ratios (Table 3), indicating good 

discrimination. Similar to the training set, there was a trend towards a slight survival 

underestimation of patients in risk group 1 (Figure 4); however overall the predicted 

and observed survival were closely matched.

 Figure 4. Calibration plot of the predicted (dotted line) and observed (solid line) of the overall survival 
according to the PROSASH-II risk groups (1-4) in all patients.

Subgroup analysis according to Child-Pugh class

In a subgroup analysis of Child-Pugh A patients (n=767), who had a median OS of 9.1 

months, there were clear survival differences between the various PROSASH-II risk 

groups (Supplementary Figure 2A). The median OS was 19.0, 10.8, 7.6 and 4.5 months 

across risk groups 1-4 respectively. For the subgroup analysis of patients with Child-

Pugh B liver function, 136 patients were available with a median OS of 4.3 months 

(Supplementary Figure 2B). None of these patients were assigned to risk group 1 and 

only 10 (13.4%) to risk group 2. There was a trend towards a poorer survival across 

risk groups 2 to 4 with a median OS of 13.4, 5.4 and 3.1 months, respectively. The 

difference between risk groups 2 and 3 was not significant owing to limited patient 

numbers (HR 1.98, 0.97-4.04, p=0.062). There were statistically significant survival 

differences between risk group 3 and 4 (log-rank p=0.002).

PROSASH-II Model performance and comparison

The performance of the different prognostic models were compared and summarized 

in Tables 4 and 5. Comparisons were performed in the training set with imputed 

missing data (n=615), the validation set with complete data (n=290) and a subgroup 

of 438 patients with complete data for all prognostic models. Across the various 

prognostic models, there was a slight loss in discriminative power when patients were 

categorized in risk groups or prognostic classes. Moreover, there was a trend towards 

a higher C-index and R2
D and lower AIC across all assessed prognostic models in the 

validation set compared with the training set. In all different subsets, the models 

with the lowest predictive performance in terms of AIC, C-index and R2
D were the 

BCLC, Child-Pugh and JIS. The HAP and SAP score performed very similarly in the 

different subsets.

In the training set, the higher C-index (0.65, IQR 0.64-0.65) and R2
D (0.12, 95% CI 

0.08-0.17) of the PROSASH-II indicated improved discriminative performance and 

explained variation compared with the currently available models. Likewise, the 

PROSASH-II had a lower AIC (1684) which indicated a better goodness of fit.

In the validation set, the PROSASH-II model had a higher C-index (0.68, 95% CI 0.65-

0.72) and lower AIC (828) than commonly used scores such as BCLC and Child-Pugh. 

It also had the highest R2
D (0.16, 95% CI 0.08-0.24) of all tested models, reflecting 
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better explained variation. However, the model appeared to have a similar prognostic 

performance as the HAP and SAP scores, the latter showing a slightly higher C-index 

(0.69, 95% CI 0.66-0.72) and lower AIC (817) than the PROSASH-II model.

In the complete case subset for all models (n=438), the PROSASH-II model had the 

highest C-index (0.63, 95% CI 0.60-0.66) and R2
D (0.10, 95% CI 0.06-0.15) and lowest AIC 

(1260). The slightly poorer values for AIC (1278), C-index (0.62, 95% CI 0.59-0.65) and 

R2
D (0.07, 95% CI 0.04-0.11) of the original PROSASH model indicated a comparable 

predictive performance.

Table 4. Comparison between of the predictive performance of prognostic models in the training and 
validation set.

Staging system
(no. of strata)

Imputed training set (n=615) Complete case validation set (n=290)

AIC C-index (IQR**) R2
D (95% CI*) AIC C-index (95% CI*) R2

D (95% CI*)

PROSASH-II
-Linear predictor
-Grouped (4)

1684
1697

0.65 (0.64-0.65)
0.64 (0.64-0.64)

0.12 (0.08-0.17)
0.12 (0.08-0.17)

828
839

0.68 (0.65-0.72)
0.67 (0.64-0.70)

0.16 (0.08-0.24)
0.16 (0.09-0.25)

PROSASH
-Linear predictor
-Grouped (4)

-
-

-
-

-
-

-
-

-
-

-
-

ALBI
-Linear predictor
-Grade (3)

1764
1781

0.59 (0.59-0.59)
0.56 (0.55-0.56)

0.04 (0.01-0.06)
0.03 (<0.01-0.05)

867
877

0.62 (0.58-0.65)
0.58 (0.55-0.61)

0.06 (0.03-0.13)
0.05 (0.01-0.12)

Child-Pugh (3) 1782 0.53 (0.53-0.53) 0.05 (0.01-0.09) 867 0.58 (0.55-0.61) 0.11 (0.04-0.21)

BCLC (4)*** 1785 0.54 (0.52-0.56) 0.02 (<0.01-0.06) 885 0.57 (0.55-0.60) 0.03 (0.01-0.08)

HAP
-Points (5)
-Classes (4)

1733
1738

0.60 (0.60-0.60)
0.60 (0.60-0.60)

0.08 (0.04-0.12)
0.08 (0.04-0.11)

833
840

0.67 (0.64-0.70)
0.66 (0.63-0.69)

0.16 (0.09-0.25)
0.14 (0.07-0.23)

SAP
-Points (5)
-Classes (3)

1733
1738

0.60 (0.60-0.61)
0.59 (0.59-0.59)

0.08 (0.04-0.12)
0.09 (0.04-0.13)

817
830

0.69 (0.66-0.72)
0.66 (0.63-0.69)

0.16 (0.09-0.27)
0.14 (0.07-0.23)

JIS (5) 1775 0.55 (0.55-0.55) 0.03 (0.01-0.06) 877 0.59 (0.55-0.62) 0.05 (0.02-0.12)

* Confidence intervals estimated from 200 bootstrap samples. 
**Median and IQR for each model were estimated from the 10 imputed linear predictors. 
***Only n=1 missing in training cohort, thus a complete case analysis was performed. 
Abbreviations: 95% CI, 95% confidence interval; AIC, Akaike Information Criterion; ALBI; albumin-
bilirubin; c-index, BCLC, Barcelona Clinic Liver Cancer; HAP, Hepatoma Arterial-embolization 
Prognostic score; Harrell’s c-index; JIS, Japan Integrated Staging score; R2D, Royston-Sauerbrei’s R2D; 
PROSASH, Prediction Of Survival in Advanced Sorafenib-treated HCC; SAP, Sorafenib Advanced HCC 
Prognostic score.

Table 5. Comparison of prognostic models in a complete case population.

Staging system
(no. of strata)

Complete case for all models (n=438)

AIC C-index (95% CI*) R2
D (95% CI*)

PROSASH-II
-Linear predictor
-Grouped (4)

1260
1266

0.63 (0.60-0.66)
0.62 (0.60-0.65)

0.10 (0.06-0.15)
0.10 (0.05-0.15)

PROSASH
-Linear predictor
-Grouped (4)

1278
1279

0.62 (0.59-0.65)
0.61 (0.58-0.64)

0.07 (0.04-0.11)
0.08 (0.04-013)

ALBI
-Linear predictor
-Grade (3)

1303
1318

0.58 (0.55-0.61)
0.54 (0.52-0.57)

0.03 (0.01-0.07)
0.02 (<0.01-0.05)

Child-Pugh (3) 1317 0.52 (0.51-0.54) 0.04 (0.01-0.07)

BCLC (4) 1320 0.53 (0.51-0.56) 0.01 (<0.01-0.04)

HAP
-Points (5)
-Classes (4)

1289
1292

0.59 (0.56-0.62)
0.59 (0.56-0.62)

0.06 (0.03-0.11)
0.06 (0.03-0.11)

SAP
-Points (5)
-Classes (3)

1293
1291

0.59 (0.56-0.62)
0.58 (0.55-0.61)

0.05 (0.02-0.09)
0.07 (0.03-0.13)

JIS (5) 1315 0.53 (0.51-0.56) 0.02 (<0.01-0.05)

* Confidence intervals estimated from 200 bootstrap samples. 
Abbreviations: 95% CI, 95% confidence interval; AIC, Akaike Information Criterion; ALBI; albumin-
bilirubin; c-index, BCLC, Barcelona Clinic Liver Cancer; HAP, Hepatoma Arterial-embolization 
Prognostic score; Harrell’s c-index; JIS, Japan Integrated Staging score; R2D, Royston-Sauerbrei’s R2D; 
PROSASH, Prediction Of Survival in Advanced Sorafenib-treated HCC; SAP, Sorafenib Advanced HCC 
Prognostic score.

DISCUSSION

In this large multicentre study of patients treated with sorafenib for HCC, the clinical 

trial-based PROSASH model was successfully validated and optimized (PROSASH-II) in 

routine clinical practice. The PROSASH-II model, which uses fewer and more objective 

parameters and performed at least as good as PROSASH, offers individualized survival 

prediction and performs better than frequently used prognostic models (i.e., BCLC 

and Child-Pugh).

In light of the modest survival benefit (2-3 months) and significant costs and toxicity 

of sorafenib in advanced HCC, various studies have raised concerns on the cost-

effectiveness of sorafenib in daily practice42-44. The BCLC staging system and Child-
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Pugh score are the most used prognostic models, but they have clear limitations: 

Child-Pugh incorporates subjective parameters which can lead to misclassification 

and inter-observer variability9, whereas the prognostic value of BCLC staging for 

patients treated with the same modality is low. To optimize cost-effectiveness and aid 

clinicians in survival prediction and clinical decision-making, several other prognostic 

models have been proposed to stratify these patients (Table 6). Interestingly, most 

of these models were not specifically built for sorafenib treated HCC patients and 

none of them performed optimal9, 18, 19, 45-47. Lack of consensus, easy applicability and 

external validation have hampered implementation of these prognostic scores in 

clinical practice.

Table 6. Literature reported performance of prognostic models patients with HCC treated with sorafenib.

Name
model

Variables C-index Type of cohort 
(n=)

References

Tumor-related Liver function Other

Tested in this study

PROSASH-II AFP
EHS
MVI

Tumor size

Bilirubin
Albumin

0.65
0.68

Training (615)
Validation (290)

Present study
Present study

PROSASH AFP
EHS
MVI

AST
Albumin

Etiology
Age

Creatinine

0.72
0.70
0.62

Training (500)
Validation (421)
Validation (438)

Berhane et al.21

Berhane et al.21

Present study

ALBI Albumin
Bilirubin

0.60
0.60
NA

0.59
0.62

Validation (905)
Validation (468)
Validation (681)
Validation (615)
Validation (290)

Edeline et al.9

Edeline et al.18

Samawi et al.46

Present study
Present study

Child-Pugh Albumin
Bilirubin
PT/INR
Ascites

Encephalopathy

0.61
0.53
0.58

Validation (905)
Validation (615)
Validation (290)

Edeline et al.9

Present study
Present study

BCLC ECOG PS
EHS
MVI

Child-Pugh 0.64
0.55
NA

0.54
0.57

Validation (435)
Validation (468)
Validation (681)
Validation (615)
Validation (290)

Takeda et al.19

Edeline et al.18

Samawi et al.46

Present study
Present study

HAP AFP
Tumor size

Albumin
Bilirubin

0.65
0.60
0.67

Validation (468)
Validation (615)
Validation (290)

Edeline et al.18

Present study
Present study

Table 6. Continued.

Name
model

Variables C-index Type of cohort 
(n=)

References

Tumor-related Liver function Other

SAP ECOG PS
AFP

Tumor size

Albumin
Bilirubin

0.64
0.60
0.69

Validation (468)
Validation (615)
Validation (290)

Edeline et al.18

Present study
Present study

JIS Tumor size
Tumor number

MVI

Child-Pugh 0.69
0.55
0.59

Validation (435)
Validation (615)
Validation (290)

Takeda et al.19

Present study
Present study

Not tested in this study

CLIP AFP
MVI

Tumor number
% Tumor extent

Child-Pugh 0.54
NA

Validation (435)
Validation (681)

Takeda et al.19

Samawi et al.46

Okuda % Tumor extent Albumin
Bilirubin
Ascites

0.63
NA

Validation (435)
Validation (681)

Takeda et al.19

Samawi et al.46

JRC AFP
DCP
EHS
MVI

Morphology

Albumin
Bilirubin

0.76 Training (435) Takeda et al.19

NIACE ECOG PS
AFP

Morphology
Tumor number

Child-Pugh NA Validation (83)
Validation (83)

Validation (119)

Adhoute et al.17

AJCC TNM7 Tumor size
Tumor number

MVI
EHS

NA Validation (681) Samawi et al.46

Korean AFP
Morphology

MVI

Child-Pugh NA Training (612) Yoo et al.20

Abbreviations: AFP, Alpha-Fetoprotein; AJCC TNM, American Joint Committee on Cancer Tumor Node 
Metastasis; ALBI; albumin-bilirubin; AST, aspartate transaminase; BCLC, Barcelona Clinic Liver Cancer; 
CLIP, Cancer of the Liver Italian Program score; DPC, Des-gamma-carboxy prothrombin; ECOG PS, 
Eastern Cooperative Oncology Group performance status; EHS, extrahepatic spread; HAP, hepatoma 
arterial-embolization prognostic score; JIS, Japan Integrated Staging score; JRC, Japan Red Cross 
score; MVI. Macrovascular invasion; PROSASH, Prediction Of Survival in Advanced Sorafenib-treated 
HCC; SAP, Sorafenib Advanced HCC Prognostic score.
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We were able to compare eight different prognostic models: ALBI, Child-Pugh, BCLC, 

HAP, SAP, JIS, PROSASH and the newly proposed PROSASH-II model (Tables 4 and 5). 

All tested models included parameters for liver function (i.e., albumin, bilirubin, AST), 

most of them included tumor-related parameters (i.e., AFP, tumor size, macrovascular 

invasion) and some included ‘other’ baseline parameters (age, HCC etiology, ECOG 

PS). Only a few scores have incorporated predictive parameters that were associated 

with increased benefit of sorafenib over placebo (extrahepatic spread, NLR and 

hepatitis C virus infection)16. This may reflect the modest impact of sorafenib on the 

natural history of advanced HCC. The well-known prognostic impact of the severity 

of the underlying liver disease was confirmed in this study, reflected by multivariable 

significance and incorporation of albumin and bilirubin in the PROSASH-II model. In 

accordance with prior studies9, 48, 49, we showed that despite using less parameters, 

ALBI has a better discrimination than the Child-Pugh classification.

Although initially developed to stratify HCC patients treated with TACE, the HAP-score 

showed that a further improvement of predictive accuracy is possible by combining 

liver function (albumin, bilirubin) and tumor-related (AFP, tumor size) parameters18. 

The highly comparable SAP score, which adds ECOG PS, performed similarly in our 

study. Depending on the subgroup of patients, the HAP and SAP scores performed 

slightly worse or similar to the PROSASH and PROSASH-II models. Given the overlap 

of four prognostic parameters (albumin, bilirubin, AFP and tumor size) which are 

dichotomized in the HAP and SAP scores, this is not unexpected. However, neither 

the SAP nor HAP score offer individualized survival prediction and do not incorporate 

predictors of improved sorafenib benefit.

Both the PROSASH and PROSASH-II models offer individualized survival prediction 

and propose an externally validated four-tier subgroup classification with a median 

survival of 17-10-7-5 months and 19-11-7-3 months, for risk groups 1-4 respectively. 

The PROSASH incorporated albumin, AFP, AST, creatinine, age, extrahepatic 

spread, macrovascular invasion, ECOG PS and disease etiology (nine parameters 

in total), whereas the PROSASH-II incorporated albumin, AFP, extrahepatic spread, 

macrovascular invasion, tumor size and bilirubin (6 parameters in total). It is inevitable 

that different studies with different datasets lead to (slightly) different prognostic 

models. However, despite the different origins (clinical trial vs daily practice), there 

is significant overlap in the PROSASH-I and -II variables which suggests that these 

variables are stable and clinically relevant. As pointed out by several statistical 

experts, there is no widely agreed approach to build a multivariable prognostic 

model from a set of candidate predictors50, 51. In this study, we aimed to report on 

the optimized statistical associations in daily clinical practice of sorafenib treated 

patients guided by two main principles in prognostic model building. Firstly, the 

parameters should be commonly available in centres treating patients with HCC. 

Secondly, models should be widely validated and universally applicable. For this 

purpose, we used large international datasets that have inevitable differences in data 

availability. As suggested by Royston et al., this was handled by multiple imputation 

of randomly missing data (Supplementary Table 1) and by balancing data availability 

(i.e., parameter selection) and analytic power (i.e., patient numbers)50. Using this 

approach, we were able to build the PROSASH-II model which required fewer and 

only highly reproducible parameters while it performed better in terms of C-index, 

AIC, and R2
D than its predecessor. Disease etiology and ECOG PS are less objective 

parameters which may lead to inter- and intra-user variability in daily practice, 

favouring PROSASH-II as a tool that can aid clinicians in providing patient-tailored 

treatment. Moreover, PROSASH-II was built and tested on a daily clinical practice 

population in which it will be applied. Currently, guidelines recommend to consider 

all patients with well-preserved liver function (Child-Pugh-A) who are unsuitable for 

loco-regional therapy for sorafenib treatment. The clear subgroup survival differences 

of PROSASH-II risk groups in Child-Pugh A patients show that even in ‘guideline 

concordant patients’ a more individualized decision is possible. Patients within risk 

group 3 (median OS 7-8 months) may have more benefit from alternative treatments 

(lenvantinib, clinical trials i.e., with PD1/PD-L1 blockers), whereas patients within risk 

group 4 (median OS 3-5 months) could be counselled to receive best-supportive care 

only. A similar stratification was seen in patients classified as Child-Pugh B who are 

currently not recommended to be treated with sorafenib and have a poor prognosis 

(median OS of 4.3 months). Still, a small subgroup of these patients (risk group 2, 

<10%) had a better prognosis (risk group 2, median OS 13.4 months) and could be 

considered for treatment with sorafenib.
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In addition, the PROSASH-II stratification could be used for pre-planned or post-hoc 

subgroup analyses of ongoing and finalized phase-III studies comparing sorafenib 

with alternative treatments. Another application would be to generate survival curves 

of patients with advanced HCC treated with new agents in phase I or II studies. A 

quantitative comparison between the observed survival outcomes of tested agent 

and the predicted sorafenib survival remains difficult in these ‘in silico’ clinical trials, 

but it could aid in deciding whether these agents can proceed to be tested in a phase 

III trial.

This study has several limitations, foremost the retrospective design and its inherent 

limitations. Owing to missing parameters some previously proposed prognostic 

factors (i.e. NLR16, 52-55, body composition13, 56) could not be taken into account and 

not all previously proposed models could be included in the comparison (CLIP, NIACE). 

Secondly, this study was performed in patients treated in European countries and 

should be validated in other geographical areas (i.e. Asia).

Despite over a decade of sorafenib usage and extensive studies, no molecular markers 

with a strong association with mechanism of sorafenib action have been identified, 

reflecting the complexity of advanced stage HCC and the difficulty of simplifying this 

into easily applicable biomarkers8. Our calculator provides a clinically applicable 

and validated model for the unmet need of outcome prediction prior to sorafenib 

treatment. Future studies could improve the risk stratification, survival prediction 

and clinical decision-making by not only taking into account baseline factors (pre-

sorafenib), but also parameters that can be monitored and may be of potential 

prognostic influence during treatment (i.e., sorafenib dose, dynamics in liver function, 

AFP, radiological response or pattern of progression). The more recently approved 

second-line treatments for advanced HCC (i.e., regorafenib [2017], cabozantinib 

[2019]) most likely did not have a major impact on current model, because the 

included patients were treated with sorafenib prior to FDA/EMA approval of these 

treatments and the landmark trials of these agents had strict inclusion criteria. Future 

studies aiming to implement these variables into robust tools and validated models 

will require large collaborations with detailed and high-quality (prospective) datasets. 

To avoid statistical bias (overfitting), it remains important to externally validate novel 

prognostic models.

In conclusion, our study validated the PROSASH model in routine daily practice and 

proposed an improved model (PROSASH-II) which uses less and more objective 

clinical features. The PROSASH-II model outperforms the currently available models 

and offers risk group stratification and individualized survival prediction that can 

be used for tailored treatment of HCC in daily practice and pre-planned subgroups 

analyses of future studies.
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SUPPLEMENTARY MATERIAL
 
Supplementary Table 1. Number of missing data in the baseline parameters.

Variables (%)
Entire cohort Training-set External validation

n=920 n=615 n=305

Demographics

Age 0 (0) 0 (0) 0 (0)

Sex 0 (0) 0 (0) 0 (0)

Liver disease

Etiology 0 (0) 0 (0) 0 (0)

Child-Pugh class 36 (4) 35 (6) 1 (<1)

Tumor parameters

ECOG PS 0 (0) 0 (0) 0 (0)

Number of liver lesions 18 (2) 6 (1) 12 (4)

Largest Tumor size 22 (2) 13 (2) 9 (3)

Macrovascular invasion 1 (<1) 1 (<1) 0 (0)

Extra-hepatic spread 2 (<1) 1 (<1) 1 (<1)

BCLC stage 1 (<1) 1 (<1) 0 (0)

Prior treatments 0 (0) 0 (0) 0 (0)

Serum tests

AFP 26 (3) 25 (4) 1 (<1)

Albumin 61 (7) 59 (10) 2 (1)

Bilirubin 30 (3) 29 (5) 1 (<1)

AST* 449 (49) 144 (23) 305 (100)

Creatinine 69 (8) 35 (6) 34 (11)

Survival outcomes

Death 0 (0) 0 (0) 0 (0)

Median overall survival 0 (0) 0 (0) 0 (0)

*Was not included in multiple imputation as values were not missing at random in external validation set. 
Abbreviations: AFP, Alpha-Fetoprotein; AST, aspartate transaminase; BCLC, Barcelona Clinic Liver 
Cancer; ECOG PS, Eastern Cooperative Oncology Group performance status.

Supplementary Table 2. Univariable flexible parametric regression on the imputed training set data 
(n=615).

Variables used in model building Hazard ratio (95% CI) p-value

Age – years 0.993 (0.986-1.001) 0.106

Male gender – versus female 0.940 (0.753-1.173) 0.585

HBV – versus none 1.179 (0.919-1.512) 0.196

HCV – versus none 0.946 (0.745-1.202) 0.651

Alcohol – versus none 1.100 (0.925-1.310) 0.281

Albumin – g/l 0.961 (0.946-0.977) <0.001

Ln(Bilirubin) – µmol/l 1.417 (1.228-1.636) <0.001

ECOG PS

0 Reference -

1 1.180 (0.993-1.402) 0.060

2 1.530 (1.099-2.130) 0.012

Macrovascular invasion – versus none 1.465 (1.123-1.741) <0.001

Extrahepatic spread – versus none 1.183 (1.002-1.400) 0.047

Largest Tumor size – cm 1.041 (1.023-1.059) <0.001

Number of liver lesions

1 Reference -

2-3 0.784 (0.618-0.995) 0.046

>3 0.932 (0.755-1.151) 0.514

LnAFP – U/L 1.091 (1.064-1.119) <0.001

lnCreatinine – µmol/l 0.988 (0.713-1.370) 0.944

Sorafenib was initial treatment – versus prior other 1.328 (1.124-1.568) 0.001

Abbreviations: 95% CI, 95% confidence interval; AFP, Alpha-Fetoprotein; BCLC, Barcelona Clinic Liver 
Cancer; ECOG PS, Eastern Cooperative Oncology Group performance status; HBV, hepatitis B virus; 
HCV, hepatitis C virus.

Supplementary Table 3. Comparison of multivariable flexible parametric regression in the training set 
with complete or imputed data.

Variables
Complete case (n=529) Imputed data (n=615)

Hazard ratio (95% CI) p-value Hazard ratio (95% CI) p-value

Albumin – g/l 0.969 (0.952-0.986) <0.001 0.967 (0.951-0.983) <0.001

Ln(Bilirubin) – µmol/l 1.403 (1.193-1.649) <0.001 1.370 (1.178-1.594) <0.001

Macrovascular invasion – versus none 1.301 (1.077-1.572) 0.006 1.342 (1.124-1.603) 0.001

Extrahepatic spread – versus none 1.193 (0.994-1.432) 0.058 1.198 (1.010-1.420) 0.038

Largest Tumor size – cm 1.030 (1.012-1.050) 0.001 1.034 (1.016-1.052) <0.001

LnAFP – U/L 1.073 (1.043-1.103) <0.001 1.073 (1.045-1.101) <0.001

Abbreviations: 95% CI, 95% confidence interval; AFP, Alpha-Fetoprotein.
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Group N Median OS, months 
(95% CI)

Hazard ratio 
(95% CI) p-value

Training 615 8.9 (8.0-9.8) 1 Reference

Validation 305 7.7 (6.8-8.8) 1.05 (0.91-1.21) 0.128

Supplementary Figure 1. Overall survival according to training or validation set.

Group (Child-Pugh A) N Median OS, months 
(95% CI)

Hazard ratio 
(95% CI) p-value

Risk group 1 134 19.0 (14.7-22.8) 1 Reference

Risk group 2 272 10.8 (9.6-12.5) 1.45 (1.16-1.81) 0.001

Risk group 3 258 7.6 (6.3-8.8) 2.05 (1.63-2.57) <0.001

Risk group 4 103 4.5 (3.3-5.0) 4.31 (3.27-5.69) <0.001

Group (Child-Pugh B) N Median OS, months 
(95% CI)

Hazard ratio 
(95% CI) p-value

Risk group 1 0 - - -

Risk group 2 10 13.4 (1.2-24.9) 1 Reference

Risk group 3 55 5.4 (4.1-8.3) 1.98 (0.97-4.04) 0.062

Risk group 4 71 3.1 (2.1-3.8) 3.63 (1.76-7.50) 0.001

Supplementary Figure 2A and 2B. Overall survival according to the PROSASH-II risk categories in pa-
tients classified as Child-Pugh A and Child-Pugh B.
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APPENDIX A

Survival function, S(t), at time t for an individual subject can then be defined as:

S(t) = S0(t)exp(η) where S0(t) is the baseline survival function = exp(-exp(s(log t | γ))) 

and η is the linear predictor of the model.

To derive the log cumulative baseline hazard (spline function) at time t:

s(log t | γ) = γ0 + γ1z1 + γ2z2

(1) The log cumulative baseline hazard (spline function) at time t (in months) was 

derived as follows:

s(log t) = -3.765 + (1.732 * log t) + (0.034 * z2)

where z2 =    

The  notation denotes (x)+=max{0, x}. This means that in case of negative value 

between the brackets, this is replaced by 0.

(2) Baseline survival function, S0(t), at time t was expressed as:

S0(t) = exp(-exp(s(log t)))

(3) Survival function, S(t), which gives the probability of an individual patient to 

survive beyond time t can then be calculated by:

S(t) = S0(t)exp(η)

where η is the linear predictor.

The values for S0(t) at time points 3, 6, 12, 24 and 36 months were 0.890, 0.743, 

0.509, 0.252 and 0.132 respectively. For other time points, S0(t) can be calculated by 

following Steps 1 and 2.
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SUMMARY AND GENERAL DISCUSSION

Predicting outcomes and personalizing treatment in hepatocellular carcinoma

Clinicians face several challenges in the management of patients with HCC and 

for >70% of these patients curation is no longer feasible1, 2. In order to improve the 

quantity and quality of life, it is of great importance to select the right treatment 

modality for each patient. This process of ‘personalized medicine’ requires knowledge 

on the patient’s prognosis and the potential benefits, risks and alternatives of each 

treatment. Predicting outcomes in patients with HCC is particularly complex due to 

the presence of at least two potentially lethal diseases: cancer and liver cirrhosis. This 

thesis provides clinicians with specific considerations and easy-to-use tools for the 

prognostic assessment and outcome prediction of patients with HCC.

Part I: Loco-regional treatment for HCC

The first part of this thesis focusses on outcome prediction after loco-regional 

treatments for incurable HCC. Transarterial chemoembolization (TACE) is 

recommended for patients with intermediate stage HCC (BCLC stage B) or patients 

with BCLC stage A who are not eligible for curative treatment (partial liver resection, 

liver transplantation or percutaneous ablation)1, 3, 4. This recommendation is based on 

two randomized controlled trials and two meta-analyses, showing survival benefit 

over best supportive care5-8. TACE is the most applied treatment for HCC worldwide 

and patients have a median overall survival (OS) of 20 months after TACE9, 10.

In case of incomplete response or intrahepatic tumor after the initial TACE treatment, 

TACE can be repeated multiple times. Still, each TACE should be carefully weighed 

against the risk of adverse events such as liver dysfunction11. Guidelines recommend 

repeating TACE until complete response or unTACEable progression (UTP) occurs, 

which is defined as a clinical profile that prohibits further TACE treatment. Few studies 

describe the prognostic impact of the various reasons of UTP. The reasons of TACE 

discontinuation were investigated in 166 patients who underwent TACE in a tertiary 

center (chapter 1). Patients underwent a median of 2 TACE procedures (range 1-7) and 

116 patients developed UTP. At the time of UTP, 90% of patients had radiologically 

confirmed tumor progression and 56% of patients had preserved liver function and 

performance status. The radiological pattern included intrahepatic tumor progression 

in 75% of cases, making them potential candidates for subsequent liver-directed or 

systemic treatment. However, TACE discontinuation due to liver decompensation 

(19%), deteriorated ECOG performance status (23%), or tumor progression with 

extrahepatic spread and/or macrovascular invasion (42%), was associated with poor 

survival. This shows the prognostic importance of a holistic patient assessment after 

each TACE, including monitoring of the radiological response, liver function and the 

patient’s performance status when considering a subsequent line of treatment.

Selective Internal Radiation Therapy (SIRT) has been introduced as an alternative 

to TACE and is most commonly applied in patients with large or multifocal tumors, 

tumors with macrovascular invasion, or non-responders to TACE1, 3, 4. The main 

risk of SIRT is irradiation of non-tumorous liver parenchyma which may cause liver 

decompensation or progressive liver injury. This risk of liver decompensation is 

currently assessed using clinical and biochemical prognostic scores (MELD, Child-

Pugh score), whereas the radiation dose is calculated on liver volumetry. However, 

regional differences in liver function cannot be determined with biochemical markers 

and show a poor correlation with liver volume12-14. Hepatobiliary scintigraphy (HBS) 

with the radiopharmaceutical 99mTc-mebrofenin provides quantitative and spatial 

information on the uptake and excretion function of the hepatocytes. Combined 

with single-photon emission computed tomography (SPECT) and conventional 

computed tomography (CT), this nuclear imaging technique has been shown to 

outperform Child-Pugh score and CT-volumetry in predicting liver failure after hepatic 

resection14-17. Chapter 2 aimed to determine the value of 99mTC-mebrofenin HBS with 

SPECT/CT in assessing the dynamics in membrofenin uptake rate (MUR), assuming it 

reflects liver function, and predicting liver failure after SIRT. In 29 patients with HCC 

treated with SIRT, there were no pre-SIRT differences in total or regional MUR to aid 

in predicting post-SIRT liver dysfunction. In 22 patients treated with lobar SIRT, HBS 

detected a loss of MUR in the treated liver region without a compensatory increase 

of the non-treated liver regions, overall resulting in a decrease in total liver function. 

The majority of patients with HCC have chronic parenchymatous liver disease 

(fibrosis, cirrhosis) which may contribute to the limited compensatory increase. In 

this pilot study, there were no pre-SIRT differences in MUR to aid in predicting liver 
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dysfunction, but HBS did provide important insight in the impact of SIRT on (regional) 

liver function and the limited contralateral compensation. The results of this pilot 

study require further validation and the long-term effects of SIRT on liver function 

need to be further elucidated. The results from this study and recent negative trials 

with SIRT in advanced HCC suggest a shift from treating patients with advanced 

tumors towards a more selective approach, for example lobar or super-selective 

SIRT in patients with less advanced disease. In those cases, HBS may have a role as 

a complementary assessment of the regional liver function or potentially guide the 

dosimetry calculations during the preparation of SIRT.

Treatment planning and response evaluation for TACE and SIRT is usually done 

with CT or magnetic resonance imaging (MRI). Diffusion weighted-imaging (DWI) 

is a non-invasive MRI technique that detects the restriction in movement of water 

molecules, which can be quantified in an apparent diffusion coefficient (ADC). 

Hypercellular tissues (i.e., fast-growing tumors) typically have a high restriction 

of water molecules (low ADC), whereas necrotic tissues (i.e., successfully 

embolized tumors) show a low restriction (high ADC). This may therefore be 

a useful surrogate marker for tumor cellularity and response to treatment. 

Chapter 3 explores the prognostic value of DWI and ADC quantification before 

TACE and at the first routine follow-up after TACE. In 89 patients treated with TACE, 

radiological response according to modified Response Evaluation Criteria in Solid 

Tumors (mRECIST) was associated with a significant increase in ADC after TACE (1081 

to 1328 mm2/s), reflecting a tumor response with cellular necrosis. Response according 

to mRECIST was confirmed as an independent prognostic factor, but neither pre-TACE 

ADC values nor a change in the ADC value at first routine follow-up were significantly 

associated with OS. Although the role of early DWI with ADC quantification (<4 weeks) 

needs to be further elucidated, this study showed that mRECIST had more prognostic 

value than DWI with ADC quantification at the regular follow-up interval after TACE (6 

weeks). DWI is a short MRI sequence which does not require contrast injection, making 

it a promising technique for early response evaluation (<4 weeks or even <24h) or in 

patients who are unable to receive contrast (i.e., renal failure).

The prognostic relevance of radiological response after TACE was further 

demonstrated in chapter 4, which concludes the first part of this thesis with a 

statistical model that uses pre-TACE parameters and post-TACE response to allow 

for patient-level survival prediction. The great variation in survival, ranging between 

7 months to >5 years in approximately 20% of cases, is a widely discussed topic in HCC 

and further stratification is an unmet need1, 11, 18-21. A vast number of prognostic scores 

or models has been proposed, but these models are limited in their ability to provide 

individual patient-level prognostication, often have limited TACE-specificity or lack 

thorough external validation20, 22-33. This inspired a large international collaboration, 

consisting of 19 centers across 11 countries, to collect clinically relevant parameters 

of >4500 patients with HCC treated with TACE. A refined pre-TACE model and novel 

post-TACE model were developed, allowing for a personalized survival prediction 

and risk group stratification with a median OS ranging from 7 months to more than 4 

years. Independent prognostic factors at baseline, including tumor number and size, 

AFP, albumin, bilirubin, macrovascular invasion, etiology of underlying liver disease 

were combined with tumor response according to mRECIST at first follow-up into an 

online calculator, available at: https://jscalc.io/calc/2omTfeWrmOLc41ei.

In the training set and across various validation datasets (internal, 

external Eastern and external Western), the new models showed 

improved discrimination (C-index 0.61-0.73) compared with 

existing models such as the Hepatoma Arterial-embolization 

Prognostic (HAP) and modified HAP-III score (C-index 0.60-0.65). These models may 

therefore aid clinicians in rationalizing the use of TACE, avoiding the risks of treatment 

in patients with expected poor prognosis.

In summary of part I of this thesis, factors which should be taken into account prior 

to TACE include liver function (albumin, bilirubin), etiology of liver disease and tumor 

parameters (tumor number and largest size, AFP, macrovascular invasion). Using DWI 

to quantify the tumor ADC prior to TACE was not significantly correlated with OS. After 

TACE, a holistic assessment of the patient including radiological response (mRECIST), 

liver function and performance status remains important. The majority of patients 

with tumor progression after TACE have preserved liver function and performance 

status, allowing subsequent lines of treatment. Statistical models combined with 

online calculators may facilitate the risk assessment prior to and after TACE. In patients 

treated with lobar SIRT for locally advanced HCC, SIRT induces a significant loss of 
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regional liver function in the treated liver regions, without compensatory increase 

of the contralateral non-treated liver regions. Although HBS with SPECT/CT did not 

predict post-SIRT liver failure in our pilot study, it provided an accurate assessment of 

the loco-regional liver function. Given the shift towards a more selective approach in 

patients with less advanced tumors, HBS with SPECT/CT may improve the treatment 

planning for selective SIRT.

Part II: Systemic treatment for HCC

The second part of this thesis focusses on systemic treatment with sorafenib, which 

is the current standard for patients with advanced HCC (Barcelona Clinic Liver Cancer 

[BCLC] stage C) or patients with earlier stages (BCLC stage A or B) who are not eligible 

for loco-regional treatment, i.e. due to high tumor load1, 3, 4. Sorafenib was approved by 

the European and American drug agencies (EMA & FDA) in 2008 based on the SHARP 

trial which demonstrated a survival benefit over placebo34. However, the therapeutic 

indication provided by these agencies was less strict than the original SHARP 

eligibility criteria. This allowed clinicians to treat a broader spectrum of patients in 

daily practice. Chapter 5 discusses the prognostic relevance of adherence to the 

eligibility criteria of the SHARP trial in two Dutch high-volume centers. Over a period 

of 9 years, 193 of 257 patients (75%) treated with sorafenib were SHARP eligible. 

Whereas the OS of SHARP eligible patients treated with sorafenib in this daily practice 

study was identical to the OS in patients treated in the SHARP trial (10 months), SHARP 

ineligibility was the strongest predictor of a poor OS. SHARP-ineligible patients had 

a median OS that was shorter (5 months) than patients treated with placebo in 

the SHARP trial (8 months) and comparable to historic cohorts who received best 

supportive care only (5 months)34, 35. The most common reason of SHARP ineligibility 

in this study was advanced liver disease (Child-Pugh B) and SHARP ineligible patients 

developed more grade 3-4 liver-related adverse events than SHARP eligible patients 

(44 vs 23%). Therefore, we concluded that sorafenib treatment should be restricted 

to SHARP eligible patients with preserved liver function.

This was confirmed in chapter 6, which describes a phase II study aimed to assess the 

safety, efficacy and pharmacokinetics of sorafenib in patients with mild-moderate 

liver dysfunction (Child-Pugh B7-8). Unfortunately, this study had to be terminated 

prematurely due to lack of accrual. The high rates of cirrhosis-related adverse events 

in the screening phase or shortly after accrual led to study drop-out in 7 out of 12 

(58%) patients. This was also acknowledged by authors of the SHARP trial, stating 

that ‘if the (SHARP) trial had included patients with more advanced liver failure (Child-

Pugh class B or C), death related to advanced liver disease might have masked any 

significant activity of sorafenib’34. Guidelines recommend treatment of patients 

with preserved (Child-Pugh A) liver function only1, 3, 36 and our studies underscore 

the importance of adequate patient selection. The overview (Table 4) of the available 

evidence of sorafenib treatment for advanced HCC in patients with Child-Pugh B liver 

function (chapter 5), shows the consistently poor survival outcomes of these patients. 

The failed efforts in performing (randomized) studies with sorafenib in patients with 

advanced HCC and Child-Pugh B37 reflect the difficulty in treating these patients. 

Therefore, we recommended restricting sorafenib treatment to patients who comply 

with the original inclusion criteria, and not treat patients with Child-Pugh B liver 

function. These studies have led to a ‘SHARP-er’ patient selection in our center.

The following chapters in the second part of this thesis discuss potential improvements 

for prognostic stratification prior to or during sorafenib treatment for HCC. The group 

of patients currently treated with sorafenib is heterogeneous, including differences 

in disease etiology, liver function, tumor phenotype (uni-, multifocal and infiltrating), 

vascular invasion, extrahepatic spread and performance status. Patients with 

advanced HCC (BCLC stage C) treated with sorafenib have a median OS of 10 months, 

which can range from less than 3 months to more than 3 years in rare cases34, 38-40. The 

heterogeneity in OS and treatment tolerability (toxicity), even in optimal candidates, 

have led to extensive studies to identify prognostic and predictive biomarkers for 

sorafenib treatment41-45.

Altered body composition has been identified as a biomarker for treatment-related 

toxicity and poor survival in several malignancies46-49. Patient frailty, the severity 

of cancer cachexia and the patient’s nutritional status may not be adequately 

captured by conventional methods (i.e., age, weight, performance status), but also 

by the loss of skeletal muscle mass (sarcopenia) and changes in adipose tissue. In 

the largest European study assessing the body composition of HCC patients treated 
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with sorafenib (chapter 7), we measured the quantity and distribution of skeletal 

muscle and adipose tissues on computed tomography (CT) images prior to treatment. 

Patients with low amounts of both skeletal muscle and adipose tissue (n=68, 25%) 

had a poor OS compared with patients without this ‘body composition profile’ (6 

vs 12 months), independent of known prognostic factors. Our study validated that 

CT-based quantification of body composition can provide additional prognostic 

information on the patient’s nutritional state or frailty prior to sorafenib treatment. 

Clinicians may use this non-invasive measurements to assess the risk of poor survival 

prior to treatment. Future prospective trials should elucidate the pathophysiology 

of an unfavorable body composition and assess whether this state can be reversed 

with interventions such nutritional support, exercise, or pharmacological agents.

The current dose strategy for sorafenib includes a fixed dose (400 mg twice daily), 

which is adjusted in case of severe toxicity. Preliminary studies suggested that the 

plasma concentration of sorafenib or its main metabolite (M2) are associated with 

clinical outcomes (toxicity, OS)50-52. Chapter 8 describes the largest pharmacokinetic 

study to date in patients with advanced HCC, aiming to validate these preliminary 

findings and establish a target plasma concentration for sorafenib. Within the 

multicenter phase II SORAMIC trial53, plasma samples of 74 patients treated with 

sorafenib were available for this ancillary substudy. There was no significant 

association between trough levels of sorafenib and toxicity or OS. While there was 

no difference in trough levels in patients who experienced severe toxicity, these 

patients did receive a lower average daily dose compared with patients without severe 

toxicity (551 vs 730 mg/day, p=0.003), suggesting that patients had similar plasma 

levels once an tolerable dose had been established after dose reductions. Given the 

poor association between administrated dose, plasma concentration and clinical 

outcomes, toxicity-adjusted dosing remains the standard for sorafenib treatment.

Considering the modest survival benefit (median of 2-3 month), significant toxicity 

and substantial costs of sorafenib in advanced HCC, various studies have underscored 

the necessity of adequate patient selection for sorafenib54-56. The BCLC staging system 

is the most widely used algorithm to select patients for sorafenib. However, the BCLC 

algorithm includes less objective parameters (Child-Pugh and ECOG performance 

status) which can lead to misclassification and inter-observer variability57, 58.The 

limited prognostic value of the BCLC classification is acknowledged by the current 

guidelines1 and a multitude of prognostic scores to stratify these patients have been 

proposed27, 28, 59-66. Chapter 9 concludes the second part of this thesis with the 

validation of a novel statistical model (PROSASH) and development of an improved 

version (PROSASH-II) for patients with advanced HCC treated with sorafenib. In this 

joint effort of five tertiary European centers including >900 patients, the PROSASH 

model was validated in routine clinical practice and the refined PROSASH-II model 

was developed. The PROSASH-II model offers individualized survival prediction and 

an externally validated four-tier risk group stratification, based on the serum alpha-

fetoprotein (AFP), albumin and total bilirubin, and the largest tumor size, presence 

of macrovascular invasion or extra-hepatic spread as established on imaging. 

The median OS of risk group 1, 2, 3 and 4 was 19, 11, 7 and 3 months, respectively. 

This model, which has been implemented in an online calculator 

(https://jscalc.io/calc/qXgkZNB1h6B1jEfq), may be valuable as a 

tool for clinical decision making in daily practice or to stratify 

patients in future studies with advanced HCC. The improved 

discriminative performance of PROSASH-II (C-index 0.65-0.68) compared with the 

BCLC classification (C-index 0.53-0.57) indicates that it is an evidence-based step 

forward over the current approach.

In summary of the second part of this thesis, factors that should be taken into 

consideration prior to sorafenib treatment include the liver function (albumin, 

bilirubin), tumor parameters (largest tumor size, macrovascular invasion, extrahepatic 

spread, AFP) and the patient performance status (ECOG performance status, CT-

assessed body composition). Some of these factors are already taken into account 

in the BCLC classification, but more accurate algorithms have been developed (i.e., 

PROSASH-II). During treatment, plasma trough levels of sorafenib and its metabolites 

showed a poor correlation with clinical outcomes, thus sorafenib should be dose-

adjusted according to toxicity.
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FUTURE PERSPECTIVES

This thesis discussed some of the challenges in prognostic assessment and outcome 

prediction of patients with HCC treated with loco-regional or systemic treatment, 

which is a rapidly evolving field.

Therapeutic developments in HCC

For patients with early stage disease, surgery and percutaneous ablation remain 

the mainstay of HCC treatment, leading to the best outcomes (five year survival 60-

80%) and offering the highest chance of curation. Beside technical advancements, 

progress has been made in terms of tailoring the treatment to the patient by balancing 

the benefits and risks of each procedure with respect to other therapeutic options. 

Clinicians now have specific factors and statistical models to their disposal which 

can aid in decision making prior to surgery, for example by estimating the risk of liver 

decompensation or the risk of early tumor recurrence67, 68, giving surgeons evidence-

based arguments to refrain from high-risk resections. On the other hand, technical 

advancements such as minimally-invasive surgery (laparoscopic, robot-assisted) with 

a reduced risk of post-operative liver decompensation, or tumor down-staging with 

loco-regional treatment (TACE, SIRT), are allowing for a broader spectrum of patients 

to become eligible for surgical intervention. The field of liver transplantation for HCC 

is showing a trend from moving away from the fixed approach with the benchmark 

Milan criteria towards expanded and more dynamic criteria, taking into account the 

tumor biology, tumor response to down-staging with loco-regional treatment and 

serum biomarkers69.

Percutaneous tumor ablation is recommended in early stage disease where surgical 

options are precluded. Technical developments include improvements in tumor 

ablation techniques (i.e., microwave ablation, irreversible electroporation) and 

imaging-guidance tools (i.e., electromagnetic tracking-based fusion imaging of real-

time ultrasonography with CT/MR images)70-72. In addition, fusion-imaging of pre- 

and post-ablation images with quantitative comparison may be used to assess the 

technical success of each ablation73. This may lead to fewer local recurrences after 

tumor ablation and better disease control.

In a setting where curative options are no longer feasible, TACE is the most widely 

used treatment worldwide9. Developments include improved imaging techniques (i.e., 

cone-beam CT) that are capable of providing a three-dimensional assessment during 

the procedure, allowing for better visualization of the tumor and its vascularization, 

precise microcatheter placement in close proximity to the tumor, and improved 

evaluation of treatment success at the time of the procedure74. In SIRT treatment 

for HCC, there is a shift from whole-liver SIRT towards lobar or segmental SIRT. In 

addition, improved dosimetry calculations guided by state-of-the-art imaging, 

novel radionuclides (Holmium-166), and advanced radiobiological modelling, 

enable clinicians to deliver a higher dose of radiation in tumor tissue and reducing 

the collateral damage to the healthy liver tissue75, 76. These developments may lead 

to increased rates of tumor response with reduced rates of liver toxicity.

As one of the most chemo-resistant tumor types, there were no effective treatment 

options for advanced HCC until 2007. Sorafenib was the first drug to show that 

inhibiting multiple kinases involved in hepatocarcinogenesis can improve the 

prognosis of this disease34, 38. Following the approval of sorafenib, >50 targeted 

therapies were tested in phase II or III trials, but most of them did not reach their 

primary endpoint77. Reasons for study failure were heterogeneous, including lack of 

efficacy of the tested drug, increased toxicity due to liver disease or weaknesses in 

study design78. After more than a decade, sorafenib remains the first-line standard 

of care for patients with advanced HCC, although alternative targeted therapies in 

first-line (lenvatinib79) and second-line (regorafenib80, cabozantinib81, ramucirumab82, 

83) have emerged. Inspired by the success in other types of cancer, recent studies 

demonstrated the potential of immune checkpoint inhibitors in advanced HCC 

(nivolumab84, pembrolizumab85). Many ongoing trials are investigating combinations 

of immune checkpoint inhibitors and targeted therapies86, and the first results have 

shown unprecedented responses and survival outcomes (i.e., atezolizumab plus 

bevacizumab87).

The innovations in systemic treatment for advanced stage HCC have also led to 

novel treatment concepts in patient with intermediate or early stage HCC in whom 

loco-regional treatments (ablation, TACE, SIRT) are still the gold standard. A novel 

approach, currently tested in large international studies, includes the combination of 
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loco-regional treatments with immunotherapy, hoping to achieve a synergistic effect 

by augmenting the anti-tumor immune response after loco-regional treatment88. Our 

group is currently preparing a clinical trial specifically designed for HCC patients who 

are considered eligible for TACE with an unfavorable predicted prognosis (risk group 

3 and 4) according to the TACE model as described in chapter 4. We aim to improve 

the survival of these patients by combining TACE with immunotherapy.

Developments in outcome prediction

The expanding number of available therapies means that clinicians are facing an 

increasingly difficult task in determining the correct sequence of treatment and 

developing patient-tailored treatment strategies. Biomarker studies, subgroup 

analyses of clinical trials and large daily-practice studies could aid in further 

refinement of patient selection. Strict patient selection is often not in the interest 

of drug manufacturers who prefer to deploy their drug in a broad population of 

‘all-comers’. This one-size-fits-all approach is unlikely to be in the interest for most 

patients, given the heterogeneity of HCC, especially in more advanced stages. When 

introducing new treatment strategies, lessons should be learned from the ‘sorafenib 

case’ where it took 4-9 years after the landmark studies before post-hoc analyses 

and a large daily-practice registration study were published41, 42, 89. These studies 

provided important insights into the impact of liver function and other clinical 

parameters (hepatitis C infection, neutrophil-lymphocyte ratio [NLR], extrahepatic 

metastases) on survival outcomes41, 89. This thesis showed that implementing relevant 

clinical parameters in statistical models (i.e., PROSASH-II and the pre- and post-TACE 

models) results in improved prognostic stratification compared with the conventional 

methods (BCLC, Child-Pugh). Potential applications include using online calculators to 

inform patients on their prognosis and guiding treatment decisions in daily practice. 

In clinical trials, these models could be used as a stratification parameter for pre-

planned or post-hoc subgroup analyses.

Further refinement of the prognostic assessment might be possible by adding baseline 

parameters such as the patient’s inflammatory status (NLR), body composition 

(sarcopenia) or tumor growth pattern65, 90, 91. Novel generations of models can also 

take longitudinal data into account, including parameters that can be monitored 

during treatment such as the occurrence of dermatologic adverse events, dynamics 

in liver function or AFP and radiological markers of response or progression92-94. 

Translating these parameters into validated models and clinically applicable tools 

will require large collaborations with detailed and robust datasets. Large-scale and 

automatized methods of data mining from electronic medical records, radiology 

images and laboratory data, combined with advanced mathematical techniques (i.e., 

machine learning) may push the boundaries of outcome prediction with statistical 

models95. On the other hand, input from clinicians and extensive external validation 

of prognostic models are essential to ensure these models remain accessible to 

clinicians and statistical bias is avoided.

The translational approach

As the molecular pathogenesis and the genetic landscape of HCC is slowly being 

unraveled, new approaches including mutational profiling of tumor samples (tumor 

biopsy) or tumor byproducts circulating in the blood stream (liquid biopsy) are under 

development96-98. Molecular subtypes have been linked to prognosis and it has been 

estimated that up to 28% of patients carries at least one genetic alteration that can 

be targeted by currently approved drugs97-99. In other cancer types, tumor biopsy 

followed by molecular profiling has been able to identify subgroups of patients 

who can benefit from a specific (targeted) therapy. Our understanding of the 

mutational changes occurring in the development of HCC has improved significantly, 

including the identification of key genetic events involved in tumor development 

and progression to advanced disease98. Unfortunately, the most prevalent drivers 

are currently undruggable targets. In addition, most of the molecular studies have 

been performed on patients who underwent tumor resection, therefore it remains 

debatable whether these findings can be extrapolated to patients with unresectable, 

more advanced, and more heterogeneous tumors. To validate these findings and 

stimulate translational research in non-resectable HCC, obtaining (trial-based) tumor 

biopsies is recommended1. To facilitate future translational research, a prospective 

tissue and data collection was started on a local (BioHEP, 2017) and national scale 

(Levertumoren Parel, 2019). Hopefully, future studies using these biobanks will bridge 

the gap between molecular subtypes and the tumor biology seen in clinical practice.
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Prevention and multidisciplinary approach

In the Netherlands, most patients present with incurable HCC and less than 30% of 

patients had undergone adequate surveillance at the time of diagnosis100. Surveillance 

has been associated with smaller tumor size, earlier tumor stage, and a higher chance 

of curative treatment. Therefore, early tumor detection remains an important 

strategy to reduce the HCC-related mortality. Another crucial aspect is the prevention 

of chronic liver disease: the implementation of hepatitis B vaccination and hepatitis 

C treatment programs has led to a reduction in HCC caused by viral hepatitis. On 

the other hand, the incidence of obesity is increasing, meaning the epidemiology of 

HCC is shifting away from a disease predominantly caused by viral hepatitis towards 

an increasing proportion of cases due to non-alcoholic steatohepatitis. Improved 

stratification of patients at risk, better surveillance strategies (i.e., blood-markers or 

new imaging modalities) and broader use of surveillance tools are needed to adapt 

to the changing landscape of chronic liver disease101, 102.

HCC remains a complex disease with multiple factors affecting the prognosis and the 

choice of treatment. Therefore, these patients should be discussed in multidisciplinary 

teams including nurses, hepatologists, surgeons, diagnostic and interventional 

radiologists, nuclear medicine physicians, radiation oncologists, pathologists and 

medical oncologists. Reflecting this multidisciplinary approach, a broad spectrum 

of medical specialists founded the Dutch Hepatocellular & Cholangiocarcinoma 

Group (DHCG) in 2014. This was an important step to professionalize the HCC-related 

healthcare in the Netherlands. The DHCG is involved in establishing consensus-based 

HCC guidelines, facilitates multidisciplinary communication, and serves as a platform 

for multicenter studies. As the incidence of HCC continues to rise in the Netherlands, 

there is an increasing need for nation-wide collaboration in order to improve the 

outcomes of these patients.
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NEDERLANDSE SAMENVATTING

Achtergrond en doel

Hepatocelullair carcinoom (HCC) is een vorm van kanker die ontstaat in de lever. Met 

jaarlijks < 1 miljoen doden is HCC wereldwijd een groot gezondheidsprobleem, met 

name in Sub-Sahara Afrika en Zuidoost Azië. In Nederland is HCC relatief zeldzaam met 

500-600 nieuwe patiënten per jaar, hoewel dit aantal sterk is gestegen de afgelopen 

decennia. In >70% van de gevallen is er ten tijde van het stellen van de diagnose 

al sprake van een gevorderd tumorstadium of ernstige leverschade (levercirrose), 

waardoor genezing niet meer mogelijk is. Dit maakt dat voor de meeste patiënten de 

belangrijkste behandeldoelen kwaliteit van leven en levensverlenging zijn, waardoor 

het van groot belang is om de juiste behandeling te kiezen. Het afstemmen van 

de behandeling op de situatie van de patiënt, de zogenaamde gepersonaliseerde 

geneeskunde, vereist een goede inschatting van de prognose. Daarnaast moeten 

de mogelijke winst en de bijwerkingen van de verschillende behandelopties tegen 

elkaar worden afgewogen. Bij patiënten met HCC is deze inschatting extra moeilijk, 

omdat er vaak meerdere levensbedreigende aandoeningen tegelijk aanwezig zijn, 

namelijk kanker en levercirrose. Daarnaast zijn er de afgelopen jaren veel nieuwe 

behandelopties bijgekomen, waardoor het kiezen van de juiste (volgorde van) 

behandeling steeds complexer wordt.

Het doel van dit proefschrift is om meer inzicht te krijgen in de factoren die van 

invloed zijn op de behandeluitkomsten bij patiënten met HCC. Daarnaast willen we 

instrumenten geven aan artsen om de prognose en slagingskans van een behandeling 

te kunnen inschatten. Hiermee richt dit proefschrift zich op betere patiëntselectie en 

meer gepersonaliseerde behandeling voor patiënten met ongeneeslijk HCC die een 

locoregionale behandeling (deel I) of systemische behandeling (deel II) ondergaan.

Deel I: Locoregionale behandeling van HCC

Transarteriële chemo-embolisatie (TACE) is de eerstelijns behandeling voor patiënten 

met 'intermediate stage'-HCC (Barcelona Clinic for Liver Cancer [BCLC] stadium B). 

Daarnaast wordt TACE ook ingezet bij patiënten met 'early stage'-HCC (BCLC stadium 

A) die niet in aanmerking komen voor curatieve behandelopties zoals gedeeltelijke 

leverresectie, levertransplantatie of percutane ablatie. TACE is een locoregionale 

behandeling van de lever, waarbij via de leverslagader de bloedvaten die de tumor 

van zuurstofrijk bloed voorzien worden afgesloten met kleine partikels. Deze partikels 

zorgen ervoor dat de tumor geen zuurstof meer krijgt en geven lokaal een hoge dosis 

chemotherapie af. Door dit gecombineerde effect sterven de kankercellen af en wordt 

de ziekte geremd. TACE is wereldwijd de meest toegepaste palliatieve behandeling 

voor HCC en patiënten hebben na deze behandeling een mediane overleving van 20 

maanden.

TACE is een behandeling die meerdere keren kan worden herhaald, bijvoorbeeld bij 

achtergebleven tumorrest (residu) of bij terugkeer van de tumor (recidief). Iedere 

TACE brengt ook weer risico’s met zich mee, zoals het optreden van leverschade 

aan het gezonde leverweefsel en zelfs leverfalen. De huidige richtlijnen adviseren 

om TACE te herhalen totdat er geen residu meer zichtbaar is (complete response) 

of totdat de tumor niet meer behandeld kan worden met TACE. Het moment dat 

TACE niet meer herhaald kan worden, ook wel ‘unTACEable progression’ (UTP) 

genoemd, is een clusterbegrip voor meerdere situaties waarin een hernieuwde 

TACE behandeling niet meer zinvol wordt geacht. In hoofdstuk 1 is dit clusterbegrip 

ontleed en werd de associatie tussen de verschillende reden van UTP en de overleving 

na TACE onderzocht. Bij deze studie werden 166 patiënten geanalyseerd, waarvan 

er 116 tijdens de studie UTP ontwikkelden en de TACE behandeling niet meer kon 

worden voortgezet. Op het moment van UTP, was er bij 90% sprake van radiologisch 

bevestigde tumorprogressie en had 56% nog een goede leverfunctie en performance 

status. De tumoren waren meestal progressief groeiend in de lever (75%), waardoor 

technisch gezien zowel een locoregionale als een systemische vervolgbehandeling 

nog mogelijk was. Patiënten met UTP door gedecompenseerde levercirrose (19%), 

verslechterde performance status (23%) of tumorprogressie met uitzaaiingen buiten 

de lever en/of macrovasculaire ingroei (42%), hadden een slechtere overleving. 

Dit benadrukt het belang van een holistische benadering bij de follow-up van de 

patiënt na TACE, waarbij zowel de radiologische respons als de leverfunctie en 

de performance status mee moeten worden genomen bij het overwegen van een 

vervolgbehandeling.
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Selectieve inwendige radiatie therapie (SIRT) is een relatief nieuwe behandeling 

voor HCC. Het is een vorm van inwendige radiotherapie, waarbij via de leverslagader 

radioactief geladen deeltjes worden toegediend in de bloedvaten die de tumoren 

van bloed voorzien. In tegenstelling tot TACE berust het effect niet zo zozeer op 

een emboliserende werking, maar vooral door de lokaal afgegeven en hoge dosis 

radioactieve straling. SIRT wordt momenteel vooral toegepast als alternatief voor 

TACE, bijvoorbeeld bij patiënten met te grote of talrijke tumoren voor TACE. Het 

voornaamste risico van SIRT is onbedoelde bestraling van het omliggende, niet 

aangedane leverweefsel. Dit kan leiden tot ernstige leverschade en zelfs leverfalen 

met dodelijke afloop. Het risico op leverfalen wordt momenteel ingeschat op basis 

van klinische scoresystemen (MELD-score, Child-Pugh score). De stralingsdosis die 

tijdens de SIRT veilig kan worden toegediend, wordt momenteel berekend op basis 

van het levervolume. Deze scoresystemen houden echter geen rekening met regionale 

verschillen in leverfunctie en bovendien zijn levervolumes slechts matig gecorreleerd 

met de leverfunctie. Hepatobiliaire scintigrafie (HBS) in combinatie met een gamma-

camera en een CT-scanner (SPECT-CT) geeft een goede inschatting over de regionale 

leverfunctie, doordat gevisualiseerd wordt hoe de gezonde levercellen selectief het 

radiofarmacon 9mTc-mebrofenine opnemen en uitscheiden. Bij patiënten die een 

grote leverresectie voor een lever- of galwegtumor ondergingen, is deze techniek 

al superieur gebleken aan levervolumetrie voor het inschatten van leverfalen na de 

operatie.

In hoofdstuk 2 werden in totaal 29 patiënten behandeld met SIRT, waarbij zij zowel 

voor als na de behandeling een HBS met SPECT-CT ondergingen. Met de SPECT-CT 

werd het effect van SIRT op de membrofenine opname snelheid (MUR) gemeten. De 

MUR is een indicator voor leverfunctie en kan voor de totale lever worden berekend, 

maar ook voor specfieke leverregio's. Onderzocht werd of met het berekenen van 

de MUR het optreden van leverfalen na SIRT kon worden voorspeld. Bij 22 patiënten 

werd slechts een deel van de lever met SIRT behandeld, waarbij er een afname 

in MUR van de behandelde leverregio's werd gezien, terwijl de niet-behandelde 

leverregio's geen toename in MUR lieten zien. Met andere woorden, er werd geen 

compensatoire functietoename gezien na SIRT in de onbehandelde leverdelen, 

waardoor de meeste patiënten een netto afname van de totale leverfunctie hadden. 

Hierin speelde waarschijnlijk mee dat de overgrote meerderheid van HCC patiënten 

een onderliggende leverfibrose of levercirrose had, waardoor de lever onvoldoende 

restcapaciteit had om schade door de bestraling te compenseren. Deze kleinschalige 

‘pilot’ studie toonde geen significante factoren om leverfalen na SIRT te voorspellen, 

maar gaf wel een belangrijk inzicht in de gevolgen van SIRT op de regionale en 

totale leverfunctie. Hierin leek SIRT meer schade te berokkenen aan het 'gezonde' 

leverweefsel dan voorheen werd aangenomen. Toekomstige studies met grotere 

patiëntaantallen en een langere follow-up duur zijn nodig om de effecten van SIRT 

op de lever beter te begrijpen en de uitkomsten te voorspellen. De rol van SIRT bij 

de behandeling van HCC is op dit moment nog niet geheel uitgekristalliseerd. De 

bevindingen uit deze studie en een aantal negatieve gerandomiseerde studies met 

SIRT bij 'advanced stage'-HCC, wijzen erop dat de positie van SIRT zal gaan verschuiven 

van een behandelmodaliteit voor patiënten met grote en talrijke tumoren naar 

patiënten met lagere tumorload. Bij een lagere tumorload hoeft slechts een klein deel 

van de lever behandeld te worden, waardoor een hogere stralingsdosis in de tumor 

kan worden gegeven en tegelijkertijd het risico op leverfalen kleiner is. In dergelijke 

gevallen heeft HBS met SPECT-CT een mogelijke meerwaarde om een nauwkeurige 

inschatting te maken van de regionale leverfunctie in het te behandelen gebied en 

in de overige leverregio’s. Dit kan bijdragen om een nauwkeurige stralingsdosis te 

berekenen in de voorbereidingsfase voor SIRT.

‘Diffusion weighted-imaging’ (DWI) is een MRI techniek die het mogelijk maakt om 

de bewegingsvrijheid van watermoleculen in beeld te brengen en te kwantificeren 

in een zogeheten ‘apparent diffusion coefficient’ (ADC). Zo hebben celrijke 

weefsels, bijvoorbeeld snelgroeiende tumoren, grote hoeveelheden dicht op elkaar 

gepakte cellen waarin watermoleculen moeilijk kunnen bewegen (lage ADC). Het 

tegenoverstelde ziet men in necrotische weefsels, zoals succesvol geëmboliseerde 

tumoren, waarin watermoleculen vrij kunnen bewegen (hoge ADC). De ADC kan 

daarom worden gebruikt als een marker voor celdichtheid in tumoren en respons 

op behandeling. In hoofdstuk 3 werd de prognostische waarde van DWI onderzocht 

bij 89 patiënten die behandeld waren met TACE. Respons op TACE volgens de modified 

Response Evaluation Criteria in Solid Tumors (mRECIST) criteria was geassocieerd met 

een significante toename in ADC (1081 to 1328 mm2/s) bij de eerste follow-up scan. 
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Dit weerspiegelt waarschijnlijk het optreden van tumornecrose door TACE. Respons 

volgens de mRECIST criteria was een onafhankelijke prognostische factor, maar zowel 

de pre-TACE ADC waarde als een toename in ADC na TACE waren niet significant 

geassocieerd met de overleving. Hiermee bevestigde deze studie de prognostische 

waarde van een radiologische responsevaluatie volgens de mRECIST criteria, wat bij 

de reguliere follow-up (6 weken na TACE) een betere associatie had met de overleving 

dan DWI. Aangezien DWI een korte MRI sequentie is waarbij geen contrastvloeistof 

hoeft te worden gegeven, is deze techniek mogelijk wel geschikt voor een vroegere 

responsevaluatie, bijvoorbeeld na 2-4 weken of zelfs <24 uur na TACE. Aanvullende 

studies zijn nodig om de definitieve waarde van vroege DWI verder op te helderen. 

DWI is daarnaast mogelijk van waarde bij patiënten die geen contrastvloeistof mogen 

krijgen, bijvoorbeeld vanwege een allergie of een ernstige nierinsufficiëntie.

De prognostische waarde van radiologische respons na TACE werd verder bevestigd 

in hoofdstuk 4. Dit hoofdstuk besluit het eerste deel van dit proefschrift met een 

statistisch model om de overleving van patiënten na TACE te voorspellen. Er is 

internationaal veel discussie over de patiëntengroep die momenteel wordt behandeld 

met TACE vanwege de sterk uiteenlopende overleving: van slechts 7 maanden tot meer 

dan 5 jaar. Om de patiënten beter te classificeren, is een groot aantal prognostische 

scores en modellen gepubliceerd. De bestaande modellen waren vaak weinig 

specifiek voor TACE, waren veelal niet of nauwelijks extern gevalideerd en boden 

meestal niet de mogelijkheid om een patiënt-specifieke voorspelling te doen. Deze 

tekortkomingen waren de aanleiding voor een grote internationale studie, waarin 19 

centra uit 11 verschillende landen samenwerkten. Hierbij werden gegevens verzameld 

van ruim 4500 patiënten die behandeld zijn met TACE. Met deze grote dataset werden 

2 modellen ontwikkeld: het eerste model is bruikbaar voor start van TACE (pre-TACE 

predict) en het tweede model is bruikbaar bij eerste responsevaluatie na TACE (post-

TACE predict). Op basis van klinische parameters voor start van TACE enerzijds (tumor 

aantal en grootte, AFP, albumine, bilirubine, macrovasculaire betrokkenheid, ziekte-

etiologie) en radiologische respons (volgens mRECIST) na TACE anderszijds, werd een 

gepersonaliseerde voorspelling van de overleving na TACE gedaan. Daarnaast werden 

patiënten ingedeeld in één van de 4 risicogroepen, met een mediane overleving 

uiteenlopend van 7 maanden tot meer dan 4 jaar. 

Om de gebruiksvriendelijkheid te vergroten werd het complexe 

algoritme ingebouwd in een online calculator die beschikbaar is 

op: https://jscalc.io/calc/2omTfeWrmOLc41ei.

Beide modellen werden zowel in een training dataset getest als in 

meerdere externe validatie datasets. De nieuwe modellen lieten een sterk verbeterd 

voorspellend vermogen zien ten opzichte van bestaande prognostische scores zoals 

de Hepatoma Arterial-embolization Prognostic (HAP) en de modified HAP-III score. 

Deze nieuwe prognostische modellen kunnen clinici helpen om het gebruik van 

TACE te rationaliseren. Hiermee kunnen de risico's van TACE worden vermeden bij 

patiënten met een grote kans op een slechte uitkomst, of juist behandeling worden 

aangeraden bij patiënten die waarschijnlijk een goede uitkomst zullen hebben.

Het eerste deel van dit proefschrift samenvattend zijn de volgende parameters van 

belang voor de overleving na TACE: de leverfunctie (albumine, bilirubine), ziekte-

etiologie (Hepatitis B, -C, alcohol of anders) en enkele tumorparameters (aantal en 

grootte van de tumoren, AFP, macrovasculaire betrokkenheid). De pre-TACE tumor 

ADC zoals berekend met DWI was niet significant geassocieerd met de overleving. 

Bij de follow-up na TACE is een holistische benadering van de patiënt van belang, 

waarbij onder andere de radiologische respons (mRECIST), leverfunctie en 

performance status beoordeeld moeten worden. Het merendeel van de patiënten met 

tumor progressie na TACE heeft nog voldoende leverfunctie en performance status 

om voor een vervolgbehandeling in aanmerking te komen. Statistische modellen 

gekoppeld aan online calculators kunnen de risico-inschatting voor- en na TACE 

optimaliseren ten opzichte van de huidige behandelalgoritmes.

Bij patiënten die behandeld worden met SIRT van een gedeelte van de lever, leidt de 

bestraling tot een significant verlies aan leverfunctie aan de behandelde zijde, zonder 

compensatoire toename aan de contra-laterale zijde. Hoewel HBS met SPECT-CT in 

een ‘pilot’ studie niet het optreden van leverfalen voorspelde, is hiermee wel een 

nauwkeurige inschatting van de regionale leverfunctie te maken. Dit maakt HBS met 

SPECT-CT wellicht van toegevoegde waarde voor het plannen van een selectieve SIRT.
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Deel II: systemische behandeling van HCC

Het tweede deel van dit proefschrift richt zich op systemische behandeling van HCC. 

Sorafenib is de huidige standaard voor eerstelijns therapie bij patiënten met 'advanced 

stage'-HCC (BCLC stadium C). Daarnaast is sorafenib ook een optie voor patiënten met 

minder ver gevorderde ziekte (BCLC stadium A of B) die niet in aanmerking komen 

voor curatieve of loco-regionale behandeling. Sorafenib is een multi-kinase remmer 

in tabletvorm, waarmee onder andere de groei en vaatnieuwvorming van HCC wordt 

geremd. Sorafenib werd in 2008 werd goedgekeurd door de Europese en Amerikaanse 

geneesmiddelagentschappen (EMA & FDA), op basis van de resultaten van de SHARP 

studie. In een sterk geselecteerde patiëntengroep werd een overlevingswinst van 

sorafenib ten opzichte van placebo gevonden. De therapeutische indicatie die de 

FDA & EMA toekenden aan sorafenib was echter beduidend minder streng dan de 

oorspronkelijke inclusiecriteria voor de SHARP studie. Hiermee kunnen clinici een 

veel breder spectrum van patiënten met HCC behandelen in de dagelijkse praktijk, 

wat de aanleiding was voor hoofdstuk 5. In dit hoofdstuk werd de prognostische 

relevantie van de inclusiecriteria van de SHARP studie geanalyseerd bij 257 

patiënten die behandeld zijn met sorafenib in 2 Nederlandse verwijscentra voor HCC. 

Gedurende een periode van 9 jaar, voldeden 193 van de 257 patiënten (75%) aan de 

SHARP inclusie criteria. De mediane overleving van 'SHARP geschikte' patiënten was 

identiek aan de overleving in de SHARP studie (10 maanden). Van de onderzochte 

factoren, was 'SHARP ongeschiktheid' de meest ongunstige factor met betrekking 

tot de overleving. Patiënten die niet aan de SHARP inclusie criteria voldeden hadden 

een mediane overleving van 5 maanden, wat korter was dan de placebo groep uit 

de SHARP studie (8 maanden) en vergelijkbaar met historische cohorten die alleen 

klachtenbestrijding kregen (5 maanden). De meest voorkomende reden van 'SHARP 

ongeschiktheid' was een matige leverfunctie (Child-Pugh B). 'SHARP ongeschikte' 

patiënten ontwikkelden vaker ernstige cirrose-gerelateerde complicaties dan 'SHARP 

geschikte' patiënten (44% vs 23%). Dit alles in ogenschouw nemend, concludeerden 

wij dat alleen 'SHARP geschikte' patiënten met een goede leverfunctie in aanmerking 

zouden moeten komen voor behandeling met sorafenib.

Deze bevindingen werden bevestigd in hoofdstuk 6, waarin een fase-II studie 

wordt beschreven die de veiligheid, effectiviteit en farmacokinetiek van sorafenib 

onderzocht bij patiënten met een mild tot matig ernstige leverdysfunctie (Child-Pugh 

B7-8). Helaas moest deze studie voortijdig worden beëindigd vanwege een matig 

verlopende inclusie. Opvallend was echter het hoge percentage cirrose-gerelateerde 

complicaties tijdens de screeningsfase of kort na inclusie. Dit resulteerde in studie-

uitval bij 7 van de 12 geïncludeerde patiënten (58%). Omdat cirrose-gerelateerde 

complicaties de effectiviteit van sorafenib kunnen belemmeren, kozen de auteurs 

van de SHARP studie er bewust voor om patiënten met Child-Pugh B of C leverfunctie 

niet in te includeren. Dit advies werd ook door de huidige richtlijnen overgenomen en 

onze studies (hoofdstuk 5 & 6) bevestigen het belang van adequate patiëntselectie. 

Een overzicht van de studies met patiënten met Child-Pugh B die behandeld zijn met 

sorafenib (Tabel 4, hoofdstuk 5), toont dat de mediane overleving van deze patiënten 

consistent matig is. Het feit dat onze prospectieve studie (hoofdstuk 6) en meerdere 

gerandomiseerde studies voor patiënten met 'advanced stage'-HCC en Child-Pugh B 

leverfunctie voortijdig moesten worden gestaakt, weerspiegelt de complexiteit van 

de behandeling bij deze patiëntengroep. Daarom raden wij aan om het gebruik van 

sorafenib te beperken tot patiënten die voldoen aan de inclusie criteria van de SHARP 

studie en bij patiënten met Child-Pugh B leverfunctie af te zien van het gebruik van 

sorafenib. Deze bevindingen hebben geleid tot een strengere patiëntselectie in ons 

centrum.

De hierop volgende hoofdstukken bediscussiëren mogelijke verbeteringen in de 

risicoclassificatie voor of tijdens sorafenib behandeling van HCC. De patiëntengroep 

die momenteel in aanmerking komt voor sorafenib is erg heterogeen, met 

substantiële verschillen in ziekte-etiologie, leverfunctie, performance status en 

tumoreigenschappen. Patiënten met 'advanced stage'-HCC (BCLC stadium C) die 

behandeld worden met sorafenib hebben een mediane overleving van 10 maanden, 

wat uiteen kan lopen van minder dan 3 maanden tot meer dan 3 jaar in zeldzame 

gevallen. Vanwege de grote variatie in overleving en bijwerkingen (toxiciteit), zelfs 

bij de patiëntgroep die momenteel als 'ideale kandidaten' worden bestempeld, is er 

een sterke behoefte aan een betere risicoclassificatie voor sorafenib, bijvoorbeeld 

met behulp van biomarkers. Een biomarker is een parameter die betrouwbaar kan 
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worden gemeten en een duidelijke associatie heeft met de toestand van een patiënt 

of de uitkomst van een behandeling.

Eerdere literatuur heeft laten zien dat een veranderde lichaamssamenstelling 

bij verschillende kankersoorten is geassocieerd met overleving en toxiciteit 

van systemische therapie. Klassieke biomarkers zoals leeftijd, gewicht en BMI 

hebben slechts een beperkte gevoeligheid voor de fysieke kwetsbaarheid en 

voedingstoestand van een patiënt. Door middel van gestandaardiseerde metingen 

op CT-scans, kan de lichaamssamenstelling nauwkeurig in kaart gebracht worden. 

Enkele Japanse studies suggereerden dat verlies van skeletspiermassa (sarcopenie) 

of een veranderde verdeling in vetweefsel sterk geassocieerd zijn met de overleving 

van met sorafenib behandelde HCC patiënten. In hoofdstuk 7 werd deze hypothese 

nader onderzocht in een westerse setting bij 278 patiënten die behandeld zijn met 

sorafenib. De hoeveelheid en verdeling van de skeletspier- en vetweefsels werd 

gemeten op de uitgangs-CT voor start van behandeling. Patiënten met weinig 

spier- en vetweefsel (n=68, 25%) hadden een slechte overleving vergeleken met 

patiënten die deze lichaamssamenstelling niet hadden (6 vs 12 maanden) en dit was 

onafhankelijk van andere prognostische factoren. Hiermee bevestigde deze studie dat 

het kwantificeren van de lichaamsstelling met behulp van CT zinvolle prognostische 

informatie geeft voor start van sorafenib. Deze non-invasieve meting kan worden 

gebruikt om patiënten met een matige fysieke toestand te herkennen en bij deze 

patiëntengroep eventueel van behandeling met sorafenib af te zien. Helaas is er 

over de pathofysiologie van deze ongunstige lichaamsstelling bij HCC nog weinig 

bekend. Er zijn daarom verdere prospectieve studies nodig om te onderzoeken of 

deze ongunstige fysieke toestand ongedaan kan worden gemaakt met interventies 

zoals voedingsondersteuning, fysieke training of medicatie.

Momenteel wordt sorafenib gedoseerd volgens een vast schema (400 mg 2 maal 

daags). Als er tijdens behandeling ernstige bijwerkingen optreden, wordt de dosering 

eventueel verlaagd. Sommige oncologen starten om deze reden ook de halve 

dosis (200 mg 2 maal daags), waarbij de dosis over een periode van 1-2 weken op 

geleide van bijwerkingen wordt opgehoogd. Eerdere studies suggereerden dat de 

plasmaconcentratie van sorafenib geassocieerd is met overleving en het optreden 

van toxiciteit. Hoofdstuk 8 beschrijft de grootste farmacokinetiekstudie tot op heden 

bij patiënten met HCC die behandeld zijn met sorafenib. Het voornaamste doel was 

om de bevindingen van eerdere studies te valideren en om een streefwaarde voor 

de plasmaconcentratie van sorafenib en de belangrijkste metaboliet (M2-sorafenib) 

vast te stellen. Dit was een substudie van de multicenter fase II SORAMIC studie, 

waarvoor plasmamonsters van 74 patiënten beschikbaar waren. Bij deze patiënten 

werd er geen associatie gevonden tussen de dalspiegels van sorafenib en overleving 

of toxiciteit. Hoewel patiënten die ernstige toxiciteit ontwikkelden een lagere dosis 

sorafenib namen dan patiënten die geen ernstige toxiciteit ontwikkelden (551 vs 730 

mg/dag), was er geen duidelijk verschil in plasmaconcentratie tussen deze groepen. 

Tegelijkertijd werden de plasmaspiegels vaak pas na een langere behandelduur 

gemeten (mediaan van 25 weken), terwijl de meeste toxiciteit juist in de eerste weken 

optrad. Hierdoor hadden de meest patiënten met ernstige toxiciteit al de nodige 

dosisreducties gehad op het moment dat de plasmaconcentratie werd gemeten. 

Daarmee was het wel opvallend dat patiënten met en zonder toxiciteit op het moment 

dat een te verdragen dosis werd bereikt, vergelijkbare plasmaspiegels hadden. Gezien 

de matige correlatie tussen de ingenomen dosis, plasmaconcentraties en klinische 

uitkomsten blijft doseren op geleide van bijwerkingen de standaardmethode voor 

sorafenib.

Gezien kans op bijwerkingen en de beperkte overlevingswinst (mediaan 2-3 maanden) 

is het van essentieel belang om de juiste patiënten te selecteren voor deze 

behandeling. Het uitgebreid gevalideerde BCLC-stadiëringsysteem is het meest 

gebruikte behandelalgoritme bij HCC. Dit algoritme maakt echter ook gebruik van 

minder objectieve parameters, zoals de Child-Pugh score en de ECOG performance 

status. Zo brengt de ernst van de ascites (Child-Pugh score) of ‘tumor-gerelateerde’ 

beperking van het dagelijks functioneren (ECOG performance status), toch een zekere 

mate van subjectiviteit met zich mee. Dit subjectieve aspect kan ervoor zorgen dat 

patiënten verkeerd geclassificeerd worden en hierdoor de onjuiste behandeling 

krijgen. De internationale richtlijnen hebben om deze reden opgeroepen om 

verbeterde algoritmes en scoresystemen te ontwikkelen. Hoofdstuk 9 besluit het 

tweede deel van dit proefschrift met de validatie van een nieuw statistisch model en 

het ontwikkelen van een verbeterde versie hiervan voor patiënten met 'advanced 

stage'-HCC. Deze studie was een samenwerking tussen 5 Europese centra waardoor 
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>900 met sorafenib behandelde patiënten konden worden geïncludeerd. Een recent 

ontwikkeld statistisch model, genaamd 'Prediction Of Survival in Advanced Sorafenib-

treated HCC' (PROSASH), was gebaseerd op patiënten die met sorafenib behandeld 

waren in studieverband. In onze studie werd het model getest en gevalideerd bij een 

populatie die behandeld was buiten studieverband. In deze setting werd ook een 

verbeterde versie van het model ontwikkeld: PROSASH-II. Dit model gebruikte een 

kleiner aantal parameters die objectief zijn te meten voor start van sorafenib: AFP, 

albumine, bilirubine, tumorgrootte, macrovasculaire betrokkenheid en extra-

hepatische metastasering. Op basis van deze 6 parameters biedt dit statistische 

model een geïndividualiseerde voorspelling van de overleving en een classificatie in 

4 risicogroepen met een mediane overleving van 19, 11, 7 en 3 maanden. 

Het complexe algoritme is verwerkt in een online calculator 

(https://jscalc.io/calc/qXgkZNB1h6B1jEfq) wat clinici als 

hulpmiddel kunnen gebruiken in de dagelijkse praktijk. Het 

PROSASH-II model had een substantieel verbeterde voorspellend 

vermogen (C-index 0.65-0.68) vergeleken met de BCLC-classificatie (C-index 0.53-

0.57). Vergeleken met de eerste generatie PROSASH, presteert PROSASH-II beter 

ondanks het gebruik van een kleiner aantal en meer objectieve parameters. Het 

model kan worden gebruikt bij de besluitvorming in de dagelijkse praktijk, maar ook 

als prognostische factor om toekomstige prospectieve studies met ‘advanced stage’-

HCC te stratificeren.

Het tweede deel van dit proefschrift samenvattend zijn voor overleving relevante 

parameters voor start van sorafenib onder andere de leverfunctie (albumine, 

bilirubine), enkele tumorparameters (tumorgrootte, macrovasculaire betrokkenheid, 

extra-hepatische metastasering, AFP) en de conditie van de patiënt (ECOG 

performance status, de lichaamssamenstelling op CT). Een deel van deze factoren 

is al in de BCLC classificatie opgenomen, maar er zijn inmiddels algoritmes met een 

hogere voorspellende waarde ontwikkeld zoals PROSASH-II. Tijdens de behandeling 

leken plasma dalspiegels van sorafenib en de M2-metaboliet matig gecorreleerd met 

overleving en toxiciteit. Het aanpassen van de sorafenibdosering op geleide van 

bijwerkingen, blijft daarom de huidige standaard.
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Na vier jaar aan onderzoek is het tijd om terug te blikken op een mooie tijd als 

arts-onderzoeker. Dit was zonder de steun van veel mensen om mij heen niet 

mogelijk geweest. Voor hun bijdrage aan deze mooie periode en de totstandkoming 

van dit proefschrift wil ik een aantal personen in het bijzonder bedanken.   

 

Otto, Heinz-Josef en Bart. Een beter promotieteam had ik me niet kunnen wensen. 

Jullie hebben allemaal een andere achtergrond en karakter, maar desondanks 

was er altijd een prettige samenwerking. Daarnaast was er ook ruimte voor het 

persoonlijke aspect. Ik kijk met veel plezier terug op de wekelijkse bijeenkomsten 

met z’n vieren, waarbij steevast de eerste 5-15 minuten ingevuld werden door het 

alledaagse gekeuvel. Eenmaal tot de orde geroepen, vulden jullie elkaar bijzonder 

goed aan. Van de verschillende etentjes, barbecues, congressen en brainstormsessies 

heb ik erg genoten. Bedankt voor de kansen die jullie mij hebben gegeven.  

Otto, mijn promotor. Als de uitgelezen no-nonsens procesbewaker werd de voortgang 

van mijn proefschrift nooit uit het oog verloren en was het mogelijk om het tempo erin te 

houden. Ik bewonder je kalmte, overzicht en vakkundigheid. Je rust en deskundigheid 

stralen af op de mensen met wie je samenwerkt. Je bent ook nog eens erg benaderbaar 

en bijzonder geestig. Op wetenschappelijk gebied hebben we de afgelopen 

jaren ‘met krachten gesmeten’, maar dat rondje fietsen hou je zeker nog te goed.  

Heinz-Josef en Bart, mijn copromotores. Heinz-Josef, ‘HJ’, na wetenschapsstages over 

cholangiocarcinoom was jij degene die me uit de galboom haalde voordroeg voor deze 

plek, dank voor je vertrouwen. Je eigenzinnige, kritische blik en vele ideeën voor nieuwe 

projecten waren een belangrijke impuls voor mijn onderzoek. Hoewel je volkomen on-

Duits regelmatig ‘casually late’ bent en bijhouden van je e-mails op z’n zachts gezegd 

‘niet helemaal je ding is’, stond je altijd voor me klaar als er dringende zaken waren. De 

start op de poli viel me zwaar, maar ik heb veel geleerd van je gesprekstechnieken en 

je supervisie bij de medische oncologie. Bart, ‘Takkie’, jouw ongekende enthousiasme, 

ideeëndrift en tomeloze energie waren aanstekelijk. Als ‘van de hak op de Takkenberg’ 

weer eens op dreef was, heb ik me wel regelmatig heb afgevraagd: wie begeleid nu 

wie? Je bent een geweldige bruggenbouwer, wat geresulteerd heeft in veel leuke 

projecten en (internationale) samenwerkingen. Het had weinig gescheeld of je was bij 

me ‘gecrasht’ in mijn Liverpoolse studiootje. Je bent amicaal, optimistisch en ik heb 

je betrokkenheid altijd enorm gewaardeerd. Daarnaast durf je ook open te zijn over 

moeilijke periodes in je leven. Ik kijk met veel plezier terug op onze samenwerking.  

 

Prof. dr. Beuers, prof. dr. Punt, prof. dr. van Gulik, dr. van Oijen, prof. dr. Metselaar 

en dr. Burgmans: hartelijk dank voor uw kritische beoordeling van mijn 

proefschrift en bereidheid om zitting te nemen in mijn promotiecommissie.  

 

Paranimfen Ramon en Koos, of het nu een borrel betreft of een promotieceremonie, jullie 

staan garant voor veel plezier. Bedankt dat jullie me bijstaan op deze bijzondere dag.  

 

Bij mijn onderzoek in het AMC/Amsterdam UMC waren veel verschillende disciplines 

betrokken waarmee ik al die jaren erg prettig heb samengewerkt. Robert-Jan 

Coelen, Eva Roos, Lotte Franken, ik koester de goede banden met de 3-generaties 

‘chirurgische cholangio-onderzoekers’ die ik heb mee mogen maken. Het was altijd 

dikke mik als onze wegen weer eens kruisten. Joanne Verheij, jouw enthousiasme 

en vakkundigheid op het gebied van leverpathologie maakten het altijd een plezier 

om door de microscopie te kijken, onder het genot van jouw (Franse) spreekwoorden 

en commentaren. Gelukkig was nog regelmatig ‘klinisch correlaat vereist’. Josefine 

Schopman, ik ben blij dat ik jou in het staartje van je werkzaamheden bij het 

AMC nog heb meegemaakt. Als ‘Heinz-Josefine’ was je een waardige vervangend 

supervisor en zorgde je voor een goede sfeer op de poli. Het ga je goed als hoofd-

hals goeroe in Leiden. GIOCA-HCC leden, waaronder Krijn van Lienden, IJsbrand 

Zijlstra, Sanne Schreuder, Roel Bennink, Thomas van Gulik, Joris Erdmann, Ulrich 

Beuers, Sophie Willemse, Elsemieke de Vries, Brian Balgobind, Henrike Westerveld 

en Joanne Verheij, dank voor de wekelijkse HCC MDO’s met de vele vermakelijke, 

en soms pittige, discussies. Roel Bennink, dank voor je hulp bij de leverscintigrafie 

en interpretatie hiervan, ik ben ervan overtuigd dat jij de HIDA-winkel nog wel even 

draaiende houdt. Evelyn Jansen op de Haar en Rafaella van Scheppingen-Tomé, jullie 

betrokkenheid en warmte helpen menig patiënt (en dokter) in zwaar weer op de 

GIOCA-poli. Tussen het aanboren van zielen en de soms verdrietige situaties, vonden 
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jullie ook nog tijd om mij te helpen bij het van de grond krijgen van BioHEP. Met jullie 

hulp, en uiteraard Mai Tran niet te vergeten, hebben we BioHEP tot de één van de best 

includerende biobanken van Amsterdam UMC kunnen maken. De gierende lach van 

Evelyn meen ik zelfs in Almere nog te kunnen horen en Rafaella liet me nooit in de 

steek om een patiënt te kunnen benaderen voor de biobank. Mai, inspirerend is de 

groei die jij hebt doorgemaakt in de tijd dat jij mij hebt geholpen met het ‘biobanken’. 

Ik hoop dat veel toekomstige patiënten baat zullen hebben van onze inspanningen.  

 

Dat brengt me bij de patiënten, zonder hun bijdrage en vertrouwen was dit onderzoek 

niet mogelijk geweest. Ik heb bijzonder veel waardering voor de patiënten en hun naasten 

die in hun moeilijke situatie instemden met wetenschappelijk onderzoek. Dat ik hierbij 

een keer voor ‘Telegraafverkoper’ ben uitgemaakt, neem ik dan maar op de koop toe.  

 

Meerdere studies waren niet mogelijk geweest zonder de inzet van een aantal 

studenten. Hicham, Nyk, David, Quincy, dank voor jullie noeste arbeid aan de 

datasets en voorbereidend werk voor de definitieve studies. Diederick ‘DJ’ 

van Doorn, je bent een toffe vent met hart voor de zaak. Ik hoop dat er geld 

en ruimte wordt gevonden waarmee jij de HCC-trein op stoom kan houden.  

 

Ook de collega-onderzoekers uit de andere Nederlandse centra (o.a. Utrecht, 

Rotterdam en de DHCG) wil ik bedanken voor de samenwerking. Sandra van der 

Velde en Marnix Lam, leuk dat we samen aan een paar leverscintigrafie stukken 

mochten werken. Jeroen van Vugt en collega’s van de chirurgie uit Rotterdam, het 

samenwerken aan stukken gaat altijd soepel en snel. Laten we dit erin houden.  

 

A couple of words dedicated to my overseas collaborators. You may have self-

isolated from the EU, I have not forgotten you. Philip and Sue Johnson, I felt part of 

the family from day one, thank you for offering me a chance of working together in 

Liverpool. I was privileged to learn from Philip’s experience in statistical modelling 

and unparalleled enthusiasm for HCC. Sarah Berhane, thank you for your patience 

and statistical guidance during my project. To my Liverpudlian colleagues from the 

Molecular and Clinical Cancer Medicine, thank you for your hospitality during my stay. 

I barely survived my introduction to ‘English spirit’ with Bill’s customized cocktails 

and the subsequent Christmas drinks. I also would like to mention the office warfare 

and pranks from the ‘anti-cancer squad’ (Lewis, Milton, Ben, Alex, Chris). Thank you 

for a memorable time.         

Dan mijn waarde collega’s van de MDL. Ik heb genoten van de gezelligheid bij 

de lunchsessies, Gutclubs, Gastrolympics, post-EASL avonden, congressen, 

fietstochten, kameruitjes en wintersportreisjes. Te veel mensen om bij naam te 

noemen en te bedanken, maar voor mijn kamergenoten maak ik een uitzondering. 

Er was de natuurlijk de eerste generatie op G4: Meike, Femke, Wytske, Victorine, 

Saar, Lowiek, Sem en Jorrit, bij wie ik nog als kamer jongste begon en waarmee ik 

‘lekker-met-de-meiden’ op de foto mocht bij de kerstmarkt. Meike en Femke, de 

hepatitisdames, dank voor jullie hulp en ervaring in de beginfase. Victorine, ‘Vicstra’, 

een betrokken arts, die altijd lekker aan het keuvelen was voor Family Matters: ‘hoe 

gaat het met u? Diarree?! Oh…’ Als ik ooit om een voicemail verlegen zit, vraag 

ik jou. Wytske, jij was er kort maar krachtig. Ik vond het knap hoe jij alle ballen 

hooghield, zowel je werk als de zorg voor je gezin. Sara, ‘Saar’, stoere motorchick 

en mannenmagneet enerzijds (het AMR kwam graag even buurten), een arts met 

hart voor haar IBD-patiënten anderzijds. Legendarisch was je ochtendhumeur of 

brakheid op wintersport. Altijd hilarisch om samen stuk te gaan op het filmpje van 

de dag. Lowiek en Sem, met schering en inslag kwamen jullie langs, maar er was 

genoeg tijd voor een ontspannen babbel. Ik hoop dat we elkaar in de toekomst 

nog vaker zullen treffen. Jorrit, ‘het scootertje’, ik vind je een toffe gast met veel 

humor en een onnavolgbaar fietsvermogen. Na je onverwachtse en te vroege vertrek 

werd je als persoon gemist, net als de steevaste wielerpraatjes en fietstochtjes.  

Langzaam rouleerde de oude generatie voor een nieuwe G4-unit, later op C2 te 

vinden: Koos, Robin, Mijntje, Renske, Britt, Anne, Djuna en Adriaan. Dank voor jullie 

kritische blik op dit proefschrift. Koos, ‘Koosmeister’, duizendpoot die in ontelbaar 

veel clubjes zit en ongeveer iedereen lijkt te kennen. Daarnaast goedlachs en niet bang 

voor een paar biertjes. Altijd goed om even te ventileren over de dagelijkse sores van 

het promotiebestaan, of om een lekker setje te delen via SoundCloud. Dat medium 
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zou ik bijna apart bedanken voor de vele uurtjes luisterplezier. Robin, ‘Robinho’, hepa-

topper die een unieke patiëntpopulatie onder haar hoede heeft. Nadat ik zelf aan de 

telefoon had geconcludeerd dat er geen land mee te bezeilen viel, was het toch altijd 

‘dr. Urken’ die deze mensen een hepatitis-B studie inloodste. Mijntje ‘eendaagse’ 

Matheeuwsen, je hebt tijdens je onderzoekstijd de nodige veranderingen in je leven 

doorgemaakt. Dapper om telkens weer de stap te zetten. Ik hoop alleen niet dat de 

dagelijkse dosis rijpe bananengeur die ik je voorschotelde de aanleiding was voor 

het beëindigen van je onderzoeksloopbaan. Je wordt ongetwijfelde een grootse 

(met een zachte G) huisarts. Renske, ‘Rennie Reflux’, Twents energiebommetje die 

driftig over de afdeling marcheerde met haar kenmerkende loopje. Als het ‘Beast from 

the East’ tevens een echte sportfanaat en kopvrouw bij het Hijgend Hert. Om je te 

citeren: ‘Wat hadden we het fijn’. (Are you) Britt, met een jaloersmakende werkdrift 

en focus ging jij altijd voortvarend te werk. Uiteraard onder het genot van een sloot 

koffie met het nodige gezucht en gekreun. Anne, het was ieder jaar uitkijken naar 

december als jij als ‘dichter des kamerlands’ weer een hilarisch sinterklaasgedicht 

uitbracht. Knap dat je toch hebt doorgezet om het Belgiëavontuur te beëindigen. 

Djuna, een gezelligheidsmens pur sang die letterlijk de slingers of verlichting 

ophing op C2. Memorabel was de imposante voedselvoorraad in het kastje die 

dagelijks werd aangevuld vanuit een kekke voedseltas. Adriaan, nieuwste aanwinst 

van C2 en als de jongste telg van de kamer ben jij ‘altijd wel te porren voor fuifje’.  

 

Collega-assistenten en supervisors uit het Flevoziekenhuis, het hielp enorm dat ik 

tijdens de afrondende fase van mijn onderzoek op zo’n leuke plek mochten werken. Ik 

had het niet beter kunnen treffen. De combinatie promotie afronden met een herstart 

in de kliniek was niet altijd even makkelijk, laat staan als er ook nog een Corona 

crisis losbarst. Des te dankbaarder ben ik voor dit fijne team en de goede werksfeer.  

 

Voor ontspanning buiten het werk om, kon ik gelukkig op een groot aantal mensen 

rekenen. Ramon, ‘Ramonis’, van NIGA-avonden tot CCA retreats en van Approve 

borrels tot festivals, mijn ‘langharige broer’ is van alle markten thuis. Het zou leuk 

zijn als onze toekomstige wegen parallel blijven lopen. Robbert, ‘Robo’, (fiets)vriend 

van het eerste uur die zich heeft ontpopt tot Strava-grootmeester en cartograaf in 

de eerste lijn. Op nog vele kilometers samen! Sandra en Robert, ‘Lamme en van 

Kooten’, begonnen als een stevig kreunende tennisvriendschap, inmiddels is dit een 

wat breder begrip. Tennisvrinden (Niki, Judith, Tom, Sebastiaan), bedankt voor de 

gezelligheid op en naast de baan. Mitch, ‘the Goose’, dank voor de vele tennislessen. 

Tim ‘maestro’ Lebbink, we hebben allebei een harde werkmentaliteit. Laten we 

zorgen dat dit onze gezamenlijk passie voor vlotte technodeuntjes, babbels en 

auto’s niet in de weg zal staan. Merlijn, Jeroen, Eric, Dany en Bas, bedankt voor de 

spelletjesavonden met het mes tussen de tanden. Jolien en Caroline, ‘Yolo’ en ‘Kaka’, 

trouwe metgezellen sinds het eerste coschap. Het steeds drukkere bestaan vinkgor, 

maar onze vriendschap allerminst. Fietsenmaten van BCB (Bart, Dirk, Guido, Mark) en 

de Klimclassic Gruppo (Reinier, Pieter), bedankt voor de vele kilometers laagvliegen.   

 

Lieve familie, ik ben dankbaar dat ik uit zo’n warm nest kom. Marleen, Dorien en 

Yvonne, ik bof met jullie als mijn zussen. Ook is het contact in de loop van de jaren 

veranderd en heeft iedereen zijn leven anders ingericht, als we elkaar zien voelt het 

voor mij binnen no-time weer oud en vertrouwd.  Niels, Chiel en Peter, jullie zijn 

als ‘koale kant’ een prettige en welkome toevoeging aan onze familie. Seth, Jinthe, 

Elin, Tieme en de ongeboren spruit, jullie zijn de liefste neefjes en nichtjes die ik me 

kan wensen en we gaan nog veel beleven samen! Mijn lieve en zorgzame ouders, 

Hetty en Huub, het is moeilijk te omschrijven hoezeer ik jullie vanzelfsprekende 

steun waardeer. Zonder de basis die ik van jullie heb meegekregen en de onaflatende 

steun, waren mijn studie en dit promotieonderzoek nooit mogelijk geweest. Ik prijs 

mezelf gelukkig om deze dag als zoon, broer en trotse oom met jullie te mogen delen. 

 

Liefste Marit, je kwam aan het begin van mijn promotieonderzoek in mijn leven en 

hebt er sindsdien voor gezorgd dat ik mezelf niet uit het oog verlies. Ik ben dankbaar 

voor zo’n lieve en leuke vriendin waarmee ik van het leven mag genieten. 



336 337

Curriculum Vitae

CURRICULUM VITAE

Tim Labeur was born on the 1st of August, 1991. He 

managed to grow up among three sisters in Loenen aan 

de Vecht. After attending Gymnasium at the Comenius 

College in Hilversum, he started his medical training at the 

University of Amsterdam in 2009. His first encounter with 

research was during the final year of his bachelor in 2012, 

when he performed a scientific internship at the 

department of Medical Oncology under the supervision of 

dr. Klümpen (his later co-promotor). After nearly drowning in the seemingly endless 

prognostic molecular biomarkers for cholangiocarcinoma, he took a three-month 

break by travelling Australia’s east coast. During his clinical rotations, he became 

interested in the multidisciplinary aspect of oncology, resulting in his four month 

senior clinical rotation at Internal Medicine department of the Antoni van 

Leeuwenhoek hospital. Additionally, he spent several months in Tanzania for a 

facultative clinical rotation in Tropical Medicine at the Haydom Lutheran Hospital. 

Back in the Netherlands, he finalized his study with a research internship on perihilar 

cholangiocarcinoma. After obtaining his medical degree in 2016, he started as a PhD 

student on hepatocellular carcinoma at the Academic Medical Center in Amsterdam. 

Reflecting the multidisciplinary nature of HCC, his PhD trajectory was supervised by 

prof. dr. van Delden (Interventional radiologist), dr. Takkenberg (Gastroenterologist 

& Hepatologist) and dr. Klümpen (Medical Oncologist). Tim's primary research focused 

on predicting outcomes for patients with hepatocellular carcinoma. During this 

period, he set up and coordinated a prospective biobank for patients with 

hepatocellular carcinoma and cholangiocarcinoma (BioHEP), and was involved in 

organizing seminars and retreats for the Cancer Center Amsterdam research institute. 

In February 2020, he returned to clinics as ANIOS Internal Medicine at the 

Flevoziekenhuis in Almere.




