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General introduction 
 
Background 
 
Molecular biology has rapidly evolved and resulted in detailed knowledge of inter- and 
intracellular signaling pathways. Identification of key pathways that are differentially 
activated in tumors compared to normal tissue, and drive tumor initiation and progression, 
facilitated development of targeted treatment for cancer patients. Monoclonal antibodies 
and small molecules that are engineered to block essential molecules in signaling pathways 
can inhibit tumor growth. Today, the selection of patients who are most likely to benefit 
from targeted therapy is a major challenge in medical oncology. A prerequisite for this 
personalized treatment is availability of reliable predictive biomarkers. Whereas a 
prognostic biomarker provides information on disease outcome regardless of treatment, a 
predictive biomarker foretells efficacy of a therapeutic intervention. Two classes of 
predictive biomarkers can be distinguished: upfront and early on treatment predictive 
biomarkers. Upfront predictive biomarkers can be used for selection whereas early 
predictive biomarkers can serve as surrogate endpoints and guide decisions on continuation 
or cessation of therapy.  
 
Molecular imaging is defined as the visualization, characterization and measurement of 
biological processes at the molecular and cellular levels in humans and other living 
systems.1 Part of standard clinical care is the well known 18F-fluorodeoxyglucose positron 
emission tomography (18F-FDG PET), an imaging technique for visualization and 
quantification of glucose metabolism in tumors and normal tissues. Over the last decade, a 
range of small molecules and monoclonal antibodies have been labeled with radionuclides 
for targeted imaging with PET or single photon emission computed tomography (SPECT).  
Molecular imaging can provide non-invasive whole body information on metabolic activity 
and distribution of drugs and drug targets in a time series in tumors as well as in normal 
tissues of patients. This technique can serve as a predictive or prognostic biomarker. One of 
the diseases of particular interest for imaging biomarker development is gastrointestinal 
stromal tumor (GIST). This was the first solid tumor in which a targeted drug, blocking the 
constitutively activated c-KIT receptor was demonstrated to have robust activity in the 
majority of the patients.2 Furthermore, Von Hippel-Lindau (VHL) disease and hereditary 
hemorrhagic telangiectasia (HHT) are autosomal dominant inherited disorders where 
germline mutations result in switching on angiogenesis. These diseases can serve as a model 
to better understand biology of sporadic cancer in which angiogenesis is of paramount 
importance and target for treatment, including renal cell carcinoma (RCC) and 
neuroendocrine tumors (NET). 
 
GISTs are mesenchymal tumors characterized by activating mutations in tyrosine kinase 
receptors c-KIT or platelet derived growth factor receptor alpha. Tumor growth can be 
effectively blocked in the majority of the patients with the tyrosine kinase inhibitor 
imatinib.2 In patients with GIST, mutation analysis predicts outcome of imatinib treatment 
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to some extent but primary imatinib resistance cannot reliably be assessed.3 Imatinib can 
rapidly inhibit glucose uptake by tumor cells as can be assessed with 18F-fluorodeoxyglucose 
PET.  
 
VHL disease is an autosomal dominant inherited tumor syndrome caused by an inactivating 
germline mutation in the VHL tumor suppressor gene. Acquired somatic mutation or 
silencing of the normal allele results in disease manifestations such as retinal angiomas, 
hemangioblastomas, RCC and pancreatic neuroendocrine tumors. An important function of 
VHL protein is recruitment of hypoxia inducible factor 1 alpha (HIF-1α) for degradation. 
During hypoxia, or in absence of functional VHL protein, accumulation of HIF-1α results in 
activation of cellular survival strategies including switch on of angiogenesis via production 
of pro-angiogenic growth factors. Vascular endothelial growth factor A (VEGF-A) is the best 
studied and probably most important pro-angiogenic factor. VHL patients often have 
multiple manifestations of their disease and participate in stringent screening and 
surveillance programs with the intent to early identify progressive lesions. Surgery is 
reserved for progressive disease manifestations such as expanding hemangioblastomas and 
growing solid renal masses, trying to avoid harm from the disease manifestations while 
minimizing iatrogenic damage. VHL patients have shorter life expectancy than the general 
population and the leading cause of death is metastatic RCC. A prognostic biomarker that 
can predict the behavior of disease manifestations in the course of VHL disease is currently 
not available.  
 
The majority of sporadic clear cell RCCs also lack functional VHL protein due to somatic 
mutations or hypermethylation resulting in activation of angiogenesis. Angiogenesis 
inhibitors are the mainstay of treatment for patients with metastatic RCC. Bevacizumab is a 
monoclonal antibody against VEGF-A that prevents receptor activation. Bevacizumab in 
combination with interferon alpha (INF-α) increased median progression free survival in 
metastatic clear cell RCC from 5.4 to 10.2 months compared to single agent INF-α.4 Sunitinib 
is one of the tyrosine kinase inhibitors that block VEGF receptors at the intracellular level. 
Sunitinib also increased progression free survival compared to INF-α from 5 to 11 months  
but has not been directly compared to bevacizumab plus INF-α.5 Both treatment strategies 
are available as first line treatment options for patients with metastatic RCC. Mammalian 
target of rapamycin (mTOR) is a threonine kinase that regulates protein synthesis and 
controls intracellular HIF-1α levels. One of the mechanisms of action of mTOR inhibitors is 
reduction of HIF-1α levels and subsequent reduced production of pro-angiogenic factors, 
thereby indirectly inhibiting angiogenesis. Temsirolimus, an intravenously administered 
mTOR inhibitor, increases overall survival in poor prognosis RCC patients from 7.3 months 
to 10.9 months compared to INF-α.6 Everolimus, an orally administered mTOR inhibitor, has 
antitumor activity as second line therapy after tyrosine kinase inhibitors in patients with 
advanced RCC, improving progression free survival from 1.9 to 4.0 months.7  
 
Well-differentiated NETs share with RCC abundant vascularization and responsiveness to 
angiogenesis inhibitors and mTOR inhibitors. In patients with advanced well-differentiated 
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pancreatic NET, sunitinib as well as everolimus approximately doubled progression free 
survival compared to placebo.7,8 The role of VEGF signaling in NET is not completely 
understood but the mTOR pathway is frequently activated in pancreatic NET because of 
down regulation of the tumor suppressor genes tuberous sclerosis 2 (TSC-2) and 
phosphatase and tensin homolog (PTEN).10 However, not all RCC and NET patients benefit 
of angiogenesis and mTOR inhibitors which can have burdensome side effects and are all 
very costly to administer for a prolonged period of time. Validated predictive biomarkers for 
outcome of treatment with these drugs are not available despite extensive research. We 
developed the radioactive SPECT tracer 111In-bevacizumab and the PET tracer 89Zr-
bevacizumab for VEGF-A imaging.11-13  Insight in bevacizumab distribution in tumors and 
normal tissue might provide prognostic information for disease outcome in VHL and 
predictive information about efficacy of anti-angiogenic therapy in patients with solid 
tumors. 
The aim of this thesis is to investigate the role of molecular PET imaging as biomarker to 
guide clinical decisions on targeted treatment of solid tumors, with an emphasis on GIST 
and highly vascular tumor types. 
 
 
Outline of this thesis 
 
Chapter 2 is an overview of the progress in the development of biomarkers in solid tumors. 
We elaborated the concept of predictive versus prognostic biomarkers and illustrated this 
with examples from the whole field of oncology. Reasons for difficult elucidation as well as 
future perspectives for biomarker development are discussed. 
 
In chapter 3 we report on a study investigating the predictive value of an early change in 
tumor 18F-FDG uptake for primary imatinib resistance in GIST patients. Approximately 15% 
of GIST patients have primary imatinib resistant disease, defined as progressive disease on 
CT after 8 weeks. Patients with metastatic or locally advanced GIST underwent a 18F-FDG 
PET scan before and 1 week after start of imatinib. Relationship between 18F-FDG PET 
response and CT response after 2 months of treatment was analyzed. For evaluation of 18F-
FDG PET response the criteria developed by the European Organization for Research and 
Treatment of Cancer (EORTC) were used as well as cut off values described for GIST, and for 
CT the response criteria in solid tumors (RECIST version 1.0) and the Choi criteria were used. 
 
In chapter 4, the effect of sunitinib treatment and treatment withdrawal was studied in two 
xenograft models of human tumors. Mice were treated daily with sunitinib for 14 days or 
for 7 days followed by a stop week. Animal-PET scans were done at baseline, day 7 and day 
14. For imaging the PET tracers 18F-FDG, 15O-water and 89Zr-ranibizumab were used and 
imaging results were related with tumor growth, immunohistochemistry results and plasma 
VEGF levels. 15O-water PET is an established method for perfusion measurement. 
Ranibizumab is a monoclonal antibody fragment with high affinity for VEGF-A, but with a 
shorter half life than bevacizumab. This allows a shorter interval between scans which is an 
advantage for preclinical studies.  
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In chapter 5 we investigated 89Zr-bevacizumab PET imaging in VHL patients. The aim was to 
assess whether VHL manifestations could be visualized with this technique and to explore 
whether 89Zr-bevacizumab PET can differentiate progressive lesions from non-progressive 
lesions. Adult VHL patients with ≥ 1 measurable hemangioblastoma were eligible. PET scans 
were performed 1 hour, 2 days and 4 days after injection of 37 MBq 89Zr-bevacizumab in the 
first three patients, in the remaining patients only after 4 days. Maximum standardized 
uptake values (SUVmax) were calculated. PET scans were fused with routine MRI of the 
central nervous system and abdominal MRI or CT. Progressive lesions were defined as new 
lesions, lesions that became symptomatic and lesions ≥ 10 mm that increased ≥ 10% and ≥ 4 
mm on repeat anatomic imaging < 12 months. 
 
Hereditary hemorrhagic telangiectasia (HHT) is an autosomal dominant inherited disease 
characterized by epistaxis, gastrointestinal bleeding, mucocutaneous telangiectasias and 
arteriovenous malformations (AVM) in the vasculature of the lungs, liver and central 
nervous system. Single mutations in several genes that are involved in the transforming 
growth factor beta (TGF-β) pathway can cause HHT. Patients with HHT have elevated VEGF 
levels but the exact role of VEGF in the development of this vascular disorder is unknown.14 
Several case reports have highlighted the therapeutic effect of bevacizumab on epistaxis, 
reducing the need for transfusions and iron infusions, but also alleviation of liver failure and 
reversal of high cardiac output as a result from arteriovenous shunting has been 
described.15-17 In Chapter 5a we report a patient with HHT with recurrent episodes of 
pancreatitis caused by pancreatic AVM. We performed 111In-bevacizumab SPECT imaging 
and subsequently treated this patient with bevacizumab.  
 
In chapter 6 we report a feasibility study with serial 89Zr-bevacizumab PET imaging in renal 
cancer patients who were treated with either bevacizumab 10 mg/kg intravenously every 2 
weeks plus interferon alpha (IFNα) 3 times per week subcutaneously (n=11), or sunitinib 50 
mg orally, daily for 4 out of 6 weeks (n=11). PET scans were performed 4 days after injection 
of 37 MBq 89Zr-bevacizumab at baseline, day 15 and day 43. SUVs were compared with 
plasma VEGF-A levels and time to disease progression. 
 
In Chapter 7 serial 89Zr-bevacizumab PET imaging in NET patients treated with the orally 
administered mTOR inhibitor everolimus is investigated. The aim of the study was to 
investigate the effect of everolimus on tumor uptake of 89Zr-bevacizumab. PET scans were 
performed before start of treatment and at 2 and 12 weeks during treatment. 89Zr-
bevacizumab uptake was quantified with SUVmax. Tumor response and % change in the 
sum of target lesion diameters was determined according to RECIST version 1.1 on CT every 
3 months. 
 
Chapter 8 summarizes the results of the studies described in this thesis and in chapter 9 we 
discuss the new insights gained, with emphasis on tumor heterogeneity and recommend 
directions for future research.  
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Abstract 
 
Numerous options are currently available for tumour typing. This has raised intense interest 
in the elucidation of prognostic and predictive markers. A prognostic biomarker provides 
information about the patients overall cancer outcome, regardless of therapy, while a 
predictive biomarker gives information about the effect of a therapeutic intervention. A 
predictive biomarker can be a target for therapy. Among the genes that have proven to be 
of relevance are well-known markers such as ER, PR and HER2/neu in breast cancer, BCR-
ABL fusion protein in chronic myeloid leukaemia, c-KIT mutations in GIST tumours and 
EGFR1 mutations in NSCLC. Several reasons for the difficult elucidation of new markers will 
be addressed including the involvement of cellular pathways in tumour biology instead of 
single genes and interference in disease outcome as a result of anticancer therapies. Future 
perspectives for the development of prognostic and predictive markers will be given.   
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Introduction 
 
With the availability and application of various treatment modalities, survival among cancer 
patients has improved over the past decades. However, there are still many patients who 
receive anticancer therapy from which they do not benefit while they do experience 
toxicity. In recent years, a widespread search for new, tumour biology driven therapeutics 
has started. This has raised intense interest in the elucidation of corresponding prognostic 
and predictive biomarkers in order to improve outcome by better patient selection for an 
anticancer treatment. A biomarker is defined as a characteristic that is objectively measured 
and evaluated as an indicator of normal biologic processes, pathogenic processes or 
pharmacological responses to a specified therapeutic intervention.1 Biomarkers can be 
determined in numerous ways, for example, in easy obtainable body fluids serving as 
surrogate biological assay, like plasma, serum or urine. But also more invasive techniques 
requiring tumour tissue for immunohistochemistry as well as DNA and RNA analyses are 
widely used. A prognostic biomarker provides information about the patients overall cancer 
outcome, regardless of therapy. The presence or the absence of such a prognostic marker 
can be useful for the selection of patients for a certain treatment, but does not predict the 
response to this treatment. Prognostic biomarkers can be separated in two groups: 
biomarkers that give information on recurrence in patients who receive curative treatment 
and biomarkers that correlate with the duration of (progression free) survival in patients 
with metastatic disease. According to a NIH Consensus Conference, a clinical useful 
prognostic marker must be a proven independent, significant factor, that is easy to 
determine and interpret and has therapeutic consequences.2 A biomarker with predictive 
value gives information on the effect of a therapeutic intervention in a patient. A predictive 
biomarker can also be a target for therapy. One can distinguish upfront and early predictive 
markers. The first can be used for patient selection and the second provides information 
early during therapy.  
The current interest in marker determination is boosted by the discovery of genes that have 
proven to be of clinical relevance such as the oestrogen receptor (ER), the progesterone 
receptor (PR) and HER2/neu in breast cancer, BCR-ABL fusion protein in chronic myeloid 
leukaemia, c-KIT mutations in gastrointestinal stromal tumours (GIST) and epidermal growth 
factor receptor 1 (EGFR1) mutations in non-small cell lung cancer (NSCLC). These genes all 
seem to be key regulators of development, growth and proliferation in the respective 
tumour types. Euphoria is now somewhat tempered because the discovery of other so-
called promising markers translates rather slowly into clinical applicability. One reason for 
this is the fact that the course of most of malignancies is the consequence of a number of 
essential alterations in tumour cells rather than a single mutation.3 In addition, the limited 
size of most studies and variable techniques used for marker determination plays a role. 
Often initially reported promising results are not reproducible. In an attempt to optimise 
biomarker studies, Hayes and colleagues proposed a tumour marker utility grading system 
(TMUGS). For each biomarker a grade of utility is assigned, accompanied by a level of 
evidence (LOE) that scores the quality of the research. The LOE categories range from I to V. 
Level V evidence is obtained from case reports and clinical experience and is considered 
weak, while level I evidence is derived either from at least one prospective randomised 
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controlled trial specifically designed to test the marker or from a meta-analysis and/or 
overview of level II or III studies and is considered definitive.4 In addition, a consortium of 
the National Cancer Institute-European Organisation for Research and Treatment of Cancer 
(NCI-EORTC) reported in several journals a guideline for reporting tumour marker 
prognostic studies (REMARK).5 
In this review, the progress in the development of biomarkers in solid tumours will be 
addressed such as, involvement of cellular pathways in tumour biology instead of single 
genes and interference in disease outcome as a result of anticancer therapies. Examples of 
both well-known biomarkers and potential new discoveries (summarised in Table 1) will 
form the basis for a discussion below on the present knowledge and new avenues for the 
development of prognostic and predictive biomarkers.  
 
ER/PR in breast cancer 
 
ER and/or PR expression is an independent prognostic factor in breast cancer. Patients with 
ER and/or PR positive tumours have a better survival than hormone receptor negative 
tumours, with a 5-year overall survival (all stages) of 83% in the ER+/PR+ group versus 69% 
in the double negatives (LOE III).6 High cellular expression of ER and PR predicts benefit 
from endocrine therapy in the adjuvant and metastatic setting (LOE I).7 Tumour hormone 
receptor status is, therefore, routinely assessed in breast cancer. It now also becomes clear 
that hormone receptor status in a patient can change during the course of the disease and 
may differ across lesions. For example, the ER status of metastatic disease is different from 
the primary tumour in about 20% of cases.8,9 In addition, PR expression is lost in 40% of 
previous positive tumours when they metastasise. Therefore, recently revised guidelines of 
the American Society of Clinical Oncology recommend measurement of both ER and PR in 
metastatic lesions if these results might influence treatment planning.10 A search for non-
invasive techniques to predict response to treatment is ongoing. Studies with positron 
emission tomography (PET) for whole body ER imaging with 18F-fluoroestradiol (FES) suggest 
feasibility of such an approach.11 
 
HER2/neu in breast cancer 
 
Another relevant biomarker in breast cancer patients is HER2/neu. The HER2/neu gene 
amplification leads to overexpression of its receptor on the cell membrane. This results in 
increased proliferation and angiogenesis, and inhibition of apoptosis. HER2/neu positive 
tumours are more aggressive and have, therefore, a worse prognosis compared to negative 
tumours. In this respect, HER2/neu in node positive breast cancer is of prognostic value 
(LOE II). For the node negative, HER2/neu positive group of patients this is less clear.12-17  
HER2/neu is the target for the monoclonal antibody trastuzumab and the EGFR1 and HER2 
dual tyrosine kinase inhibitor (TKI) lapatinib. Patients with HER2/neu overexpressing 
tumours benefit from treatment with trastuzumab in the metastatic as well as in the 
adjuvant setting (LOE II).18-20 Interestingly, HER2/neu positive patients receiving adjuvant 
chemotherapy plus trastuzumab showed the same recurrence-free survival as HER2/neu 
negative patients treated with chemotherapy alone.21   
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Table 1. Biomarkers of interest: overview of prognostic and predictive value 

Biomarker Tumour type Prognostic value Predictive value 

   LOE  LOE Therapy 

ER/PR BRCA Yes III Yes I Endocrine 
therapy 

HER2/neu BRCA Yes II Yes II Trastuzumab 

       

c-KIT GIST Yes, 
subgroup1 

II Yes, 
subgroup2 

II Imatinib 

 

EGFR1 NSCLC No III Yes, 
subgroup3 

II Gefitinib, 
erlotinib 

 CRC No III Yes IV Cetuximab, 
panitumumab 

Mutated  

K-ras 

NSCLC Yes II Yes  III Gefitinib, 
erlotinib 

 CRC No III Yes IV Cetuximab, 
panitumumab 

TRAIL 
receptors 

CRC Yes II NK - RhTRAIL; TRAIL 
receptor 
antibodies  

VEGF RCC Yes II No II Angiogenesis 
inhibitors 

LOE: level of evidence; ER: oestrogen receptor; PR: progesterone receptor; BRCA: breast cancer; GIST: 
gastrointestinal stromal tumours; EGFR1: epidermal growth factor receptor 1; NSCLC: non-small cell lung 
cancer; CRC: colorectal cancer; TRAIL: tumour necrosis factor (TNF)-related apoptosis-inducing ligand; NK: not 
known; VEGF: vascular endothelial growth factor; RCC renal cell carcinoma. 

1
 c-KIT exon 11 mutation. 

2 
c-KIT exon 9 mutation. 

3
 EGFR1 exon 18, 19 or 21 mutation. 
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Thus, the prognostic value of HER2/neu overexpression is neutralised in this study by 
targeting the prognostic biomarker.  
Like ER expression, HER2/neu expression can change over time and can vary between 
lesions within a patient. Several reports suggest a conversion from negative into positive 
HER2/neu status when the disease did recur, although depending on technique, for a 
varying percentage.22-25 Instead of serial biopsies, SPECT or PET whole body radiolabelled 
trastuzumab scintigraphy would be more attractive. This approach was capable to detect 
HER2/neu expression in tumour lesions in the patients.26-27  
Both primary and acquired resistance to trastuzumab occurs. In addition to absence of the 
receptor there are a number of other factors that can potentially explain resistance. For 
example, the presence of multiple truncated HER2/neu receptors at the tumour cell surface 
might play a role. The truncated p95HER2/neu receptor lacks the extracellular binding 
domain for trastuzumab, but has tyrosine kinase activity. Therefore, trastuzumab resistant 
tumours that express p95HER2/neu might benefit from  treatment with lapatinib.28 
 
Prognostic biomarkers for the relapse of breast cancer 
 
Decision making about adjuvant systemic treatment for breast cancer is based on nodal 
status, tumour grade, tumour size, tumour hormone receptor and HER2/neu status, age and 
co-morbidity. Prognostic biomarkers that could provide better information on risk of 
relapse could spare many patients chemotherapy toxicity without compromising survival. 
Among several initiatives Buyse and colleagues validated a 70-gene signature for node 
negative breast cancer patients that has independent prognostic value additive to 
clinicopathologic parameters.29 This approach is now tested in a prospective European 
study (MINDACT). 
 
c-KIT in GIST 
 
Several features are evaluated over the last few years to determine malignant behaviour of 
GISTs. Of known relevance are tumour size and mitotic index, which are used to classify the 
biologic behaviour of GIST.30 The majority of GISTs are characterised by mutations in either 
the proto-oncogene c-KIT or the platelet-derived growth factor receptor alpha (PDGFRα). 
Interestingly, patients with mutation in the c-KIT-gene in exon 11 have a better prognosis as 
compared to those who lack a mutation or have another mutation (LOE II).31-33 With the 
introduction of imatinib and sunitinib the outcome of GIST patients improved 
dramatically.34,35 Imatinib and sunitinib are small molecule TKIs, which block signalling via c-
KIT and PDGFRα. In 50-55% of the patients with advanced disease imatinib results in a 
durable objective response, while another 25-30% have stable disease according to 
RECIST.36 During the course of treatment, however, most patients develop resistance to 
imatinib. A subgroup of these patients with progressive disease within a few months of 
imatinib treatment was characterised by bearing exon 9 activating mutations in c-KIT. In the 
two studies comparing an imatinib dose of 400 and 800 mg daily, the only difference was a  
better progression-free survival at the highest dose in patients with a tumour harbouring an 
exon 9 mutation (LOE II).32 Exon 9 mutational status is, therefore, a negative predictive 
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factor for response to imatinib and a positive predictive factor for benefit of 800 mg 
imatinib.37 Progression after an initial response or stable disease for at least 3 months is 
caused by secondary c-KIT mutations in exon 13, 14, 17 or 18 in 50-70% of these patients.38 
Secondary mutations can differ across lesions in an individual patient. Several studies 
explored the value of different mutations in c-KIT and PDGFRα in the light of predicting 
response to TKIs.39  
 
EGFR1 and K-ras in NSCLC and colorectal cancer (CRC) 
 
In NSCLC and CRC, biomarkers of interest are EGFR1 and the K-ras oncogene. EGFR1 is 
overexpressed in multiple cancer types and is one of the targets in the treatment of NSCLC 
and metastatic CRC. The EGFR pathway plays a role in several cellular functions, including 
regulation of cell proliferation, migration and differentiation (Figure 1). The prognostic value 
of EGFR1 protein expression is extensively studied in NSCLC and CRC patients but no 
definitive association between EGFR1 expression and prognosis was found.40,41 
The K-ras oncogene controls cell growth via regulation of signal transduction pathways. K-
ras mutation results in malignant transformation. In a meta-analysis including 28 studies 
assessing the correlation between K-ras mutation and survival in NSCLC patients, K-ras 
mutation appeared to be a biomarker of poor prognosis.42 A multivariate analysis including 
3439 CRC patients failed to prove an association between mutant K-ras and disease 
outcome.43 
In recent years, two small-molecule EGFR1 TKIs (gefitinib and erlotinib) and two anti-EGFR1 
monoclonal antibodies (cetuximab and panitumumab) were introduced in the clinic. Four 
phase III trials in previously untreated patients with advanced NSCLC combining two 
different chemotherapy regimens with and without gefitinib or erlotinib demonstrated no 
survival benefit. Subgroup analysis, however, identified four characteristics associated with 
benefit for the patient namely adenocarcinoma, female sex, Asian ethnicity and non-
smoking.44 Over the last years, it became clear that a subgroup of NSCLC patients, especially 
consisting of non-smokers, have mutations in the tyrosine kinase domain (exons 18, 19, and 
21) of EGFR1. These mutations are predictive for response to either gefitinib or erlotinib 
(LOE II).45-48 In contrast to EGFR1 mutations being a predictive biomarker for a beneficial 
effect, mutations in K-ras are most commonly observed in heavy smokers predicting  for 
treatment failure on EGFR1 TKIs.49,50  
In metastatic CRC, a subgroup of patients benefits of EGFR1 directed antibody treatment. 
However, EGFR1 mutations are rare in CRC patients and do not predict benefit from anti-
EGFR1 therapy. In contrast, EGFR1 gene amplification appears to be a predictive factor for 
response to anti-EGFR1 antibody treatment in CRC, although the studied series are small 
and retrospective (LOE IV).40 In CRC, there is also increasing evidence that mutations in K-
ras are predictive of non-response to cetuximab and/or panitumumab.40,51,52 
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Figure 1  

A. EGFR1 pathway. EGFR1 forms homodimers after binding by its growth factor ligands. This results in 

stimulation of intrinsic tyrosine kinase (TK) activity. Subsequently, several downstream signal transduction 

pathways are initiated resulting in the cell proliferation and the cell survival. EGFR1 antibodies and TK 

inhibitors can block signalling by binding to the extracellular domain and the intracellular TK domain, 

respectively. AB: antibody. 

B. Mutations in the tyrosine kinase domain (exons 18, 19 and 21) of EGFR1 result in a better response to 

EGFR1 TKIs.  

C. Mutated RAS results in continuous signalling, independent of EGFR1 and EGFR1 targeting agents. 
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TRAIL receptors 
 
Tumour necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL or Apo2L) induces 
apoptosis in a wide variety of tumour cell lines without causing toxicity to normal cells and 
is, therefore, a potential attractive agent. TRAIL binds the death receptors TRAIL-R1 (DR4) 
and TRAIl-R2 (DR5) and initiates the apoptotic pathway. DR4 and DR5 are expressed on 
most tumour cells. In contrast to, e.g., HER2 and EGFR1, this receptor has to be activated 
and not inhibited in order for cells to go into apoptosis. 
Several studies addressed the prognostic role of DR expression in malignancies. In 376 stage 
III CRC patients receiving adjuvant chemotherapy as part of a randomised study, high DR4 
expression was associated with a worse disease-free and overall survival (LOE II).53 RhTRAIL 
and several agonistic antibodies targeting the TRAIL receptors are currently evaluated in the 
clinic.54 So far, very little is known about possible predictive factors, and only pre-clinical 
data are available. DR4 and/or DR5 have to be available at the tumour cell surface to initiate 
the apoptotic pathway, but just their presence is not sufficient to predict response to TRAIL 
receptor targeting agents. Several downstream factors in the TRAIL signalling pathway, for 
example, defects in caspase 8 or loss of function of the pro-apoptotic proteins BAK or BAX 
determine apoptotic response to TRAIL.55 In addition, mutations in DR5 are responsible for 
inhibition of apoptosis by blocking the signal after TRAIL binding.56 An interesting biomarker 
is the O-glycosylation status of DRs. O-linked glycans regulate biochemical and functional 
properties of cell surface proteins, including apoptosis. O-Glycosyltransferase mRNA levels 
correlated with rhTRAIL sensitivity in several cancer cell lines and DR O-glycosylation 
resulted in the activation of caspase 8 via TRAIL induced clustering of DR4 and DR5.57  In an 
attempt to predict which patients might benefit TRAIL receptors targeting therapy, a SPECT 
imaging study with the radioactively labelled DR4 agonistic antibody mapatumumab is 
initiated.  
 
VEGF and renal cell carcinoma (RCC) 
 
Even very small tumours require angiogenesis to provide nutrients and oxygen for survival. 
There is a close interaction between tumour cells that produce pro-angiogenic growth 
factors, like vascular endothelial growth factor (VEGF) and PDGF, and endothelial cells 
expressing growth factor receptors. The stimulation of endothelial cells results in 
proliferation and migration and eventually in formation of new vessels.  Clear cell RCC 
provides a unique model for studying angiogenesis because of frequent somatic inactivation 
of the Von Hippel Lindau (VHL) gene. The VHL gene plays a key role in regulation of the 
oxygen-sensing pathway by targeting the hypoxia-inducible factor (HIF) for degradation in 
the proteasome. Impaired VHL function, therefore, results in high expression of pro-
angiogenic growth factors. Targeting the VEGF pathway with TKI sunitinib and sorafenib, the 
mTOR inhibitor temsirolimus and with the VEGF targeting monoclonal antibody 
bevacizumab prolongs progression-free survival in metastatic clear cell RCC.58-62 Simple 
clinical parameters like performance score and number of metastatic sites are known 
powerful prognostic factors in cancer. Motzer and colleagues developed a scoring system 
for metastatic RCC patients consisting of five clinical parameters: performance score, time 
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between diagnosis and metastasis, haemoglobin, serum calcium and lactate dehydrogenase 
(LDH).63 With this system, developed retrospectively in patients receiving interferon, 
patients can be classified as having good, intermediate or poor prognosis (LOE II).4 This 
classification has been used to design and stratify medical intervention studies and as a 
consequence is now widely used to guide therapy. 
Several other parameters like C-reactive protein, platelet count and HIF expression also 
have prognostic value in RCC but do not have a role in clinical decision making. 
A high baseline serum VEGF level is associated with shorter progression free and overall 
survival in 2 prospective studies.4,64 In a phase III study of sorafenib versus placebo in 
advanced RCC, baseline VEGF level is an independent prognostic factor for overall survival 
(LOE II). Baseline serum VEGF in 2 cytokine studies in RCC patients also found VEGF to be an 
independent prognostic factor for survival (LOE III). No predictive biomarkers have been 
found so far which predict patients’ benefit from angiogenesis inhibitors.65,66 VEGF mRNA 
and protein levels in serum, plasma and tumour have been investigated extensively with 
disappointing results. Even in RCC, the role model for angiogenesis, a high serum VEGF level 
or a change after starting therapy does not predict response to anti-angiogenic treatment. 
In the sorafenib study, both patients with high and patients with low baseline serum VEGF 
benefited from sorafenib.64 There is a growing list of candidate markers from pre-clinical 
studies, and multiple clinical trials are underway to assess predictive biomarkers for 
angiogenesis inhibition. Single molecular markers may not be able to predict the benefit 
because of the complexity of signalling routes and because of the cross talk between 
different signalling pathways.  
Functional imaging with MRI, CT and PET scans for the assessment of tumour vascularity 
and metabolic activity is under investigation for its ability to predict response to 
angiogenesis inhibitors earlier. In vivo imaging of VEGF by radiolabelled bevacizumab has 
been successful in a human ovarian tumour xenograft and is an interesting concept for early 
response prediction.67  
 
Drug induced toxicity as a predictive biomarker 
 
Interestingly a number of studies showed that the effect of a drug on normal tissues can be 
used as biomarker. In both a phase II and a phase III study evaluating the antitumour 
activity of cetuximab in metastatic CRC, skin rash was strongly related to response and 
survival.68,69 Similar results were found for erlotinib in NSCLC.70 Toxicity might thus be used 
to titrate drugs to effective doses as is done in the EVEREST study in CRC patients. Patients 
with no or mild skin toxicity after 22 days of treatment with cetuximab and irinotecan were 
randomised between standard and escalating doses of cetuximab until the development of 
grade 3 toxicity. Preliminary data show that dose escalation improves tumour response to a 
rate comparable to the group with initial moderate to severe skin toxicity at the standard 
dose. 71 
In a small series of 40 metastatic RCC patients treated with sunitinib, grade 3 hypertension 
was associated with a higher objective response.72  
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Discussion 
 
A confusing mix-up exists of the terms prognostic and predictive biomarkers. This is partially 
due to the fact that predictive and prognostic biomarkers are frequently exchanged. In 
addition, during therapy or as a result of therapy initial factors can vary in their presence 
and actual levels, e.g. a strong prognostic factor can be neutralised as a consequence of 
treatment (HER2/neu).  
Despite a growing number of publications about biomarkers that give information on 
disease outcome, the best prognostic factors are still simple clinical parameters like 
performance status, number of metastatic sites, tumour grade and LDH level. Prognostic 
biomarkers might especially be useful for hypothesis testing for their relevance as predictive 
markers, as targets for therapy and for the selection of patients for adjuvant treatment.    
What we need is predictive biomarkers that can guide patient tailored therapy as with our 
increasing knowledge of biologic behaviour of malignancies it becomes more and more 
evident that great heterogeneity among tumours exists. Together with the development of 
new anticancer biologicals an explosive search for effective predictive biomarkers has been 
initiated. Most studies only contribute low levels of evidence due to retrospective data and 
small sample size. In addition, many reports lack sufficient information to be compared to 
other studies, and it is therefore difficult to form an opinion about usefulness of such 
markers in daily practice. A predictive factor is used upfront to predict response to therapy 
or is monitored during treatment to define the effectiveness of this treatment. When a 
biomarker is used repeatedly to evaluate response, it is important that it can be measured 
non-invasively and gives information on all tumour lesions. In this perspective, and also for 
the evaluation of biomarker conversion during the course of the disease, there might be a 
role for imaging techniques to quantify levels of biomarkers over time for certain therapies.  
Different tumour types can be treated by blocking the same pathway. Predictive biomarkers 
may be shared between tumour types, like the negative predictive value of K-ras mutations 
in CRC and NSCLC for benefit from EGFR1 inhibition. However, EGFR1 mutations do predict 
benefit from EGFR1 directed therapy in NSCLC but not in CRC.  
Response to c-KIT and EGFR1 targeting agents in GIST and NSCLC cannot be predicted by the 
expression of their respective receptors, only by analysing specific mutations in the genes 
encoding for these receptors. This research finally might pay off as it will allow specific 
selection of patients that will benefit from the TKIs at a certain dose-level.  
For EGFR targeting agents and angiogenesis inhibitors we presented studies that indicate 
that apart from the tumour also drug effects on normal tissues can be used as a predictive 
factor.68-70,72 Preliminary data in CRC patients in which the dose of cetuximab was titrated to 
skin rash suggests improvement of tumour response rate.71 
These findings show that toxicity caused by the drug can be an early predictive factor for 
response. This is of great interest, because such clinical phenomena are much cheaper, 
always available and may be easier to exploit than the previously discussed genes or their 
products.  
Biomarkers are in general based on single markers. However, given the fact that tumour 
biology is often dictated by several essential cellular alterations it may be idle to think that 
single factors will be enough as predictive or prognostic factors in oncology. Solutions are 
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now sought by analysing multiple factors with multiple reverse transcriptase-polymerase 
chain reaction (RT-PCRs), RNA microarrays and tissue microarrays. Significant contributions 
have already been made in the area of breast cancer research. Paik and colleagues tested 
whether the results of a RT-PCR assay of 21 prospectively selected genes in paraffin-
embedded tumour tissue would correlate with the likelihood of distant recurrence in 
patients with node-negative, tamoxifen-treated breast cancer who were enrolled in the 
National Surgical Adjuvant Breast and Bowel trial B-14. RT-PCR of the selected genes was 
significant in predicting recurrence and overall survival.73 Other microarray studies in breast 
cancer identified independent sets of genes that might have prognostic value.29,74-76 
Until recently, analysis was directed at identifying major differences in the expression of 
separate genes. Currently, there is increasing interest in minor changes in related genes that 
are involved in particular signalling pathways. Elucidation of pathways that are dysregulated 
in a specific tumour may lead to rational treatment selection.77 
In conclusion, prognostic biomarkers for relapse after local treatment are needed for better 
patient selection for adjuvant treatment strategies. Discovery of prognostic factors in the 
metastatic setting may identify new therapeutic targets and new predictive factors. The 
need for more upfront predictive biomarkers to select patients for tailored therapy is clear. 
Clinical observations during treatment can contribute to the identification of upfront 
predictive biomarkers, like EGFR1-mutations in non-smoking NSCLC patients. In addition, 
early predictive markers might be useful in dose selection and early response measurement, 
because classical response measurement by RECIST criteria underestimates the clinical 
benefit of the new biological agents. Progress is made, but there is still an urgent need for 
prospective data to validate all the small, hypotheses generating studies and it is therefore 
of great importance that biomarker analyses are incorporated in randomised clinical trials 
as a separate objective.    
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Abstract 
 
Background: Approximately 15% of gastrointestinal stromal tumour (GIST) patients show 
primary resistance to imatinib, defined as progressive disease on CT after 8 weeks. We 
investigated whether early change in tumour 18F-fluorodeoxyglucose uptake on positron 
emission tomography (18F-FDG PET) predicts primary imatinib resistance. 
Patients and Methods: 36 metastatic or locally advanced GIST patients underwent 18F-FDG 
PET scans before and 1 week after start of imatinib. Relationship between 18F-FDG PET 
response (EORTC criteria) and CT response after 2 months of treatment (RECIST 1.0 and 
Choi criteria) was investigated. 18F-FDG uptake was measured as Standardised Uptake Value 
(SUV).  
Results: Of the 30 patients evaluable with 18F-FDG PET, 26 experienced a response and 4 
had stable disease. Mean tumour SUVmax decreased from 7.4 (SD 3.8, range 2.2-18.4) to 
3.0 (SD 2.1, range 0.1-11.8) after 1 week imatinib (P < 0.001). 18F-FDG PET response had a 
high positive predictive value for clinical benefit (response or stable disease) according to 
RECIST 1.0: 92% (95% CI 75-99%) and Choi: 95% (95% CI 76-100%). The false negative rate 
was respectively 11% (95% CI 2-30%) and 9% (95% CI 1-30%).  
Conclusion: While 18F-FDG PET response has a high positive predictive value for clinical 
benefit of imatinib in GIST patients, it does not predict primary resistance.  
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Introduction 
 
Gastrointestinal stromal tumours (GIST) are mesenchymal tumours that arise in the 
gastrointestinal tract. They are characterised by expression of CD117; the KIT receptor. 
Approximately 80% of all GISTs have a gain of function mutation in KIT resulting in 
constitutive activation and continuous downstream signalling. Furthermore, 5-10% of GISTs 
have an activating mutation in the gene encoding platelet derived growth factor receptor α 
(PDGFRA). Imatinib is an oral tyrosine kinase inhibitor that inhibits signalling of both KIT and 
PDGFRα. The majority of patients with unresectable or metastatic GIST benefits from 
treatment with imatinib.1 However, ± 15% of GIST patients have primary imatinib resistant 
disease, i.e. progressive disease within 3 months after start of treatment.2 Earlier or upfront 
identification of primary resistance would spare these patients the side effects of ineffective 
therapy and allow an earlier switch to alternative treatment. To date, no predictive 
biomarkers to guide treatment decisions are available. However, it is well appreciated that 
imatinib can induce a rapid and dramatic decrease in glucose uptake in GIST.3-6  
The objective of this study was to investigate whether metabolic response early after 
initiation of treatment can be used to predict primary resistance to imatinib in patients with 
locally advanced or metastatic GIST. In addition, we studied whether the metabolic 
response correlated with progression free survival (PFS) or specific receptor tyrosine kinase 
gene mutations. 
 

Materials and methods 
 
Patients and study design 
This is a retrospective analysis of consecutive patients with newly diagnosed locally 
advanced, metastatic or recurrent GIST, who started treatment with imatinib between 
February 2001 and October 2007 at the University Medical Centre Groningen (UMCG). 
Imatinib was administered orally at 400 to 800 mg per day. Fourteen patients were part of 
an earlier study. 4  
 
18F-FDG PET 
18F-FDG PET scans at baseline and after 1 week imatinib treatment were standard care from 
February 2001 for patients with advanced GIST in the UMCG. As of October 2007, a 
different PET scan protocol was used. Therefore, this analysis is restricted to GIST patients 
who underwent PET scans before October 2007. PET scans were performed on a Siemens 
ECAT EXACT HR+ scanner in 2D mode. Patients fasted for 6 hours. Ninety min after injection 
of 5 MBq/kg 18F-FDG, a whole body scan was performed (7-8 bed positions from femur to 
crown, 8 min per bed position of which 3 min transmission time). The iterative 
reconstruction algorithm AW-OSEM 2D was used with 2 iterations, 8 subsets and a Gaussian 
filter of 10 mm. 
For each patient, a maximum of 5 target lesions was used for tumour evaluation. Target 
lesions were defined as the 5 most intense 18F-FDG accumulating tumour lesions. The 18F-
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FDG uptake was measured by calculating the Standardised Uptake Value (SUV) as described 
earlier7 in regions of interest (ROI) placed over tumour lesions, with Siemens Leonardo 
software. The maximum SUV (SUVmax) and the uptake in the 3-dimensional isocontour at 
70% and at 40% of the maximum pixel value (SUV70 and SUV40) for each target lesion was 
measured. For all target lesions in a patient the mean SUVmax, the mean SUV70 and the 
mean SUV40 was calculated for both scans. For classification of metabolic tumour response, 
the EORTC criteria for 18F-FDG PET imaging were used7. Also the previously reported 
thresholds for the single lesion with the most intense uptake at baseline (25% reduction, 
40% reduction, <2.5 and <3.4 for SUVmax on the second scan) were tested8 and the 
definition of metabolic response used by Choi et al.9 (decrease of mean SUVmax with ≥70% 
to less than 2.5).  
 
CT-scan 
CT scans were performed at baseline, after 8 weeks and every 3 months thereafter. For 
response classification, Response Evaluation Criteria for Solid Tumours (RECIST) version 1.0 
was used10 as well as the criteria described by Choi et al.9 
 
Mutation analysis 
Mutation analysis of KIT exons 9, 11, 13 and 17 and PDGFRA exons 12, 14 and 18 was 
performed as described previously. 11 
 
Outcome parameters 
Primary resistance is defined as progressive disease after 8 weeks of treatment according to 
RECIST1.0 or the Choi criteria. Positive predictive value, negative predictive value and false 
negative rate of 18F-FDG PET for primary resistance were calculated with 95% confidence 
intervals (CI).  
Progression free survival (PFS) was defined as the time from imatinib initiation until disease 
progression or death, whichever occurred first. For PFS analysis, the occurrence of a new 
lesion, or an increase in size of pre-existing lesions (as defined by RECIST 1.0), or 
development of an intra-tumoural nodule and/or an increase in ‘solid’ tissue, in the 
background of a hypodense lesion were considered progressive disease according to the 
ESMO guidelines for GIST.12,13 
 
Statistics 
For comparison of the mean SUV at the first and second 18F-FDG PET scan, the Wilcoxon 
signed rank test was used. PFS was estimated with the Kaplan-Meier method. Patients were 
censored at the date of surgery for complete surgical resection and at the date of last follow 
up for patients alive and progression free at the time of analysis.  
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Table 1. Patient characteristics. 
 

 

Characteristics Total (N = 36) 
 

Age (years) 
     Median 
     Range 

 
62 
23-81 

Sex, N (%) 
     Male 
     Female  

 
22 (61) 
14 (39) 

Treatment setting, N (%) 
     Neo-adjuvant 
     Palliative 

 
  7 (19) 
29 (81) 

Primary site, N (%) 
     Stomach 
     Small bowel 
     Colon 
     Other 

 
13 (36) 
14 (39) 
  3   (8) 
  6 (17) 

Metastatic sites, N (%) 
     Liver 
     Peritoneal cavity 
     Liver and peritoneal cavity 
     Other 

 
11 (31) 
  8 (22) 
  6 (17) 
  2   (6) 

Mutation type, N (%) 
     KIT exon 11 
     KIT exon 9 
     PDGFRA exon 18 
     Wild typea 
     Unknown 

 
15 (42) 
  5 (14) 
  3  (8) 
  2  (6) 
11 (31) 

  
N: number of patients 
a
 No KIT or PDGFRA mutation 
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Results 
 
Patients 
Thirty six patients with a mean age of 62 years (range 23 - 81) were included. Nine patients 
had locally advanced disease and 27 patients had metastatic or recurrent disease. For 
characteristics see Table 1. Two patients started with imatinib 400 mg 2 times daily, the 
others with 400 mg once daily. The median follow-up time was 35 months (range 4 - 87+). 
In patients who received imatinib with a non-curative intent, median PFS was 23 months 
(range 2 - 83+ months) and in this subgroup median overall survival was 32 months (range 4 
- 87+ months). Twelve patients received subsequent systemic treatment upon disease 
progression.   
 
 

 
 
Figure 1: Tumour 

18
F-FDG uptake (in mean SUVmax with standard deviation) in 30 GIST patients before start 

and after 1 week imatinib (IM) treatment. 

 

18F-FDG PET assessment 
The baseline 18F-FDG PET scan was performed at a median of 2 days (range 1 - 46) before 
start of treatment. Four patients had no 18F-FDG-avid lesions and therefore did not undergo 
a second 18F-FDG PET scan. These four patients had normal blood glucose levels and were 
not on glucose lowering medication. The repeat scan was performed at median 8 days 
(range, 6-10) after start of imatinib. In two patients, a different 18F-FDG PET imaging 
protocol was used for the baseline and repeat scan; these patients were therefore excluded 
from the analysis, resulting in 60 18F-FDG PET scans of 30 patients available for 
quantification of metabolic response. Tumour 18F-FDG-uptake decreased from baseline with 
a mean SUVmax of 7.4 (SD 3.8, range 2.2 - 18.4) to a mean SUVmax of 3.0 (SD 2.1, range 0.1 
- 11.8, P < 0.001) after 1 week imatinib (Fig. 1). 
Relative changes in mean SUVmax for individual patients ranged from +7.3% to -97.8% (Fig. 
2B). Based on change of mean SUVmax, 26 patients experienced a metabolic response 
according to EORTC criteria and four patients had metabolic stable disease (hereafter called 
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non-responders). None of the patients had metabolic progressive disease. Analysis of mean 
SUV40 and mean SUV70 revealed a similar pattern with 26 responders and four non-
responders, although according to mean SUV70, one non-responder had metabolic 
progressive disease.  
 
 

 
 
Figure 2: A. Absolute and B. relative changes in tumour 

18
F-FDG uptake (in mean SUVmax) in individual 

patients (N = 30) in up to 5 tumour lesions between baseline PET scan and PET scan after 1 week imatinib (IM) 
treatment. Grey dotted lines shows thresholds for response (-25%) and progressive disease (+25%) according 
to EORTC criteria.  

 
 
Predictive value of metabolic response 
One out of 30 patients had non-measurable disease on CT, therefore data of 29 patients 
were available for response classification according to RECIST. Two patients had progressive 
disease, i.e. primary imatinib resistance. In six patients Hounsfield Units could not be 
measured, therefore evaluation according to the Choi criteria could be applied in 23 
patients (Table 2). Positive predictive value of a metabolic response (estimated with mean 
SUVmax) for clinical benefit from imatinib is 92% (95% CI 75 - 99%) for RECIST and 95% (95% 
CI 76 - 100%) for the Choi criteria. As none of the metabolic non-responders in our cohort 
had primary imatinib resistant disease, a negative predictive value could not be calculated. 
The false negative rate of 18F-FDG PET for prediction of clinical benefit from imatinib was 
11% (95% CI 2-30%) for RECIST and 9% (95% CI 1–30%) for the Choi criteria. Of the four 
patients with a negative baseline 18F-FDG PET scan, three had clinical benefit (two partial 
responses and one stable disease) and one had progressive disease according to RECIST. 
Based on the Choi criteria two out of three derived benefit from imatinib (both partial 
responses) whereas the third patient had primary resistant disease.  
For mean SUV70 identical predictive values for primary imatinib resistant disease as for 
mean SUVmax were obtained and mean SUV40 performed worse. There was no difference 
in PFS between metabolic responders, non-responders and patients with non 18F-FDG-avid 
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lesions when using mean SUVmax according to the EORTC criteria (Fig. 3). This was also the 
case for mean SUV70, mean SUV40, for the definition of response used by Choi et al.9 and 
for SUVmax of the single lesion with the most intensive uptake at baseline according to the 
thresholds described by Holdsworth et al.8  
 
 

Table 2. 18F-FDG PET versus CT response  
 
 CT scan 

 RECIST (N = 29) Choi (N = 23) 
 

 CR/PR/SDa PD CR/PR/SDb PD 
 

FDG-PET scan     
Responsec 24 2 20 1 
No response  3 0 2 0 
 
 

18
F-FDG-PET response after 1 week and CT response after 8 weeks of imatinib 

treatment. 
N = number of patients, CR = complete response, PR = partial response, SD = 
stable disease, PD = progressive disease 
a
 CR (N = 1), PR (N = 9), SD (N = 17) 

b 
CR (N = 1), PR (N = 16), SD (N = 5) 

c 
decrease in mean SUVmax ≥ 25% and no new lesions and no visible increase 

in extent of tumour FDG-uptake >20% in the longest dimension 

 
 
Mutation analysis and metabolic response 
In 25 of 36 patients, sufficient tumour tissue was available for mutation analysis. A KIT exon 
11 mutation was present in 15 cases (60%), a KIT exon 9 mutation in five (20%), a PDGFRA 
exon 18 mutation in three (12%), and no mutation was found in either KIT or PDGFRA in two 
patients (8%). 
One patient with a KIT exon 9 mutation and two patients with a PDGFRA mutation showed 
no FDG uptake in tumour lesions at baseline. One patient with a KIT exon 11 and one 
patient with a KIT exon 9 mutation were not evaluable for metabolic response. Metabolic 
response for 20 patients according to mutation is shown in Fig. 4. 
 
 
Discussion 
 
The results of the current study show that early 18F-FDG PET response cannot be used to 
identify primary imatinib resistant disease in patients with GIST. Absence of an early 
metabolic response does not indicate that patients do not benefit from imatinib. 
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Figure 3:  PFS in patients with a metabolic tumour response (N = 26, black line), patients without metabolic 
response (N = 4, grey solid line) and in patients with non FDG-avid tumour lesions (N = 4, grey dashed line). No 
difference in PFS was found. 

 
 
Furthermore, patients with primary resistant disease can have a metabolic response. 
Although we found high positive predictive values of metabolic response for clinical benefit 
from imatinib (92% for RECIST and 95% for the Choi criteria) the upfront chance of response 
or stable disease is 85%, which falls within the 95% CI of the positive predictive value. 
Therefore, little if any predictive information on treatment outcome is added by early 
assessing metabolic response.  
Stroobants et al. performed 18F-FDG PET scans at baseline and after 1 week of imatinib 
treatment in 17 GIST patients.6 From their study a positive predictive value of 92%, a 
negative predictive value of 75% and a false negative rate of 8% for patients who derive 
clinical benefit from imatinib (response plus stable disease as best response according to 
RECIST) can be calculated, which is comparable with our results. Recently 18F-FDG PET 
results of a study on neoadjuvant imatinib treatment in operable GIST patients were 
reported.14 Looking at metabolic responders versus non-responders after 1 week of 
treatment, a positive predictive value of 100%, a negative predictive value of 14%, and a 
false negative rate of 16% can be calculated for clinical benefit from imatinib, again in line 
with our findings. A possible explanation for incidental incongruence between antitumour 
activity and glucose uptake is given by Tarn et al.15 They demonstrated in vitro that different 
intracellular signalling cascades are responsible for imatinib induced down-regulation of 
Glut4 expression and imatinib induced apoptosis in GIST cells. However, no association 
between reduction in Glut4 expression and reduction in 18F-FDG uptake in tumors of GIST 
patients treated with imatinib in the neoadjuvant setting was found.14 Previous studies in 
GIST patients showed that metabolic response correlated with PFS, time to progression or 
time to treatment failure (i.e. disease progression or death from any cause whichever 
occurs first).4,6,8,9,16 
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Figure 4: Change in tumour 

18
F-FDG uptake (mean SUVmax with standard deviation) after 1 week imatinib 

treatment according to mutation type: KIT exon 11 (N = 14), KIT exon 9 (N = 3), PDGFRA (N = 1) and in wild 
type tumours (N = 2). IM = imatinib. 

 
 

In Table 3, the current and previous studies are summarised. We did not find a correlation 
between metabolic response and PFS despite testing different SUV parameters and multiple 
cut off values for metabolic response. This may be due to the different definitions of 
metabolic response that are used. EORTC criteria are based on a few small studies in which 
no GIST patients were included. These criteria should therefore be regarded as consensus 
recommendations rather than evidence based guidelines.7 Also, adherence to EORTC 18F-
FDG PET criteria does not guarantee similar analysis, as for example the number of lesions 
to be assessed per patient is not defined. Furthermore, a description of how disease 
progression is determined, is only provided by Choi et al.9 and differs slightly from the 
ESMO recommendation that we used.13 Finally, the small size of these studies and the 
different timing of 18F-FDG PET scans will clearly affect the results.  
We found no 18F-FDG uptake in tumour lesions before start of treatment in four out of 36 
patients. This corresponds with previous findings.6,16,17 The numbers of patients are too 
small to draw conclusions on prognostic or predictive value of a negative baseline 18F-FDG 
PET scan.  
We studied metabolic response in GIST patients starting first line treatment, according to 
mutation. Although small numbers prohibit conclusions, the 18F-FDG PET results for the 
three patients with a PDGFRA exon 18 mutation were striking: two patients showed non 18F-
FDG-avid lesions and the third patient is the only patient with an increase in 18F-FDG uptake 
after 1 week imatinib treatment. This suggests that in tumours with a PDGFRA exon 18 
mutation, metabolic response to imatinib differs from KIT mutated tumours. Metabolic 
response was seen in 85% of patients with KIT exon 11 mutations (23/27) and in 50% (2/4) 
of patients without KIT or PDGFRA mutations after 1 week imatinib.14 Fuster et al. 
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performed 18F-FDG PET scans in imatinib resistant GIST patients before and after initiation 
of doxorubicin while continuing imatinib.18 In 15 patients with mutation analysis available, 
they demonstrated lower baseline SUVmax in patients with wild type KIT tumours 
compared to non-wild type KIT tumours. However, in another second line study with 
sunitinib in imatinib resistant GIST patients, no correlation was found between KIT 
mutational status and metabolic activity or metabolic response in 22 patients.19 
Limitations of our study are the retrospective nature and the relative small size of the 
cohort. However, the data presented support the conclusion that early assessment of 
metabolic response with 18F-FDG PET after 1 week of imatinib treatment in GIST patients is 
not helpful for go-no-go decisions. Primary imatinib resistance cannot be reliably identified 
with this technique. Therefore absence of progressive disease at 2 and 4 months according 
to RECIST 1.0 remains the most robust way to identify patients with a survival benefit from 
imatinib.20 For second line treatment with sunitinib also the absence of progressive disease 
according to RECIST 1.0 at 3 months seems the best way to identify patients benefiting from 
this treatment.21 
This does not preclude an important role for 18F-FDG PET imaging in staging GIST patients, 
as 18F-FDG PET can reveal metastases that are missed on CT.4,16,22,23  
In conclusion, the results of our study suggest that repeat 18F-FDG PET imaging early after 
initiation of imatinib in patients with GIST is not informative for clinical decision making with 
regard to continuation of imatinib. Imatinib is an extremely effective agent for this disease 
and should, in the advanced setting, be continued until convincing clinical and/or 
radiological evidence of progressive disease or unacceptable toxicity. 
 



 

 
 

Table 3. Summary of studies investigating the role of 18F-FDG PET in response evaluation of imatinib treated GIST patients 
 
First author 18

F-FDG 

non avid  
(N) 

Re- 
peat 
PET 
(N) 

2
nd

 PET PET analysis 2
nd

 CT CT analysis Clinical  
endpoint 

Predictive value PET 
 

Antoch
22

 NR 20 1 mo For max 5 lesions: 
- sum of SUVmax 
- EORTC 

1 mo WHO
a
 

RECIST 
NR NR 

Choi
9
 NR 40 2 mo For all lesions:  

- mean SUVmax 
- ≥ 70% reduction and < 2.5 = 
good response 

2 mo RECIST 
Choi criteria 

TTP
d
 Good response 

predicts TTP 

Gayed
23

 NR 49 2 mo For  largest lesion in every 
organ: 
- SUVmax 
- adjusted EORTC 

2 mo 5% change in 
longest diameter 
of largest lesion 
per organ 

NR NR 

Goerres
16

 7 28 NR For 1 lesion: 
- visual change 
- positive vs negative 2

nd 

  scan 
- SUV 
- adjusted EORTC 

NR RECIST TTP
e
 

OS 
Negative 2

nd
 PET 

predicts TTP and OS 

Goldstein
17

 1 17 2 mo - visual response vs no 
  response 

2 mo RECIST NR For clinical benefit vs 
PD on 2

nd
 CT:  

PPV 93%,  
NPV 100%, FNR 50% 

Holdsworth
8
 NR 63 1 mo For 1 lesion: 

- SUVmax 
- 25% reduction 
- 40% reduction 
- < 2.5 
- < 3.4 

1 mo SWOG
b
 TTF

e
 All PET parameters 

predict TTF 

  



 

 
 

Table 3. Continued 

 

First author 18
F-FDG-

non avid  
(N) 

Re- 
peat 
PET 
(N) 

2
nd

 PET PET analysis 2
nd

 CT CT analysis Clinical 
endpoint 

Predictive value PET 
 

Jager
4
 NR 14 1 wk For multiple lesions: 

- mean SUVmax 
- % change 

2 mo RECIST 
OR

c
 

PFS
e
 - PET response predicts 

PFS  
- For CB vs PD on CT 2

nd
 

CT: PPV 100%, FNR 
21% 

Stroobants
6
 2 19 1 wk For 3 lesions: 

- SUVmax 
- EORTC 

1 mo RECIST TTF
e
 - PET response predicts 

PFS 
- For CB vs PD as best 
response:  
PPV 92%,  
NPV 75%,  
FNR 8% 

Van den 
Abbeele

14
 

NR 39 1 wk 
 

For target lesions: 
- background-subtracted      
SUVmax 
- EORTC 

1 mo RECIST NR For CB vs PD as best 
response: 
PPV 100% 
NPV 14% 
FNR 16% 

Oosting 4 30 1 wk For max 5 lesions: 
- mean SUVmax 
- mean SUV40 
- mean SUV70 
- EORTC 
- 70% reduction and < 2.5 
For 1 lesion: 
- SUVmax 
- 25% reduction 
- 40% reduction 
- < 2.5 
- < 3.4 

2 mo RECIST 
Choi criteria 

PD at 2 
mo 
PFS 

For CB vs PD on 2
nd

 CT 
(RECIST): 
PPV 92% 
FNR 11% 
(Choi) 
PPV 95% 
FNR 9% 
- No correlation 
between PET response 
and PFS 

Legend: page 46
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Legend Table 3 
N: number of patients; SUV = standardized uptake value; NR = not reported;  NA not available; mo = months, 
CB = clinical benefit (complete response + partial response + stable disease); PD = progressive disease; PPV = 
positive predictive value; NPV  = negative predictive value, FNR = false negative rate; TTP = time to 
progression; OS = overall survival; PFS = progression free survival; TTF = time to treatment failure (failure = 
progression, death or treatment discontinuation) 

a
 WHO = World Health Organization guidelines.

24
 

b
 SWOG = South West Oncology Group criteria.

25
 

c
 OR = overall treatment response (clinical and radiological parameters and change in the rate of disease 

progression).
26

 
d
 Progression: new lesion on CT, or new intra-tumoural nodule, or increase in size of existing intra-

tumoural nodule, or overall increase in size >20% in absence of post treatment hypodense change 
e
 No definition of progression 
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Abstract  

Non-invasive imaging of angiogenesis could ease the optimization of anti-angiogenesis 
treatments for cancer. In this study we evaluated the role of VEGF-PET as a biomarker of 
dynamic angiogenic changes in tumors following treatment with the kinase inhibitor 
sunitinib. The effects of sunitinib treatment and withdrawal on the tumor was investigated 
using the new VEGF-PET tracer 89Zr-ranibizumab as well as 18F-FDG PET and 15O-water PET in 
mouse xenograft models of human cancer. The obtained imaging results were compared 
with tumor growth, bioluminescence imaging, VEGF plasma levels and immunohistological 
analyzes. In contrast to 18F-FDG and 15O-water PET, VEGF-PET demonstrated dynamic 
changes during sunitinib treatment within the tumor with a strong decline in signal in the 
tumor center and only minimal reduction in tumor rim, with a pronounced rebound after 
sunitinib discontinuation. VEGF-PET results corresponded with tumor growth and 
immunohistochemical vascular- and tumor-markers. 
Our findings highlight the strengths of VEGF-PET imaging to allow serial analysis of 
angiogenic changes in different areas within a tumor.  
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Introduction 
 
Angiogenesis, the formation of new blood vessels, is one of the hallmarks of carcinogenesis. 
Vascular endothelial growth factor (VEGF) and its corresponding receptors (VEGFR) on 
endothelial cells are important players in the regulation of angiogenesis, providing targets 
for anti-angiogenic agents.1 When used either as single agents or combined with 
chemotherapy, anti-angiogenic drugs have improved disease outcome in several tumor 
types. However, this benefit is modest and often of limited duration. Further, unexplained 
paradoxical effects have been observed. For example, the VEGFR tyrosine kinase inhibitor 
(TKI) sunitinib is used for the clinical treatment of metastatic renal cell cancers and 
gastrointestinal stromal tumors as it blocks angiogenesis in primary tumors,2 but its use may 
also lead to increased invasiveness at the tumor boundary and promotion of metastases.3,4 
This complex and dynamic interaction between tumor cells and their micro-environment 
may be an important reason why previous investigation of potential biomarkers has failed 
to predict response to anti-angiogenic therapy. The search for biomarkers has been 
especially directed towards circulating markers and visualizing anatomic tumor changes 
during anti-angiogenic treatment.4 The biological responses that occur in response to anti-
angiogenic treatment are presumably dynamic over time and likely to be heterogeneous 
within the tumor. Therefore molecular imaging, enabling visualization of biological 
processes, might provide a better insight into how tumors respond to anti-angiogenic 
treatment with agents such as sunitinib.  
Well known techniques for molecular imaging include measurement of tissue glucose 
uptake with 18F-FDG positron emission tomography (PET) to assess metabolism and 
measurement of tissue perfusion with 15O-water PET. A new option is direct imaging the 
molecules involved in the promotion or inhibition of VEGF signaling using PET analysis, 
which may be achieved following molecular radiolabeling. Therapeutic inhibitors of the 
VEGF pathway, such as the monoclonal antibody bevacizumab and the antibody derivative 
ranibizumab, which bind and block VEGF-A and have proven clinical anti-angiogenic 
effectiveness, are attractive for this purpose.5,6  
Previously, we developed 89Zirconium-labeled bevacizumab (89Zr-bevacizumab) as a 
biomarker for the PET analysis of VEGF levels, with the aim of providing insight into the 
available target for VEGF-dependent anti-angiogenic therapy and thus assist in tumor 
response prediction.6 This approach proved promising, as tumor uptake of 89Zr-bevacizumab 
mediated by VEGF-A binding significantly higher than control antibody was demonstrated, 
providing a potential new tracer for non-invasive imaging of VEGF signaling in the 

microenvironment of the tumor.  Further, the 89Zr label, with its half life of 78 hours, proved 
valuable for antibody imaging allowing high resolution PET over at least 24 hours. However,  
maximum uptake did not occur until 4-7 days post injection,6 likely due to the 21 day serum 
half-life of bevacizumab.7 To gain more dynamic insight into tumor response during anti-
angiogenic treatment, we have since developed the PET tracer 89Zr-ranibizumab for 
potential use as non-invasive biomarker of VEGF signaling. Ranibizumab, a monoclonal 
antibody fragment (Fab) derivative of bevacizumab, is used to treat macular degeneration.8 
It has a higher affinity for all soluble and matrix bound human VEGF-A isoforms than 
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bevacizumab.7 In addition, it allows fast and sequential follow-up PET scans, as its serum 
half-life is only 2-6 hours.   
In this study, we investigated the biological effects of sunitinib treatment and subsequent 
withdrawal in human xenograft tumor models, using tumor growth assays, 
immunohistochemistry, and PET analyses (18F-FDG, 15O-water and 89Zr-ranibizumab). A 
secondary aim was to determine the utility of 89Zr-ranibizumab-PET analysis as a biomarker 
for anti-angiogenic treatment. 
 
 
Methods  
 
Cell lines and in vitro experiments.  
The human ovarian tumor cell lines A2780 (provided by Dr TC Hamilton, Fox Chase Cancer 
Center, USA). The human ovarian cancer cell line SKOV-3 and the human colon cancer cell 
line Colo205 were obtained from the ATCC. Cell lines were quarantined until screening for 
microbial contamination and mycoplasm were performed and proven to be negative. 
Meanwhile a reproducible supply of cells was established by cryopreservation. All 
experiments were performed within a predefined number of passages. Key features of the 
cell lines were routinely checked. Growth and morphology of both cell lines was observed 
and noted to be consistent with prior descriptions of the lines; no further genetic 
characterization was performed. A2780 and Colo205 were cultured in RPMI 1640 
(Invitrogen) with 10% heat inactivated fetal calf serum (FCS) (Bodinco BV) and 2 mM L-
glutamine (Invitrogen) at 37°C in a humidified atmosphere containing 5% CO2,  SKOV-3 in 
Dulbecco's Modified Eagles Medium (DMEM) with 4.5 g/mL glucose and 10% FCS. Cells 
were subcultured three times per week.   
For in vitro experiments sunitinib (LC Laboratories) was dissolved in dimethyl sulfoxide 
(DMSO) at 40 mg/mL and stored at -80 °C. The MTT-assay was used to determine 
cytotoxicity of sunitinib in A2780 and Colo205 cells.9 Cells were seeded (A2780 
3,750 cells/well, Colo205 3,000 cells/well) in a 96-wells plate in quadruplicate for each 
sunitinib concentration (0–20,000 nM) and cultured for 4 days. No cytotoxicity occurred at 
sunitinib levels up to 5,000 nM, which is a relevant plasma level in mice (supplement 1). 
 
18F-FDG and 15O-water synthesis.  
18F-FDG was produced using the coincidence 18F-FDG synthesis module.10 Carrier-added 
[15O]O2 was produced by irradiation of a mixture of nitrogen and 1% oxygen gas with 7 MeV 
deuterons from a Scanditronix MC-17 cyclotron. [15O]O2 was reacted with hydrogen gas at 
400 °C to generate 15O-water. The 15O-water was trapped in a sterivial with 2.5 mL of 0.9% 
NaCl and sterilized by filtration (22 µm Millex GP filter). 
 
Conjugation and 89Zr-labeling of ranibizumab and control Fab-IgG.  
Conjugation and labeling of ranibizumab (Lucentis®, Novartis Pharma) and Fab-IgG were 
executed as described for U36.6,11 The chelate desferrioxamine B (Df) (Novartis Pharma) was 
succinylated (N-sucDf), and coupled to lysine residues of ranibizumab by means of a 
tetrafluorophenol-N-sucDf ester. Conjugation was performed at room temperature for 30 
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minutes at pH 9.5-9.7. Hereafter, the mixture was adjusted to pH 4.2-4.4 (0.1 mol/L H2SO4) 
and 50 μL of 25 mg/mL ethylenediaminetetraacetic acid (EDTA)(Calbiochem) was added to 
remove Fe(III). The resultant solution was then purified by ultrafiltration, diluted in water 
for injection (5 mg/mL) and stored at -20°C. Labeling was performed with 89Zr produced by 
Cyclotron BV. 89Zr-oxalate was adjusted to pH 3.9-4.2 and mixed for 3 minutes, then 
adjusted to pH 6.7-6.9 using HEPES buffer. N-sucDf-ranibizumab was added and incubated 
for 45 min at 20 °C. 89Zr-ranibizumab labeling (specific activity (SA) 1500 MBq/mg) resulted 
in yields of >95%. 24 hours storage in 37 °C serum displayed no measurable decrease in 
protein-bound radioactivity and revealed adequate VEGF-A binding, comparable to 
unlabeled ranibizumab using a VEGF-coated enzyme-linked immunosorbent assay as 
described previously for bevacizumab (supplement 2).6 Control 89Zr-Fab-IgG is a humanized 
Fab-fragment comparable in size to ranibizumab. It was similarly prepared and showed no 
binding affinity towards VEGF-A.   
 
Animal experiments.  
Animal experiments were performed with isofluran inhalation anesthesia (induction 3%, 
maintenance 1.5%). Tumor cells for xenografting were harvested by trypsinization and 
resuspended in culture medium and Matrigel™ (BD Bioscience). In vivo imaging and ex vivo 
biodistribution experiments were conducted using male nude HSD athymic mice (Harlan). 6-
8 weeks old mice were injected subcutaneously with 1.0x105 SKOV3,  5x106 A2780, 5x106 
A2780luc+ or 5x106 Colo205 cells mixed with 0.1 mL Matrigel™. In vivo studies were 
commenced when resulting tumors measured 6-8 mm in diameter. All animal experiments 
were approved by the animal experiments committee of the University of Groningen. 
 
MicroPET imaging and ex-vivo biodistribution.  
All tracers were injected intravenously into the penile vein. 18F-FDG (5.0 ± 1.0 Mbq) 
microPET images (Focus 220 rodent scanner (CTI Siemens)) were obtained 1 hour post 
injection. Animals were fasted for 12 h before 18F-FDG administration. 10 minutes dynamic 
PET imaging was taken after 15O-water (78 ± 8.9 Mbq) administration followed by microCT 
imaging using a MicroCAT II (CTI Siemens) for anatomic localization. 89Zr-ranibizumab (3.5 
±1.5 Mbq) images were taken 0, 3, 6 and 24 hours post injection. Static images of 30 
minutes acquisition time were obtained each time.  
Following image reconstruction, quantification was performed with AMIDE Medical Image 
Data Examiner software (version 0.9.1, Stanford University).12 To quantify radioactivity 
within the tumor, 3D volumes of interest (VOIs) were drawn. 18F-FDG is presented as 
standardized uptake value (SUV), using mean tumor uptake per cm3 divided by mean body 
uptake. 15O-water is presented as percentage uptake per cm3 relative to tumor uptake in 
the first frame (30 seconds) of the scan.  For 89Zr-ranibizumab, the total injected dose was 
calculated by decay correction of total activity present at 0 hour after injection in the 
animal. The data was quantified as percentage injected dose per gram (%ID/g), assuming a 
tissue density of 1. Data is presented as percentage uptake compared to baseline and 
corrected for tumor volume. Following sacrifice, organs and tissues were excised, rinsed for 
residual blood and weighed. Samples and primed standards were counted for radioactivity 
in a well-type LKB-1282-Compu-gamma system (LKB Wallac) and corrected for physical 



Chapter 4 

 

54 
 

decay. Harvested tumors were divided, immediately frozen at -80°C and paraffin embedded 
for further analysis. 
 
Dose finding study and pharmacokinetics of 89Zr-ranibizumab.  
Based on available 89Zr-bevacizumab data for comparison5 we firstly used the SKOV-3 
xenograft model to evaluate 89Zr-ranibizumab characteristics. In 4 groups of animals, 4 
protein doses (3, 8 and 40 μg (all n = 4) and 350 μg (n = 1)) ranibizumab labeled with a fixed 
amount (MBq) of 89Zr were administered and biodistribution was determined 24 hours post 
injection. Subsequently, four groups (n = 4) of mice were injected with 5 μg of 89Zr-
ranibizumab and 1, 3, 6 and 24 hours thereafter a group was sacrificed and ex-vivo 
biodistribution performed. One group of mice (n = 4) was injected with 5 μg of 89Zr-Fab-IgG. 
Ex vivo biodistribution followed 24 h post injection. 
 
Sunitinib treatment in A2780 and Colo205 models.  
Sunitinib malate was dissolved in DMSO at 75 mg/mL. Before administration, sunitinib was 
diluted in phosphate-saline buffer (PBS; 140 mmol/L NaCl, 9 mmol/L Na2HPO4, 1.3 mmol/L 
NaH2PO4; pH = 7.4) and administrated once daily ip at 60 mg/kg (6.5 mL/kg) or placebo 
(vehicle). Sixty mg/kg sunitinib daily previously demonstrated anti-tumor efficacy in 
xenograft bearing mice and changes in tumor derived human VEGF plasma levels with 
minimal toxicity.13 Four different treatment schedules with once daily intraperitoneal (ip) 
treatment were used. 18F-FDG imaging was performed in A2780 bearing animals at baseline 
(n = 4), day 7 (n = 4) of sunitinib treatment and following a drug-free week (n = 5). Serial 15O-
water PET was carried out in A2780 bearing animals (n = 5) at baseline and following 7 days 
sunitinib. Serial 89Zr-ranibizumab imaging (5 ± 1 µg) was performed in A2780 bearing mice 
treated with sunitinib for 1 week followed by a drug-free week (n = 4), sunitinib ip for 2 
weeks (n = 4), sunitinib for 1 week (n = 4) or placebo treatment (n = 4) and Colo205 tumor 
bearing mice with sunitinib for 1 week followed by a drug-free week (n = 5) at baseline, day 
7 and day 14. To assess relative attribution of non-VEGF driven uptake, serial 89Zr-Fab-IgG 
imaging was performed in A2780 bearing animals (n = 5) at baseline, day 7 of sunitinib and 
following a drug-free week. Tumor volumes were assessed by external calibration along the 
longest axis (x-axis) and the axis perpendicular to the longest axis (y-axis). Tumor volume 
was calculated by the formula:  (x ∙ y2)/2.  
 
Plasma human VEGF analysis and tumor immunohistochemistry.  
Plasma VEGF levels of sacrificed A2780 bearing mice were determined with the human 
VEGF ELISA kit (R&D Systems). Paraffin-embedded tumors (n=4 per treatment group) were 
stained with hematoxylin and eosin and antibodies against von Willebrand factor (vWf), 
Ki67 anti-human and anti-mouse, VEGFR2, GLUT-1, HIF1α (Dako), human VEGF-A (sc-152, 
Santa Cruz). The mean vascular density (MVD) and VEGFR2 were scored in 3 defined hot 
spot areas that contained the maximum number of micro vessels, as previously described.6 
To assess changes in tumor vessel diameter, the shortest diameter of the largest vessels (≥ 5 
per slide) were measured using computerized Aperio Image Software (Aperio Technologies 
Inc). Blood vessel proliferation was determined by calculating the percentage blood vessels 
with Ki67 positive endothelial cells. The tumor proliferation index was calculated by 
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percentage of Ki67 positive cells in at least 4 high power fields (200x). MVD, tumor vessel 
diameter, VEGFR2, blood vessel proliferation and tumor proliferation were obtained for 
tumor rim (area < 500 µm of tumor margin) and center (area > 500 µm of tumor margin). 
Glut-1 and HIF1α staining was scored manually as percentage positive of total tumor tissue 
per slide.  
 
Statistical analysis.  
Data is presented as means ± standard error of the mean (SEM). Statistical analysis was 
performed using the Mann-Whitney U test for unpaired data and the Wilcoxon Matched 
Pairs test for paired data (SPSS, version 14). Tumor growth curves (trends) were analyzed 
using linear regression analyses. All tests were two sided and the significance level was 
taken as ≤ 0.05.   
 
 
Results 
 
Sunitinib reduces tumor growth, but rapid regrowth occurs after discontinuation.  
Sunitinib treatment was evaluated in the A2780 and  Colo205 model, which were chosen for 
their angiogenic profile and constant  growth rate.2,14 In A2780 bearing mice, tumor growth 
diminished after 7 days of daily sunitinib treatment. Tumors in treated animals increased 
123.7 ± 16.0% from baseline, compared with 182.0 ± 18.1% in non-treated animals (Fig. 1A). 
Thereafter sunitinib was withdrawn for 7 days and tumor growth accelerated to 190 ± 
10.8% on day 14. Tumor growth tended to be slower when sunitinib was continued, 
resulting in a tumor volume of 140.0 ± 16.1% at day 14 compared with day 0 (P = 0.067). In 
the Colo205 model, sunitinib induced significant tumor growth stabilization at day 7 after 
daily sunitinib treatment. When sunitinib was withdrawn, tumors showed regrowth, from 
an average volume of 86.6 ± 12.9% on day 7 to 132.9 ± 26.8% on day 14 (P = 0.096), with a 
significant tumor growth curve from zero  (P = 0.0006). 
 
Molecular imaging with 18F-FDG PET and 15O-water PET.  
At baseline, 18F-FDG PET showed a homogeneous tumor uptake in A2780 tumor bearing 
animals (Fig. 1B). Seven days of sunitinib treatment resulted in a 55% homogeneous 
decrease in 18F-FDG uptake compared with non-treated animals. When sunitinib treatment 
was stopped, 18F-FDG uptake on day 14 was slightly higher than on day 7. 15O-water PET in 
A2780 tumors showed a 3-8 fold lower uptake at baseline than well perfused organs such as 
heart and kidneys, resulting in suboptimal tumor visualization (Fig. 1C). Further, 15O-water 
PET tumor uptake at baseline was 15.8% higher in the center compared with the tumor rim. 
By day 7 of sunitinib treatment, tumor uptake tended to decrease in the center compared 
to baseline (-16.8 ± 7.7%), though not significantly (P = 0.11) and no difference between 
tumor rim and center was observed.  
 
Molecular tumor imaging using 89Zr-ranibizumab PET.  
89Zr-ranibizumab was first evaluated in the SKOV-3 model. Within 3 hours pi of 89Zr-
ranibizumab clear tumor visualization was seen (Fig. 2A), with a plateau at 24 h (Fig. 2B).  



 

 
 

 
Figure 1: A. Tumor volumes of A2780 and Colo205 treated tumors. Tumor volumes were normalized to the start of sunitinib treatment. B. Representative 
coronal 

18
F-FDG microPET images of non-treated A2780 bearing mice, following 1 week of sunitinib treatment and after 1 week of sunitinib treatment plus a 

stop week (Non-paired animals are presented) and  
18

F-FDG uptake quantification in control A2780 treated tumors, after 1 week of sunitinib treatment and 
after 1 week of sunitinib treatment plus a stop week. C. Representative fused transversal and coronal 

15
O-water PET/CT image after 1 week sunitinib in A2780 

bearing mice and normalized 
15

O-water PET quantification at baseline and following 1 week of sunitinib. * P < 0.05, ** P < 0.01. Data presented as SEM
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At 24 h, 89Zr-ranibizumab tumor uptake was significantly 2.54 fold higher than 89Zr-Fab-IgG 
(3.96 ± 1.00 %ID/g versus 1.56 ± 0.38 %ID/g, P = 0.034), signifying VEGF-A specificity of 89Zr-
ranibizumab uptake. Increasing doses of unlabeled ranibizumab, blocked tumor uptake of 
89Zr-ranibizumab to the uptake level of 89Zr-Fab-IgG was reached (Fig. 2B). Furthermore, 
organ biodistribution revealed rapid blood clearance of 89Zr-ranibizumab from 8.44 ± 2.19 
%ID/g 1 h pi to 0.38 ± 0.38 %ID/g 24 h pi resulting in tumor/blood ratios higher than 10 
(supplement 3).  
 
Sunitinib decreases 89Zr-ranibizumab tumor uptake, especially in the tumor center, with a 
marked rebound after discontinuation.  
In the next experiments 89Zr-ranibizumab quantification was performed 24 hours pi unless 
otherwise stated. At baseline, 89Zr-ranibizumab uptake was 8.75% lower in the tumor rim 
than in the center (P = 0.05), comparable to findings seen with 15O-water PET. In A2780 
placebo treated mice, 89Zr-ranibizumab (%ID/g) tumor uptake remained constant between 
baseline and 1 week (Δ 8%, P = 0.229). However after 7 days of sunitinib treatment in A2780 
and Colo205 xenografts, there was a  pronounced reduction in 89Zr-ranibizumab tumor 
uptake in the tumor center but minimal effect in the tumor rim, whereas 18F-FDG decreased 
homogeneously (Fig. 2D). In A2780 tumors, 89Zr-ranibizumab uptake decreased by only 19.5 
± 5.1% in the rim, whereas a decrease of 45.4 ± 5.9% was found in the center compared 
with baseline (Fig. 3B). Control experiments with 89Zr-Fab-IgG, showed only a minimal 
decrease in uptake at day 7 following sunitinib treatment in A2780 tumors, indicating 
minimal changes in non-specific uptake of Fab fragments following sunitinib treatment. In 
contrast, decreased 89Zr-ranibizumab uptake was 3.2 fold greater than control 89Zr-Fab-IgG 
experiments (Fig. 3D). Interestingly, in A2780 tumors treated for 14 days, 89Zr-ranibizumab 
uptake in the rim increased 46% at day 14 compared with day 7 (Fig. 3C), while in the center 
the uptake remained low compared to baseline.  
PET scans performed 7 days after stopping sunitinib treatment showed higher 89Zr-
ranibizumab tumor uptake in both models, which exceeded baseline values. In A2780, 89Zr-
ranibizumab tumor rim uptake increased 69.5 ± 18.3% versus 7 days sunitinib, and 34.6 ± 
11.4% (P = 0.056) versus baseline (Fig. 3B). Likewise, uptake in the tumor center increased 
and returned to baseline. Also in Colo205 tumors, 89Zr-ranibizumab uptake in the tumor 
center exceeded baseline values (31.7 ± 9.9%, P = 0.033) 7 days after discontinuation 
(supplement 4 and 5). Control experiments using 89Zr-Fab-IgG showed some enhancement 
in passive tumor uptake, but were 2.83 fold lower than with 89Zr-ranibizumab. 
 
Differential tumor response on 89Zr-ranibizumab-PET scan between tumor rim and center 
corresponds with microscopic changes.  
Histological examination also revealed a differential effect of sunitinib on the tumor rim and 
center. After 7 days of sunitinib treatment, non-affected blood vessels were mainly present 
in the tumor rim. Tumor tissue surrounding these vessels retained a high proliferation rate, 
and low HIF1α and GLUT-1 expression (Fig. 4A). Tumor tissue surrounding affected vessels 
in the center showed a low tumor proliferation rate, high HIF1α and GLUT-1 expression. The 
center contained predominantly vital areas with some areas of necrosis (supplement 7). 
Seven days of sunitinib treatment resulted in a reduction in all vascular markers and  



 

 
 

 
  

Figure 2: A. Representative transversal and coronal microPET images of 
89

Zr-ranibizumab 1, 3, 6 and 24 hours pi in SKOV-3 xenograft. B. Relative tumor uptake 
versus injected protein dose of 

89
Zr-ranibizumab in SKOV-3 xenograft model (dotted line shows 

89
Zr-Fab-IgG tumor uptake) and time distribution curve of 

89
Zr-

ranibizumab uptake in SKOV-3 xenograft model. C. Transversal and coronal microPET image of 
18

F-FDG (1 h pi) and 
89

Zr-ranibizumab (24 hours pi) at baseline in 
A2780 xenograft (paired sample) with clear tumor visualization. D. Following 1 week sunitinib 

18
F-FDG uptake in the tumor decreases homogeneously whereas 

89
Zr-ranibizumab uptake is still high in the tumor rim (paired sample). Tumor indicated by arrow.  
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Figure 3: A. Transversal and coronal microPET images of 

89
Zr-ranibizumab at 24 hours post injection of the 

tracer. High tumor to background ratios clearly visualize a more pronounced reduction in the tumor center 
compared with the tumor rim after 7 day of sunitinib treatment. After 7 days of discontinuation, 

89
Zr-

ranibizumab uptake increases (paired samples). At day 14 of sunitinib treatment, 
89

Zr-ranibizumab uptake 
returns to baseline in the tumor rim while remaining low in the tumor center. B. 

89
Zr-ranibizumab 

quantification of tumor rim and center of mice treated with sunitinib for 1 week at day 7 and following a stop 
week and after 14 days (C) of sunitinib treatment. Individual tumor uptake values are normalized relative to 
baseline. D. Change in average tumor uptake (both rim and center) of 

89
Zr-ranibizumab and 

89
Zr-Fab-IgG after 

7 days of sunitinib and after a stop week in A2780 xenograft model. * P < 0.05, ** P < 0.01. Data presented as 
SEM.  
 
decreased tumor cell proliferation, which was most pronounced in the tumor center 
(supplement 8). Interestingly, at day 14 the tumor blood vessel diameter returned to 
baseline and increased tumor proliferation rate was observed in the tumor rim, which 
coincided with increased VEGF-A staining. Interestingly, no changes in vascular markers or 
tumor and endothelial proliferation were observed in the tumor center compared to day 7.  
After a 7 day drug-free period, all vascular makers recovered and tumor vessel diameter 
even exceeded baseline. In addition, HIF1α and Glut-1 expression decreased while an 
increased VEGF-A expression and tumor proliferation were observed (Fig. 4 and Fig. 5). 
Furthermore, large areas of randomly distributed multiple blood-filled regions (pelioses) 
were present at baseline and after discontinuation in parallel with high endothelial 
proliferation (Fig. 4D). Together these findings indicate rapid tumor revascularization after 
stopping sunitinib, which closely matches in vivo PET findings.     
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Changes in tumor derived human plasma VEGF levels.  
After 7 days of sunitinib treatment, tumor derived human VEGF plasma levels decreased by 
60% (Fig. 5B), while after 14 days of sunitinib treatment there was a 6.61 fold increase 
compared with day 7. After the 7 day drug-free period a 4.79 fold increase was observed. 
 
 
Discussion 
 
This study is the first to investigate the effect of sunitinib treatment and its withdrawal on 
tumor biology using the molecular imaging techniques 89Zr-ranibizumab-PET, 18F-FDG PET 
and, 15O-water PET in human xenograft tumor models.  89Zr-ranibizumab-PET corresponded 
best with findings observed by tumor proliferation and vascularization assays, histology and 
immunohistochemistry. Strikingly, sunitinib treatment caused a clear decline in 89Zr-
ranibizumab-PET signal in the tumor center, with only minimal reduction of uptake in the 
tumor rim, with a pronounced rebound after discontinuation. These findings demonstrate 
that sunitinib treatment effectively inhibits proliferation, neo-vascularization and VEGF 
signaling and secondly that 89Zr-ranibizumab-PET is a valuable molecular imaging technique 
with utility as a biomarker for the determination of intratumoral VEGF status and/or 
angiogenesis.   
Currently MRI and PET imaging, are used to visualize anti-angiogenic treatment effects 
mainly by measuring changes in blood flow and permeability.15-17 Preclinically, MRI 
demonstrated decreased transfer constant Ktrans following anti-VEGF treatment in a 
xenografts model, especially in the tumor center.18 High variability in MRI results during 
follow up of anti-angiogenic treatment hampers the predictive value for individual 
patients.19,20 PET imaging  has a higher sensitivity compared with MRI and allows whole 
body imaging.21,22 In this study, we have demonstrated the utility of 89Zr-ranibizumab-PET as 
a valuable imaging biomarker of the VEGF pathway. Interestingly, if used in patients this PET 
tracer could also provide insight in changes in VEGF levels in normal organs during sunitinib 
treatment, which might influence distant invasion after treatment with sunitinib.3    
Rapid blood clearance of 89Zr-ranibizumab and VEGF driven tissue uptake resulted in high 
tumor to background ratios which enables more rapid tumor follow up with maximal uptake 
of 89Zr-ranibizumab in the tumor within 24 hours post injection compared to 4 days for 89Zr-
bevacizumab. Relatively high kidney uptake of 89Zr-ranibizumab, as seen with other metal 
labeled proteins, is a consequence of glomerular filtration of the tracer followed by tubular 
reabsorption and subsequent lysosomal degradation.23,24 89Zr-ranibizumab binds like 
bevacizumab in vivo to VEGF located on the cell surface and the extra cellular matrix as 
shown by  Stollman et al. using 111In-bevacizumab in VEGF165 and VEGF189 over expressing 
melanoma xenografts.25 Moreover, changes in 89Zr-ranibizumab tumor uptake were 3 fold 
higher compared to control 89Zr-Fab-IgG, indicating VEGF mediated tumor uptake. One of 
our most important findings however, is that 89Zr-ranibizumab tumor uptake can be 
followed dynamically within the tumor at different time points during and after sunitinib 
treatment.  
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Figure 4: A. Representative examples of A2780 illustrating affected and non-affected tumor vessels following 7 
days of sunitinib treatment. Non-affected vessels demonstrate clear vWf staining with low Glut-1 expression, 
high Ki67 staining and low HIF1α expression in the surrounding tumor tissue which is the opposite for affected 
tumor vessels. B. Tumor vessel diameter of tumor rim and center and MVD quantification of the tumor rim 
and center. C. Representative VEGF-A staining. D. Percentage of tumor vessels containing Ki67 positive 
endothelial cells in tumor rim and center. * P < 0.05, ** P < 0.01. Data presented as SEM. 
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89Zr-ranibizumab does not bind to murine VEGF and therefore gives no information about 
the contribution of mouse VEGF to tumor angiogenesis in our xenografts models. However, 
our results corresponded highly with the angiogenic state of the tumors shown by other 
assays, indicating human VEGF to be largely responsible for the angiogenesis effects 
observed. There was a striking difference between tumor rim and center as uptake 
demonstrated with VEGF-PET. In concordance with reduced tumor growth, sunitinib 
treatment resulted in a decrease of angiogenic markers like microvessel density  (MVD), as 
seen in other tumor models,2 vessel diameter, VEGFR2 expression. Further, reduced 
endothelial proliferation and the absence of pelioses showed true inhibition of 
angiogenesis. The inhibition of angiogenesis was also associated with high HIF1α and Glut-1 
expression and decreased Ki67 staining, indicating increased hypoxia and cellular stress and 
reduced tumor cell proliferation. All effects were more pronounced in the center than in the 
tumor rim, as highlighted by 89Zr-ranibizumab-PET. The 89Zr-ranibizumab-PET signal is the 
sum of perfusion of the tracer into the tumor followed by binding to VEGF, it is therefore a 
resultant of changed perfusion, MVD and VEGF expression, reflecting VEGF biodistribution 
and bioavailability and allowing in vivo insight in overall tumor angiogenesis.  
VEGF-A staining was performed with an antibody which binds to human all VEGF-A isoforms 
and to a lesser extent to murine VEGF. The VEGF-A expression, was less intense in the 
center although we had expected an increase as a result of hypoxia caused by VEGFR 
inhibition. When we analyzed the plasma level of tumor derived human VEGF in these mice, 
we observed an initial decrease after 7 days of sunitinib treatment, which matches the 
results assessed with 89Zr-ranibizumab-PET and underlines the striking finding of initial drop 
in VEGF expression by tumor cells during sunitinib treatment that has not been reported 
before. A potential explanation for the initial decrease of VEGF could be an off target effect 
of sunitinib. Apart from blocking VEGFR signaling, sunitinib binds over seventy other 
kinases.26 For instance, it inhibits STAT3, an activator of VEGF transcription, which could 
explain the initial VEGF reduction.27,28 Ebos et al. measured already elevated human plasma 
VEGF levels after 1 week sunitinib treatment in a PC-3 xenograft model.13 We however 
observed just after 2 weeks of sunitinib an enhanced VEGF-PET signal in the tumor rim, 
which corresponded microscopically with more intense VEGF-A staining, a raise in blood 
vessel diameter, tumor cell proliferation and raise in plasma VEGF levels. These results 
suggest transient anti-tumor effects as well as dynamic changes in the VEGF pathway 
resulting in tumor adaptation to sunitinib treatment. These data are in concordance with 
vessel normalization already 8 days following initiation of the pan-VEGFR-TKI cediranib in a 
glioblastoma model.19,29 These results demonstrate the need for non-invasive follow up in 
continuous as well as intermittent dosing schedules in the clinic to understand the effect of 
antiangiogenic treatment.  
An explanation for the differences observed between the tumor rim and center might be 
that tumor cells located at the tumor rim are likely not only dependent on tumor blood 
vessels, but also benefit from adjacent peritumoral blood vessels. Indeed, we did not 
observe changes in peritumoral blood vessels during sunitinib (supplement 6), while others  
even observed  a large increase in peritumoral blood vessel diameter following cediranib in 
their glioblastoma model.19 Taken together, our findings emphasize that differences exist in 
response to anti-angiogenic therapy among tumor areas.  
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Figure 5: A. VEGFR2 staining in the tumor rim and center. B. Human VEGF plasma levels of sacrificed A2780 
bearing animals. C. Tumor proliferation rate at the tumor rim and center. After 7 days of sunitinib overall 
tumor proliferation decreases, though it remains high at the rim. D. Tumor HIF1α expression is high after 1 
and 2 weeks of sunitinib treatment. After the stop week, HIF1α decreases towards baseline.  * P < 0.05, ** P < 
0.01. Data presented as SEM. 
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The interest for biological processes occurring at the edge of the tumor is also attracted by 
the phenomenon of epithelial mesenchymal transition (EMT) in tumors. EMT contributes to 
tumor progression and enhances the metastatic potential of tumor cells. It has been 
proposed that induction of hypoxia is one of the instigators.3,30,31 Indeed, sunitinib has 
showed to increase invasiveness at the tumor boundary and enhanced the forming of 
metastases.3 VEGF-PET enables non-invasive follow up of this process in the primary tumor 
as well as in all metastatic lesions.  
The strong rebound in 89Zr-ranibizumab-PET signal and rapid tumor regrowth after sunitinib 
discontinuation reflects what is seen in the clinic. Indeed, comparably to our findings pre-
clinical immunohistochemical analyses have demonstrated rapid revascularization after 
stopping the VEGFR-TKI AG-013736.32 Moreover, regrowth of lymph node metastases and 
flare up of clinical symptoms have been reported during the sunitinib free period or rapidly 
after discontinuation.33,34  
In our study, the clinically most frequently used tracer 18F-FDG did not reflect intratumoral 
differences or rapid tumor revascularization and regrowth after stopping sunitinib. 
Furthermore, the homogeneous reduction in 18F-FDG uptake did not correspond with the 
vitality seen with bioluminescence imaging and histology. In addition, no differences between 
tumor rim and center were observed in the present study with 15O-water after sunitinib 
despite the clinical feasibility of 15O-water PET to assess baseline tumor perfusion status.35 
15O-water PET performance is partly hampered by a relative low tumor perfusion compared 
to well perfused organs. For example, in patients 2-fold lower perfusion rates were found in 
primary renal cell cancers versus normal kidneys.36 
The newly developed VEGF tracer can be clinically used and translate preclinical findings. 
Recently the first clinical trials have been initiated to visualize VEGF. 111In-bevacizumab 
visualized all known melanoma lesions in a feasibility study, even very small (1 cm) lesions.37  
At this moment serial 89Zr-bevacizumab VEGF-PET scans are performed to study the role of 
these scans during anti-angiogenic treatment in renal cell carcinoma patients.38 When more 
rapid insight in the dynamic changes in VEGF response in the tumors is required at shorter 
intervals 89Zr-ranibizumab offers an additional investigative opportunity.  
In conclusion, 89Zr-ranibizumab-PET allows non-invasive dynamic and spatial in-vivo 
visualization and quantification of VEGF signaling. 89Zr-ranibizumab-PET therefore has 
potential use for preclinical and clinical follow-up, guidance of new treatment strategies, 
optimal dose finding and exploration of drug combinations, to increase the benefit of anti-
angiogenic therapies.   
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Legends to the supplements 
 
Supplement 1 MTT survival assay of A2780 and Colo205 tumor cells after 4 days of sunitinib 
incubation. In vitro no cytotoxicity occurred at sunitinib levels (0-5,000 nM) which are 
relevant plasma levels in mice. Data presented as SEM. 
 
Supplement 2 Percentage of binding of 89Zr-ranibizumab towards VEGF165 ELISA with 
increasing concentrations of unlabeled ranibizumab (range 0-99.9%). 
 
Supplement 3 Ex vivo biodistribution of 89Zr-ranibizumab at 1, 3, 6 and 24h post injection in 
SKOV-3 xenograft model. Data presented as SEM. 
 
Supplement 4 Transversal and coronal microPET images of 89Zr-ranibizumab at baseline, 
following 1 week of sunitinib treatment and after 1 stop week. After 1 week of sunitinib 
treatment 89Zr-ranibizumab uptake decreases, mainly in the center of the tumor. After 1 
week of discontinuation, 89Zr-ranibizumab uptake increases. 
 
Supplement 5 89Zr-ranibizumab quantification or tumor rim and center of Colo205 mice 
treated with sunitinib for 1 week at day 7 and following a stop week. 
 
Supplement 6 A. Whole tumor Glut-1 expression. B. Representative examples of blood 
vessel distribution in the tumor. C. Peritumoral stromal blood vessels adjacent to the tumor 
rim and stromal blood vessel diameter. D. Example of pelioses, randomly distributed red 
blood cells throughout the tumor at baseline and after stopping sunitinib. 
 
Supplement 7 A. Percentage necrosis of A2780 tumors at baseline, following 1 week of 
sunitinib treatment, after 1 stop week and after 2 weeks of sunitinib treatment. Individual 
tumor uptake values are normalized relative to baseline. B. Representative HE staining at 
baseline, following 1 week of sunitinib treatment, after 1 stop week and after 2 weeks of 
sunitinib treatment. 
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Abstract 
 
Purpose: Patients with von Hippel-Lindau (VHL) disease are at risk to develop benign and 
malignant vascular tumors. Local vascular endothelial growth factor (VEGF)-A production is 
supposed to play an important role in development of disease manifestations and is a 
treatment target for antiangiogenic therapy. The monoclonal antibody bevacizumab binds 
VEGF-A. We aimed to assess whether VHL-associated lesions can be visualized with 89Zr-
bevacizumab positron emission tomography (PET) and to explore whether 89Zr-bevacizumab 
PET can differentiate progressive lesions from non-progressive lesions.  
Methods: Adult VHL patients with ≥ 1 measurable hemangioblastoma were eligible. 89Zr-
bevacizumab, 37 MBq, was injected 4 days before the PET scan. Maximum standardized 
uptake values (SUVmax) were calculated. PET scans were fused with routine MRI of the 
central nervous system and abdominal MRI or CT. Progressive lesions were defined as new 
lesions, lesions that became symptomatic and lesions ≥ 10 mm that increased ≥ 10% and ≥ 4 
mm on repeat anatomic imaging within 12 months.  
Results: Twenty-two patients were enrolled. 89Zr-bevacizumab PET visualized 59 VHL 
manifestations, 0-17 per patient, with a median SUVmax of 8.5 (range 1.3 – 35.8). Detection 
rate for lesions ≥ 10 mm was 30.8%. Seven additional hotspots without substrate on 
baseline anatomic imaging were found, 2 were also detected with anatomic imaging during 
follow-up. Nine out of 25 progressive lesions were visible on PET (SUVmax 0.9-8.9). 
Conclusion: VHL lesions can be visualized with 89Zr-bevacizumab PET with a striking 
heterogeneity in tracer accumulation. 89Zr-bevacizumab uptake does not predict 
progression within 12 months. 
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Introduction  
 
Von Hippel-Lindau (VHL) disease is an autosomal dominant inherited tumor syndrome 
caused by an inactivating germ line mutation in the VHL gene, located on chromosome 
3p25. The estimated prevalence is 2-3 per 100,000 persons.1,2 Inactivation or loss of the 
wild type VHL allele results in disease manifestations. Lack of functional VHL protein (pVHL) 
induces intracellular accumulation of the transcription factor hypoxia inducible factor 1 
alpha (HIF1α) which activates cellular survival strategies for hypoxic circumstances. This 
leads to switching on angiogenesis via production of pro-angiogenic growth factors 
including vascular endothelial growth factor A (VEGF-A). VHL disease manifestations consist 
of hemangioblastomas of the central nervous system (CNS), retinal angiomas, renal cell 
carcinomas (RCC), pancreatic neuroendocrine tumors (pNET), pheochromocytomas, 
endolymphatic sac tumors of the middle ear, and cysts in kidneys, pancreas, epididymis and 
broad ligament. VHL mutation carriers often develop multiple disease manifestations that 
can severely affect quality of life. Moreover, VHL patients have a shorter life expectancy 
compared to the general population, with metastatic RCC as the leading cause of death.3,4  
Guidelines for screening and surveillance of existing lesions advice frequent imaging, ocular 
examination, and blood and urine examination.5,6 There is however currently no tool that 
predicts the behavior of a disease manifestation. Hemangioblastomas are often dormant for 
years but can suddenly start growing.7   
Local concentrations of the key growth factor VEGF-A in VHL, may provide predictive 
information on biological behavior of VHL-associated lesions and provide information on 
the presence of a drug target. We developed the positron emission tomography (PET) tracer 
89Zr-bevacizumab that binds VEGF-A and enables noninvasive whole body imaging and 
quantification. In patients with sporadic metastatic RCC, 89Zr-bevacizumab PET visualized 
tumor lesions including brain metastases, illustrating that the radioactive tracer can cross 
the blood brain barrier.8  
The aim of the present feasibility study was to assess whether VHL-associated lesions can be 
visualized with 89Zr-bevacizumab PET and whether 89Zr-bevacizumab PET can differentiate 
progressive lesions from non-progressive lesions.  

 

Materials & Methods 
 
Patients 
Eligibility criteria included genetically proven VHL disease or clinically proven VHL5 with a 1st 
grade family member with genetically confirmed VHL, age ≥ 18 years, participation in a 
surveillance program with routine anatomic imaging5,6 and at least one measurable lesion 
located in the CNS. Pregnant patients were excluded. Treatment for VHL manifestations was 
recorded up to 12 months after 89Zr-bevacizumab PET imaging. The study was approved by 
the institutional review board and registered under http://www.clinicaltrials.gov (identifier: 
NCT00970970). All patients gave written informed consent.  
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89Zr-bevacizumab PET  
Conjugation and labeling of bevacizumab (25 mg/mL, Roche) with 89Zr was performed as 
described earlier.9-11 Whole-body PET imagies were acquired on a Siemens Biograph mCT 
(PET/CT 64 slices) from the upper legs to the head in 6-8 bed positions of 5 minutes 
acquisition time each and a final reconstruction resolution of ~10 mm. The first 3 patients 
underwent PET scans after 1 hr, and 2 and 4 days after the IV administration of 89Zr-
bevacizumab (37 MBq, protein dose of 5 mg). The optimal scan timing with the highest 
lesion-to-background ratio was day 4 (Supplementary Fig 1). The next patients therefore 
underwent PET scanning 4 days after 89Zr-bevacizumab administration. 
 
Standard screening and surveillance 
Patients underwent MRI of the CNS within 6 weeks prior to 89Zr-bevacizumab PET, and 
abdominal CT or MRI 3 months before till 3 months after 89Zr-bevacizumab PET. Follow-up 
anatomic imaging was carried out within 12 months of initial surveillance. MRI scans were 
performed with a 1.5 Tesla scanner in T1 and T2-weighted sequences, with and without 
intravenously (IV) administration of gadolinium-containing contrast agent. The 
reconstruction interval varied between 1 and 5 mm for CNS imaging and between 1.5 and 5 
mm for abdominal imaging. CT scans were performed with a multidetector scanner, before 
and after IV administration of iodine-containing contrast agent and a maximum slice 
thickness of 5.0 mm. CNS and abdominal imaging were centrally reviewed by two 
radiologists (JS, and AHHB). Morphological aspect (cystic, solid, mixed) and maximal lesion 
diameters in transversal planes were recorded.  
 
Imaging analysis 
The 89Zr-bevacizumab PET scans were compared with baseline MRI and/or CT scans in order 
to verify substrate for 89Zr-bevacizumab PET-positive lesions. Tracer uptake was quantified 
in VHL-associated lesions and healthy organs with AMIDE Medical Image Data Examiner 
software (version 0.9.1, Stanford University) by drawing 3D regions of interest.12 Mean and 
maximum standardized uptake values (SUVmean and SUVmax) were calculated for healthy 
organs and VHL manifestations visualized on PET. Given the resolution of 89Zr-bevacizumab 
PET, we did a sub-analysis of lesions ≥ 10 mm. 
For all lesions visualized on baseline CT/MRI except simple renal and pancreatic cysts, 
progression was recorded and compared with 89Zr-bevacizumab PET data. As a definition of 
progression for VHL manifestations and information on variability of measurements on 
repeat imaging is lacking, we took a conservative approach based on variability of lung 
tumor measurements on CT.13 We considered lesions with a longest diameter of ≥ 10 mm 
that increased ≥ 10% and an absolute growth of ≥4 mm progressive, as well as new lesions 
visualized on the follow-up scan and lesions that became symptomatic.  
 
Plasma VEGF-A 
VEGF-A levels were determined in plasma samples obtained immediately before 89Zr-
bevacizumab administration with the Quantikine enzyme-linked immunosorbent assay kit 
(R&D Systems, Minneapolis, MN). Plasma VEGF-A was compared with 89Zr-bevacizumab PET 
results.   
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Statistical analysis  
The primary endpoint was the detection rate of 89Zr-bevacizumab PET for VHL-associated 
lesions. Spearman rank correlations served to calculate correlations. For comparison of 
unpaired data the Mann-Whitney test and for paired data the Wilcoxon signed rank test 
was used. A P value <.05 was considered statistically significant. 
 

     Table 1. Patient characteristics 
 

 Total population (n = 22) 

Characteristic No % 
 

Sex   
   Male 13   59 
   Female   9   41 
Age, years   
   Median             42  
   Range 23 – 66  
Mutation   
   c.-89-?_c.297+?del 10   45 
   c.500G>A       5   23 
   c.509T>A       3   14 
   c.490C>T   1     5 
   c.340+1G>A   1     5 
   c.241C>T   1     5 
   IVS1-59del46 (unclassified variant)   1     5 
History   
   Hemangioblastoma 22 100 
   Retinal angioma 15   68 
   Renal cell carcinoma   8   36 
   Pancreatic NET   5   23 
   Pheochromocytoma   4   18 
Prior treatment  patients (procedures)   
   Craniotomy 12 (28)   55 
   Spinal cord hemangioblastoma embolization   2   (2)     9 
   Retinal laser/cryotherapy 14 (19)   64 
   (Partial) nephrectomy   8 (13)   36 
   Adrenalectomy   4   (7)   18 
   (Partial) pancreatectomy   2   (2)     9 
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Results 

Patient characteristics  
Between November 2009 and April 2012, 22 patients were included, 13 male and 9 female 
patients with a median age of 42 years (range 23-66), for additional patient characteristics 
see Table 1.  
 
Routine anatomic imaging 
In total 311 VHL associated lesions other than simple renal and pancreatic cysts were 
identified on baseline MRI and CT with a median of 7 per patient (range 1-102). In the CNS 
170 lesions were detected, for details see Table 2. In total, 139 lesions were ≥ 10 mm. 
Furthermore, 130 simple cysts ≥ 5 mm were detected in the kidneys (range 0-46 per 
patient) and 126 in the pancreas (range 0-30).  
 
89Zr-bevacizumab PET 
89Zr-bevacizumab PET visualized 59 VHL-associated lesions, median 1 (range 0-17) per 
patient. In Fig 1 arepresentative patient is shown. Location of lesions detected with PET is 
summarized in Table 2. The PET scan demonstrated 7 additional hotspots without substrate 
on anatomic imaging, 3 in the kidney, 1 in the shoulder, 1 in the eye, 1 in the cerebellum 
and 1 in an adrenal gland. The last 2 lesions however, were detected also during follow-up 
on anatomic imaging. The smallest lesion detected on the PET scan was a 
hemangioblastoma measuring 4.0 mm on MRI. Out of 139 VHL manifestations ≥ 10 mm, 44 
(30.8%) were visualized with 89Zr-bevacizumab PET. In Fig 2, SUVmax and the proportion of 
PET positive lesions ≥ 10 mm are shown for the different germline mutations. Of the 59 PET 
positive VHL manifestations, 50 had a solid, 6 a cystic and 2 a mixed appearance on 
anatomic imaging, and 1 lesion could not be classified. No 89Zr-bevacizumab accumulation 
in simple renal and pancreatic cysts was demonstrated; 33 simple renal cysts appeared as 
cold spots. 
Quantification of 89Zr-bevacizumab distribution revealed a strong correlation between 
SUVmax and SUVmean for normal organs (r = .99, P < .01) and VHL lesions (r = .97, P < .01, 
Supplementary Fig 2). SUVmax is less operator dependent and therefore reported. Normal 
organ distribution of 89Zr-bevacizumab was similar as for patients with neuroendocrine 
tumors and as reported for other antibody tracers14,16 representing normal antibody 
distribution with relatively high uptake in the liver and the heart, the latter reflecting the 
blood pool, intermediate uptake in kidney and spleen and low uptake in lung, bone, muscle 
and brain (Fig 3A).  Median SUVmax of VHL manifestations was 8.5 (range 1.3 – 35.8) with 
higher tracer uptake in kidney lesions (n = 12, median SUVmax 22.2, range 6.6 – 35.8) than 
in CNS lesions (n = 24, median SUVmax 4.5, range 1.3 – 8.9, P <.0001, Fig 3B).  
 
Progressive lesions 
Repeat abdominal imaging was available in 19 patients at a median of 349 days after 
baseline (range 196-642), and CNS imaging in 20 patients at a median of 319 days after 
baseline (range 90-540). Two hundred lesions were evaluable for progression, of which 25  
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Figure 1:  A. 
89

Zr-bevacizumab PET scan of patient 4, demonstrating normal antibody distribution with tracer 
uptake in the blood pool and in the liver, and also uptake in a hemangioblastoma in the cerebellum (SUVmax 
8.3) and in 6 solid kidney lesions (SUVmax 6.6 – 27.6).  B. Hemangioblastoma visualized by 

89
Zr-bevacizumab 

PET, MRI and the fusion image. C. Kidney lesions visualized by 
89

Zr-bevacizumab PET, MRI and the fusion 
image. 

 
 
 

Figure 2: A. Number of PET positive VHL manifestations ≥ 10 mm according to germline mutation. B. SUVmax 

for all PET positive VHL manifestations according to germline mutation:  1 = c.-89-?_c.297+?del, 2 = c.500G>A, 

3 = c.490C>T, 4 = c.509T>A, 5 = c.340+1G>A, 6 = c.241C>T, 7 = IVS1-59del46. 
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(21 hemangioblastomas and 4 RCCs) were progressive.  89Zr-bevacizumab PET visualized 9 
out of 25 (36%) progressive lesions and 27 out of 175 non-progressive lesions (15%), 
resulting in a positive predictive value (PPV) of 25% and a negative predictive value (NPV) of 
90%.When limiting the analysis to lesions ≥ 10 mm at baseline, 7 out of 15 (43%) 
progressive lesions and 17 out of 35 (49%) non-progressive lesions were detected with PET, 
corresponding to a PPV of 29% and a NPV of 69%. Progressive and non-progressive lesions 
had a similar SUVmax (median 4.8, range 0.9 – 8.9 versus 6.7, range 1.3 – 35.8, P = .14). 
 
 

 
 

Figure 3: A. Quantification (median with range) of 
89

Zr-bevacizumab distribution in 22 VHL patients in normal 
organs and in 59 VHL manifestations. B. Quantification of of 

89
Zr-bevacizumab uptake in VHL manifestations 

according to localization. 

 
Treatment  
In the first year of follow-up, 8 patients were actively treated for VHL disease 
manifestations, 6 with surgery and 2 with systemic treatment, and 6 patients had 
asymptomatic progressive hemangioblastomas for which surveillance was intensified (Table 
3). Two patients received bevacizumab treatment, one for metastatic RCC and one for 
progressive hemangioblastomas without local treatment options. In the first patient 89Zr-
bevacizumab RCC uptake was similar to surrounding normal tissue, she died within 2 
months of progressive disease. The second patient had intense 89Zr-bevacizumab uptake in 
hemangioblastomas and has continuing benefit after 27 months of treatment. These 
patients are described in more detail in the Data Supplement. 
 
Plasma VEGF-A  
Baseline plasma VEGF-A levels were available for all, and follow-up levels for 14 out of 22 

patients. Median plasma VEGF-A was 23.9 pg/mL (range: undetectable – 123.0) at baseline 

and 32.1 pg/mL (range: undetectable – 259.7) at follow-up.



 

 
 

Table 2:    VHL manifestations at routine imaging and 89Zr-bevacizumab PET per patient 
 
Patient Sex (F/M),  

age (years) 
VHL manifestationsa at  
baseline anatomic imaging (N) 

MRI/CT 
Lesions  

≥ 10 mm 

PET   
Lesions  

SUVmax 
Range 

1 M 57  CNS (5), pancreas (2)     2  2 4.8 - 6.0 
2 F 23 CNS (1)     1  0  
3 M 31 CNS (8), kidney (1), epididymisb (1)     3  1 12.2 
4 M 61 CNS (4), kidney (8), pancreas (1)   10  7 6.6 - 27.6 
5 F 61 CNS (13), kidney (3), pancreas (1)     9  8 2.4 - 28.3 
6 M 62 CNS (3), pancreas (2)     3  1 6.7 
7 F 36 CNS (19), pancreas (2)     3  3 1.3 - 2.8 
8 F 29 CNS (10), pancreas (1)     2  1 1.4 
9 M 33 CNS (2), pancreas (2)     1  1 4.3 
10 F 48 CNS (9), kidney (4), pancreas (1)     5  1 1.6 
11 F 29 CNS (7)     1  1 4.8 
12 F 38 CNS (4), pancreas (1), adrenal gland (1)     1  2 4.1 - 6.4 
13 M 63 CNS (4), kidney (4), pancreas (1)     3  0  
14 F 46 CNS (1), pancreas (1)     1  0  
15 F 60 CNS (1), pancreas (1), liver (100), bonec (1)   81 18 5.7 - 15.4 
16 M 26 CNS (3)     1  0  
17 M 32 CNS (8), kidney (2), pancreas (1)     3  3 4.3 - 35.8 
18 M 31 CNS (7)     0  0  
19 M 50 CNS (55), epididymisb (1)     5  7 2.7 – 9.0 
20 M 46 CNS (1)     1   0  
21 M 66 CNS (4)     2  2 3.4 - 5.7 
22 M 35 CNS (1), kidney (1)     1  1 26.6 
M=male, F=female, CNS=central nervous system, NA=not available 
a
  excluding simple cysts, 

b
 demonstrated on ultrasound, 

c 
 demonstrated on 

11
C- hydroxytryptophan (HTP) PET
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No correlation was found between baseline plasma VEGF-A and the total number of VHL 
manifestations, the number of PET positive lesions, SUVmax or mean SUVmax. Furthermore, 
baseline and delta plasma VEGF-A did not differ between patients with progressive lesions 
and patients without. 
 
 
 
Table 3:    Treatment in the year after 89Zr-bevacizumab PET 
 

Patient Sex(F/M), 
age (years) 

Progressive lesions Action 

1 M 57  Symptomatic HB       Craniotomy, resection 
2 F 23 None Surveillance 
3 M 31 Symptomatic HB    Laminectomy, 

resection 
4 M 61 Symptomatic HB  Craniotomy, resection 
5 F 61a Multiple symptomatic inoperable HB  Bevacizumab/IFNα 
6 M 62 2 new asymptomatic HB Surveillance 
7 F 36 3 new asymptomatic HB Surveillance 
8 F 29 Symptomatic HB   Craniotomy, resection 
9 M 33 None Surveillance 
10 F 48a Recurrent multifocal RCC 

Metastatic RCC   
Resection      
Bevacizumab/IFNα 

11 F 29 Growing asymptomatic HB Surveillance 
12 F 38 None Surveillance 
13 M 63 1 new asymptomatic HB Surveillance 
14 F 46 None Surveillance 
15 F 60 Metastatic pNET, progression not 

assessed 
Everolimus 

16 M 26 Growing asymptomatic HB Surveillance 
17 M 32 None Surveillance 
18 M 31 1 new asymptomatic HB Surveillance 
19 M 50 None Surveillance 
20 M 46 Symptomatic HB Laminectomy, 

resection 
21 M 66 None Surveillance 
22 M 35 None Surveillance 
M=male, F=female, HB=hemangioblastoma, IFNα=interferon alpha, RCC=renal cell carcinoma, 
pNET=pancreatic neuroendocrine tumor, NA=not available. 
a 

Detailed case report in Data Supplement. 
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Discussion 
 
This is the first study demonstrating that malignant and non-malignant manifestations of 
VHL disease can be visualized with 89Zr-bevacizumab PET. The detection rate for lesions ≥ 10 
mm was 30.8%, indicating that in one third of the lesions the drug target VEGF-A is available 
and accessible. Despite the monogenetic pathogenesis, profound heterogeneity in tracer 
uptake by the lesions between and within patients was demonstrated which is partly 
determined by the type of manifestation. 89Zr-bevacizumab PET did not identify lesions that 
progressed within the next year, nor did plasma VEGF-A levels. 
Abundant VEGF expression has been demonstrated by in situ hybridization and 
immunohistochemistry in a variety of VHL-associated lesions, including hemangioblastoma, 
retinal angioma, and RCC.17-25 In contrast, VEGF mRNA was not detectable in normal brain,18 
and was 3-13 times lower in normal kidney than in RCC.23 This corresponds with our imaging 
data that show virtually no 89Zr-bevacizumab accumulation in normal brain, intermediate 
uptake in normal kidney and high uptake compared to normal surrounding tissue in one 
third of disease manifestations. We did not perform biopsies to correlate imaging results 
with tissue VEGF-A concentration in the present study. However, in previous imaging 
studies with radiolabeled bevacizumab in 9 melanoma patients and 23 breast cancer 
patients, tumor tracer uptake correlated with tumor VEGF-A measurement by 
immunohistochemistry and enzyme-linked immunosorbent assay (ELISA) respectively11,26 
although in 5 RCC patients no correlation was found between 111In-bevacizumab uptake and 
VEGF-A concentration within primary tumors.27 
VHL disease is clinically divided in type 1 (absence of pheochromocytoma) and type 2 (high 
risk of pheochromocytoma) and type 2 is further subdivided according to risk of RCC (2A: 
low, 2B: high, and 2C: pheochromocytoma only).  Correlation between phenotype and 
genotype is complex; about 200 different germline mutations have been identified.28 Type 1 
appears to result from mutations that disrupt HIF1α degradation whereas in type 2 disease 
HIF1α regulation by pVHL is partly preserved.28 Therefore, VEGF-A overexpression is 
probably much more pronounced and important for pathogenesis in type 1 disease then in 
type 2 disease and could explain heterogeneity of 89Zr-bevacizumab PET results between 
patients. Although the numbers of lesions are too small to draw conclusions, our results do 
not suggest important differences in the rate of PET positive lesions or in SUVmax for the 
different germline mutations. Moreover, the capacity to target HIF for degradation and the 
degree of VEGF-A overexpression in a single disease manifestation is most likely a resultant 
of the type of the germline mutation and the second hit. The second hit differs across 
lesions, as has been demonstrated by analysis of deletion size in 16 disease manifestations 
of a single patient,29 which could explain the intrapatient heterogeneity in 89Zr-bevacizumab 
uptake that we found. pVHL also has HIF-independent functions such as stabilization of 
microtubules, regulation of apoptosis, regulation of extracellular matrix assembly and 
maintenance of primary cilium. Loss of HIF-independent functions probably contributes to 
the development of disease manifestations.28 Furthermore, additional mutations are 
involved in specific manifestations, as demonstrated by loss of chromosome 11 in 31 out of 
36 VHL associated pheochromocytomas but in none of 7 VHL related hemangioblastomas, 
contributing to genomic intrapatient heterogeneity of VHL lesions.30 In sporadic clear cell 
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RCC, which is also characterized by VHL loss, additional mutations frequently exist.31,32 In 
depth analysis of multiple tumor samples from 4 sporadic RCC patients also revealed 
striking mutational heterogeneity and a pattern of branched evolution.33 
 We found no difference in 89Zr-bevacizumab accumulation between progressive and non-
progressive disease manifestations ≥ 10 mm. This contrasts with a small study of retinal 
angiomas of 3 VHL patients where the highest VEGF mRNA level was found in the patient 
with the most active disease.34 Also in 50 patients with sporadic clear cell RCC who 
underwent nephrectomy, cytoplasmic VEGF expression correlated with tumor progression 
and tumor grade.35  
Simple cysts in kidneys and pancreatic glands did not take up 89Zr-bevacizumab. Higher 
VEGF concentrations were detected in the fluid of 2 renal cysts then in serum of 1 VHL 
patient.36 Promotion of cyst formation may however be more dependent on loss of 
maintenance of the primary cilium than on activation of the VEGF pathway.37  
We did not find a relation between plasma VEGF-A levels and PET imaging results. Also the 
number of lesions and presence of symptomatic or growing lesions was not related with 
plasma VEGF-A. This is in line with lack of a correlation between serum VEGF measurements 
and disease manifestations in 15 VHL patients, and the fact that serum VEGF did not differ 
significantly between VHL patients and healthy controls.36 This may be explained by 
different VEGF-A splice variants in the circulation compared to the microenvironment of 
disease manifestations. The small variants, consisting of 121 and 165 amino acids (VEGF121 
and VEGF165) are freely diffusible whereas the large variants VEGF189 and VEGF206 are bound 
to the extracellular matrix.38 Imaging with 89Zr-bevacizumab, which binds to all splice 
variants, therefore potentially better reflects biology of disease manifestations than 
circulating VEGF-A. 
VHL patients receive local treatment for symptomatic disease manifestations and lesions 
that pose a threat to functioning or have metastatic potential. Systemic treatment has been 
used as salvage strategy for unresectable or multiple progressive hemangioblastomas with 
high risk of severe morbidity from local treatment. There is no evidence based systemic 
therapy available but case reports, case series and small studies have been reported for 
antiangiogenic treatment with bevacizumab, thalidomide as well as the tyrosine kinase 
inhibitors semaxanib and sunitinib.39-48 Study results for vatalanib and for bevacizumab are 
awaited (www.clinicaltrials.gov identifiers: NTC00052013 and NTC01015300). 
Antiangiogenic therapy has resulted in improvement of symptoms, prolonged periods of 
disease stabilization, but rarely induces volume responses in hemangioblastomas. We 
treated two VHL patients with bevacizumab plus IFNα after participation in this imaging 
study. One patient, who received it for metastatic RCC and hardly showed 89Zr-bevacizumab 
accumulation in the tumor, did not respond and died of rapidly progressive disease after 2 
months. The other patient was treated for multiple progressive unresectable 
hemangioblastomas with intense uptake on the PET scan. She experienced prolonged 
symptomatic improvement, and a decrease in hemangioblastoma size. These cases suggest 
that 89Zr-bevacizumab PET might offer a tool to select patients for anti-VEGF therapy, but 
this needs further evaluation in future studies. 
In conclusion, 89Zr-bevacizumab PET can visualize different VHL manifestations but does not 
predict the behavior of a lesion. Striking heterogeneity between and within patients was 
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found which may reflect different biology and might predict sensitivity to antiangiogenic 
treatment. 
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Data Supplement  
 
Case Reports 
Patient A, a 48-year-old female patient with a c.500G>A mutation, had at trial entry a 
history of resected bilateral pheochromocytoma, treatment of retinal angioma, a resected 
cerebellar hemangioblastoma, a partial left nephrectomy for RCC and 4 progressive solid 
lesions growing from the left kidney remnant. Baseline MRI scans showed 14 VHL 
manifestations (5 ≥ 10 mm): 9 CNS lesions, 4 solid lesions from the left kidney and 1 solid 
pancreatic mass. Of these, only one cerebellar hemangioblastoma < 5 mm with a SUVmax of 
1.6 was visible on 89Zr-bevacizumab PET. The PET scan also demonstrated a hotspot in the 
right kidney but on MRI no substrate was found (Supplementary Fig 3A). The PET scan did 
not show focally increased uptake in recurrent RCC lesions from the left kidney remnant. 
Four weeks after the PET scan, a radical left tumor nephrectomy with a partial colon 
resection because of RCC infiltration was performed. Six months later she presented with 
extensive local recurrence, ascites and liver metastases. She started standard RCC 
treatment with bevacizumab 10 mg/kg intravenously every 2 weeks plus INFα 3 times per 
week subcutaneously at a starting dose of 3 million units with the aim to increase the dose 
to 9 million units 3 times per week if tolerated. The patient died 2 months later of 
progressive RCC. 
 
Patient B, a 61-year-old female patient with also a c.500G>A mutation, entered the trial 
with a history of bilateral retinal angiomas, 5 craniotomies for resection of 
hemangioblastomas, embolisation of a cervical spine hemangioblastoma, a radical left 
nephrectomy for RCC, a partial right nephrectomy and radiofrequency ablation for 
recurrent RCC. She suffered from ataxia, disturbed balance and diplopia. Baseline MRI scans 
revealed 13 CNS lesions (8 intracranial, 2 cervical, 2 thoracic and 1 optic nerve localization), 
3 solid kidney lesions, and 1 pancreatic lesion suspect for pNET. Nine lesions were ≥ 10 mm, 
8 lesions were visible on PET, with a median SUVmax of 7.5 (range 2.4 – 28.3) including 5 
CNS lesions (Supplementary Fig 3B). Five months after the 89Zr-bevacizumab PET scan, her 
condition deteriorated with dysartria and dysphagia and severe neuropathic pain in the 
neck, shoulders and arms. Progression of hemangioblastomas in the cerebellum, brain stem 
and cervical spine was demonstrated on MRI. Surgical or endovascular treatment was not 
possible, radiosurgery was deemed too dangerous because of the risk of transient increase 
in vascular permeability and edema. The patient  received treatment with bevacizumab plus 
INFα according to the standard regimen for RCC. Two weeks after the first bevacizumab 
dose, neuropathic pain had resolved completely. INFα was stopped after 8 weeks because 
of anorexia. Walking and speech improved a little over months. The MRI scan after 3 
months of treatment showed a decrease in size of the hemangioblastomas in cerebellum 
and brain stem (Supplementary Fig 4) and of the kidney mass, whereas other lesions were 
unchanged. After 8 months of treatment she developed hydrocephalus because of growth 
of a cystic component of the cerebellar hemangioblastoma. An endoscopic third 
ventriculostomy was performed and bevacizumab was continued. Currently the patient  has 
received 27 months bevacizumab treatment with clinical and radiological stable disease.
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Supplementary Figure 1: Median SUVmax with range of VHL-associated lesions and normal organs on serial 
PET scans of 3 VHL patients 1 hour, 2 days and 4 days after 

89
Zr-bevacizumab injection. 

 

 

Supplementary Figure 2: A. Correlation between SUVmean and SUVmax for VHL manifestations.  
B. Correlation between SUVmean and SUVmax for normal organs.  
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Supplementary Figure 3: A. PET scan of patient A demonstrating a hotspot in the right kidney (no substrate on 
MRI) but no uptake above background in 4 RCCs localizations in the left kidney region. B. PET scan of patient B 
showing tracer uptake in hemangioblastomas and right kidney.   

 
 
 

 
 
 
Supplementary Figure 4: A. PET scan of patient B demonstrating hemangioblastomas in the cerebellum and 
brain stem. B. MRI scan before bevacizumab treatment. C. MRI scan after 3 months of bevacizumab 
treatment. 
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TO THE EDITOR: We read with interest the description by Bose et al 1 of a patient with 
hereditary hemorrhagic telangiectasia (HHT), successfully treated with bevacizumab for 
epistaxis. The importance of interfering in the VEGF-pathway is illustrated in a 55-year-old 
man with HHT (Endoglin mutation P.LYS402.FS) with intractable pain and frequent 
pancreatitis episodes related to pancreatic arteriovenous malformations (AVMs). Surgery 
and embolization were unfeasible. To prove a role for VEGF we performed an 111In-
bevacizumab SPECT-scan2  (Fig 1), which showed elevated tracer uptake in the AVMs. 
Bevacizumab 5 mg/kg every 2 weeks was started 1 year ago. This immediately stopped 
epistaxis, skin vascular stigmata became less pronounced and frequency and severity of 
pancreatitis diminished. After 5 months, the dose was increased to 7.5 mg/kg. Thereafter, 
morphine and tube-feeding could be discontinued and he resumed work. No change in 
volume of AVMs was observed on CT-scan. The patient still receives bevacizumab. Evidence 
of efficacy of bevacizumab for HHT is increasing; optimal dose and duration have to be 
established and may differ for indication, mutation or amount of VEGF overproduction. 
 

1. Bose P, Holter JL, Selby GB. Bevacizumab in hereditary hemorrhagic telangiectasia. N 
Engl J Med 2009;360:2143-4. 

2. Nagengast WB, de Vries EG, Hospers GA, et al. In vivo VEGF imaging with 
radiolabeled bevacizumab in a human ovarian tumor xenograft. J Nucl Med 
2007;48:1313-9. 

 
 
 
 

 
 

Figure 1.  A. Coronal CT image of a patient with hereditary hemorrhagic telangiectasia with arteriovenous 
malformations (AVMs) in the pancreas (arrow). 
B. Fused coronal 111In-bevacizumab SPECT/CT image . The SPECT image shows increased 111In-bevacizumab 
uptake in an AVM (arrow) indicating increased local VEGF concentration. C. Changes in hemoglobin and serum 
amylase and pancreatitis episodes before and during treatment with bevacizumab.
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Abstract 
 
Purpose: We determined tumor uptake of 89Zr-bevacizumab, a VEGF-A-binding positron-
emission-tomography (PET) tracer, in metastatic renal cancer (mRCC) patients before and 
during anti-angiogenic treatment as a potential predictive marker for treatment efficacy.  
Experimental design: Patients underwent 89Zr-bevacizumab PET scans at baseline and two 
and six weeks after initiating either bevacizumab (10 mg/kg every 2 weeks) with interferon-
α 3-9 million IU 3x/week, or sunitinib (50 mg daily, four of every six weeks). Standardized 
uptake values (SUV) were compared to plasma VEGF-A and time-to-progression (TTP).  
Results: 89Zr-bevacizumab PET scans visualized 125 tumor lesions in 22 patients. Median 
SUVmax was 6.9 (range 2.3 – 46.9), varying from 3.8 (range 2.7 – 15.4) to 36.3 (range 25.7 – 
46.9) between patients. Bevacizumab/interferon-α (n = 11) decreased SUVmax 47.0% (P < 
0.0001) at 2 weeks and an additional 9.7% (P = 0.015) at 6 weeks. Sunitinib (n = 11) 
decreased SUVmax by 14.3% at 2 weeks (P = 0.006), but at 6 weeks SUVmax was 72.6% (P < 
0.0001) above baseline. SUVmax was not related to plasma VEGF-A at all scan moments. 
Baseline mean tumor SUVmax > 10.0 in the three most intense lesions corresponded with 
longer TTP (89.7 versus 23.0 weeks, HR 0.22, 95% CI 0.05 – 1.00). 
Conclusions: Tumor uptake of 89Zr-bevacizumab is high in mRCC with remarkable inter-
patient and intra-patient heterogeneity. Bevacizumab/interferon-α strongly decreases 
tumor uptake whereas sunitinib results in a modest reduction with an overshoot after 2 
drug-free weeks. High baseline tumor SUVmax is associated with longer TTP. 
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Introduction 
 
Angiogenesis inhibitors have single-agent activity and can double progression-free survival 
in patients with metastatic renal cell carcinoma (mRCC), hepato-cellular carcinoma, 
pancreatic neuro-endocrine tumors and gastro-intestinal stromal tumors.1-7 Anti-angiogenic 
treatment also increases median progression-free survival when added to chemotherapy in 
patients with metastatic breast, colorectal, ovarian and lung cancer. However, improvement 
of progression-free survival did not result in better overall survival in most tumor types. 
Furthermore, these agents are expensive and can have serious side effects. In addition 
recent studies have indicated potential tumor-promoting effects of anti-angiogenic tyrosine 
kinase inhibitors (TKIs).8,9 Therefore, it is crucial to develop a predictive biomarker to select 
patients who are the most likely to benefit from treatment with angiogenesis inhibitors. 
VEGF-A comprises splice variants of 121, 165, 189 and 206 amino acids. Small isoforms can 
diffuse freely whereas the larger isoforms are primarily bound to the extra-cellular matrix 
and have biologic activity in the tumor microenvironment.10 Circulating VEGF-A levels have 
been extensively investigated. They seemed to have rather a prognostic than predictive 
value, although high baseline plasma VEGF-A in gastric cancer patients showed potential 
predictive value for efficacy of bevacizumab added to chemotherapy.11-13 High local VEGF-A 
concentration in the tumor microenvironment potentially better reflects whether 
angiogenesis is a driving force and might predict sensitivity to anti-angiogenic treatment. To 
this end, we developed the positron emission tomography (PET) tracer 89Zr-bevacizumab, 
which enables non-invasive whole body VEGF-A imaging and quantification.14,15 

We conducted a feasibility study using this approach in advanced clear cell RCC, which is 
characterized by Von Hippel-Lindau (VHL) gene inactivation, resulting in high VEGF-A 
production and characteristic vascular tumors. The aim of the present study was to quantify 
89Zr-bevacizumab uptake in tumor lesions before treatment and changes in uptake during 
the early course of anti-angiogenic therapy in mRCC patients. 
 

Methods 
 
Patients 
Adult patients with metastatic clear cell RCC and measurable disease were eligible. Major 
exclusion criteria were uncontrolled hypertension, known untreated brain metastases, 
cardiovascular events during the last 12 months, clinically significant cardiovascular disease, 
surgery and TKI treatment up to 4 weeks before entry in the trial or bevacizumab up to 4 
months before entry. The protocol was approved by the institutional review board, all 
patients provided written informed consent. The trial is registered with ClinicalTrials.gov 
(identifier: NCT00831857). 
 
Study Design and Treatment 
The primary endpoint of this feasibility study was change of tumor SUV 2 weeks after start 
of treatment. Patients were randomized to either bevacizumab 10 mg/kg intravenously 
every 14 days in combination with interferon-α (IFNα) 3 million IU three times per week, 
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which was increased after two weeks to 6 and then to 9 million IU when tolerated, or 
sunitinib 50 mg daily orally during 4 of every 6 weeks. After inclusion of three patients the 
study was amended to a non-randomized design because of slow accrual. Treatment was 
continued until disease progression or unacceptable toxicity.  
 
Imaging Techniques  
Patients underwent 89Zr-bevacizumab PET imaging at baseline, and 2 and 6 weeks after start 
of treatment. PET scanning was performed four days after intravenous administration of 37 
MBq 89Zr-bevazicumab (5 mg protein dose). Conjugation and labeling were done as 
described previously.15 The radiochemical purity of 89Zr-bevacizumab was > 95%, the 
amount of aggregates < 10%, and immune-reactivity was retained (immune-reactive 
fraction > 0.7).  
Patients were scanned from upper thigh to head in up to eight consecutive bed positions 
with a final reconstruction resolution of about 11 mm. Patients underwent routine CT 
imaging of the chest and abdomen at baseline and every three months thereafter. CT was 
performed before and after the administration of intravenous contrast agent with a 
maximal slice thickness of 5.0 mm. In case of symptoms, bone scintigraphy and magnetic 
resonance imaging (MRI) were performed. 
 
Imaging Data Analysis 
PET scans were visually analyzed by a nuclear medicine physician who had access to the CT 
scan. All regions with high focal tracer uptake relative to normal organ background were 
considered to be lesions and were recorded. Quantification of all lesions and normal organs 
was performed with AMIDE Medical Image Data Examiner software (version 0.9.1, Stanford 
University, Stanford, CA, USA) by drawing 3D regions of interest (ROI).16 Maximum and 
mean standardized uptake values (SUVmax and SUVmean) were calculated, corrected for 
89Zr decay, for all evaluable lesions and normal organs. Lesions were considered evaluable 
when identified as tumor lesion on routine imaging, > 10 voxels, delineable from normal 
organ background, no previous irradiation. Serial PET scans were fused and ROI of baseline 
scans were transferred to subsequent scans. CT scans were evaluated by a radiologist. All 
lesions on the baseline scan were measured for comparison with PET. Furthermore, 
treatment response was assessed according to response evaluation criteria in solid tumors 
(RECIST) version 1.1.17 

 
Biomarker Analysis 
Circulating VEGF-A was measured in plasma samples drawn before tracer administration for 
each PET scan and stored at –80˚C until analysis. Samples were analyzed at Roche 
Diagnostics (Penzberg, Germany) by using immunologic multi-parametric chip technique 
(IMPACT).13  
 
Statistical Assessments 
We estimated that 11 patients were required in both arms to predict with 80% power that 
there is a true difference in SUV, with two-sided α = 0.25 standard deviation (SD), and that 
there is no correlation between the first and second scan. To compensate for an anticipated 
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15% early discontinuation, 26 patients were included. For comparison of paired and non-
paired data, Wilcoxon's paired rank and the Mann Whitney test were used. The association 
between imaging results and time to progression (TTP) was analyzed with the Kaplan Meier 
method. TTP was defined as time from start of treatment to disease progression. Analyses 
were performed with SPSS version 20 (IBM, New York, NY). 
 

Results 
 
Patients 
Between February 2009 and July 2011, 26 patients were included. Two patients did not 
meet eligibility criteria because of recent bevacizumab treatment and were excluded from 
the analysis. One patient was not evaluable and one patient withdrew consent. Therefore 
22 patients, 11 in each treatment group, who underwent at least the baseline and 2-week 
scan, were evaluable. One patient reported nausea, redness of the face and cold extremities 
for 24 hours after the third tracer injection, but continued bevacizumab treatment without 
adverse events. No other adverse events possibly related to the tracer were reported. 
Patient characteristics, treatment response and TTP are shown in Table 1.  
 
Baseline 89Zr-bevacizumab PET 
SUVmean and SUVmax of normal organs were strongly correlated (r2 = 0.99, P < 0.0001, 
Supplementary Fig. 1A). SUVmax is less operator-dependent, so we report only SUVmax. 
Normal organ uptake was consistent with distribution of other antibody tracers with a 
relatively high median SUVmax in the liver (7.7, range 5.8.–.126) and heart (6.5, range 3.8.–
.8.2) reflecting blood pool (18,19). Intermediate uptake was found in kidneys and spleen 
with a median SUVmax of 4.4 (range 2.7.–.6.4) and 4.3 (range 2.8 – 7.1), respectively. 
Uptake was low in lung, bone, muscle and brain, with a median SUVmax of 1.7 (range 0.8 – 
2.6), 1.1 (range 0.6 – 2.2), 0.8 (range 0.5 –1.9) and 0.3 (range 0.1 – 0.6), respectively (Fig. 1, 
2A). 
Lesions were visualized with 89Zr-bevacizumab PET in all patients. In total, 213 lesions were 
identified, of which 194 were in the field of view of the routine CT can; 159 were also 
identified as tumor lesions on CT. The 35 lesions that were not detected on CT were located 
in the bone (n = 12), lymph nodes (n = 6), muscles (n = 7), kidneys (n = 4), intra-peritoneal (n 
= 4) and retroperitoneal compartment (n = 2). The 19 lesions outside the field of view of the 
CT were localized in the bone (n = 4), lymph nodes (n = 2), muscles (n = 8) and brain (n = 5 in 
3 patients) (Table 2). Four brain lesions were confirmed to be metastases with MRI and 2 
bone lesions with bone scintigraphy. A total of 562 lesions were identified with CT, of which 
231 were ≥ 10 mm. The smallest lesion detected by 89Zr-bevacizumab PET was 5.0 mm. The 
detection percentage increased with lesion size on CT (Supplementary Fig. 2); 56.7% of 
lesions ≥ 10 mm on CT were visible with 89Zr-bevacizumab PET. The 125 tumor lesions 
evaluable for quantification showed a strong correlation between SUVmean and SUVmax (r2 

= 0.99, P <0.0001, Supplementary Fig. S1B). Therefore only SUVmax was reported. Tumor 
89Zr-bevacizumab uptake was highly variable between and within patients, with a median 
SUVmax of 6.9 (range 2.3 – 46.9), varying from 3.8 (range 2.7 – 15.4) for the patient with  
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Table 1. Patient demographics and clinical characteristics 

 Bevacizumab/ IFNα  
(n = 11) 

Sunitinib 
(n = 11) 

Total population 
(n = 22) 

Sex 
   Male 
   Female 

 
7 
4 

 
(64%) 
(36%) 

  
11  

0  

 
(100%) 

(0%) 

  
18  

4  

 
(82%) 
(18%) 

Age (years) 
   Median 
   Range 

 
63 

49–74 

  
57 

50–71 

  
62 

49–74 

Nephrectomy 
   Yes 
   No 

 
7 
4 

 
(64%) 
(36%) 

  
7  
4  

 
(64%) 
(36%) 

  
14  

8  

 
(64%) 
(36%) 

Histology 
   Pure clear cell 
   Mixed  

 
10 

1 

 
(91%) 

(9%) 

  
11  

0  

 
(100%) 

(0%) 

  
21  

1  

 
(95%) 

(5%) 

MSKCC criteria 
   Good 
   Intermediate 

 
1 

10 

 
(9%) 
91% 

  
1  

10  

 
(9%) 

(91%) 

  
2  

20  

 
(9%) 

(91%) 

WHO performance 
   0 
   1 
   2 

 
10 

1 
0 

 
(91%) 

(9%) 
(0%) 

  
9  
1  
1  

 
(82%) 

(9%) 
(9%) 

  
19  

2  
1  

 
(86%) 

(9%) 
(5%) 

Tumor sites 
   Kidney 
      Primary/recurrence 
   Lung 
   Lymph node 
   Bone 
   Liver 
   Pancreas 
   Adrenal 
   Pleural 
   Intraperitoneal 
   Thyroid 
   Brain 
   Muscle 

 
7 

4/3 
9  
8  
3  
3  
2  
2  
1 
3  
1 
0  
0 

 
(64%) 

 
(82%) 
(73%) 
(27%) 
(27%) 
(18%) 
(18%) 

(9%) 
(27%) 

(9%) 
(0%) 
(0%) 

  
6  

5/1 
8  
7  
6  
2  
3  
2  
2  
0  
1  
2  
2  

 
(55%) 

 
(73%) 
(64%) 
(55%) 
(18%) 
(27%) 
(18%) 
(18%) 

(0%) 
(9%) 

(18%) 
(18%) 

  
13  

9/4 
17  
15  

9  
5  
5  
4  
3  
3  
2  
2  
2  

 
(59%) 

 
(77%) 
(68%) 
(41%) 
(23%) 
(23%) 
(18%) 
(14%) 
(14%) 

(9%) 
(9%) 
(9%) 

Number of tumor sites 
   Median  
   Range    

 
3 

1–4 

  
2 

2–6 

  
3 

1–6 
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Table 1.   Continued 

 Bevacizumab/IFNα 
(n = 11) 

Sunitinib 
(n = 11) 

Total population 
(n = 22) 

Previous treatment 
  TKI 
  INFα 
  None 

 
2 
0 
9 

 
(18%) 

(0%) 
(82%) 

  
1 
1 
9 

 
(9%) 
(9%) 

(82%) 

  
3 
1 

18 

 
(14%) 

(5%) 
(82%) 

Response 3 monthsa 
  PR 
  SD 
  PD 
  NEb 

 
1 
8 
1 
1 

 
(9%) 

(73%) 
(9%) 
(9%) 

  
0 
8 
0 
3 

 
(0%) 

(73%) 
(0%) 

(27%) 

  
1 

16 
1 
4 

 
(5%) 

(73%) 
(5%) 

(18%) 
Time to progression (weeks) 
  Median 
  Range 

 
23.7 

11.4–82.4+ 

  
30.8 

12.9–101+ 

  
23.8 

11.4–101+ 

 
a: Response according to RECIST 1.1. b: 4 patients discontinued treatment early because of myocardial 
infarction (n=2), hepatotoxicity with pulmonary toxicity (n = 1) during sunitinib treatment and bowel perforation 
at a metastatic site (n = 1) during bevacizumab/IFNα treatment. Abbreviation: MSKCC= Memorial Sloan 
Kettering Cancer Center. WHO = World Health Organization, prim=primary tumor, TKI = tyrosine kinase 
inhibitor, INFα = interferon alpha, PR = partial response, SD = stable disease, PD = progressive disease, NE = not 
evaluable, + = more than. 

 
 
the lowest uptake to 36.3 (range 25.7 – 46.9) for the patient with the highest uptake (Fig. 
2B). Furthermore, tumor tracer uptake differed according to the organ in which the lesion 
was located, varying from a median SUVmax of 4.5 (range 2.3 – 12.7) for lung metastasesto 
21.0 (range 9.0 – 40.1) for kidney lesions (Fig. 2C).  
 
Serial 89Zr-bevacizumab PET before and during bevacizumab/IFNα 
At baseline, median SUVmax in 34 tumor lesions in the bevacizumab/IFNα treated patients 
was 8.1 (range 2.3 – 46.9). After 2 weeks of treatment, there was a 47.0% mean decrease in 
tumor SUVmax (95% confidence interval (CI) 39.1 – 54.9, P < 0.0001), resulting in a median 
SUVmax of 4.7 (range 1.4 – 10.1; Fig 3A, example: Supplementary  Fig. 3).  
This pattern was found in all patients (Supplementary Fig. 4A). Tumor SUVmax consistently 
decreased to 10 or less, even in tumor lesions with very high baseline uptake (Fig. 3B). A 
larger mean decrease of 68.5% (95% CI 58.4 – 78.8) was found for kidney lesions (n = 6) 
than for non-kidney lesions (n = 28): 42.4% (95% CI 33.9 – 50.9, P = 0.003). A third 89Zr-
bevacizumab PET scan was available for all but two patients. It showed an additional 
decrease in tumor tracer uptake of 9.7% (95% CI 0.9 – 18.5, P = 0.015) for the 23 tumor 
lesions in nine patients (Fig. 3A). Small changes over time in normal organ 89Zr-bevacizumab 
uptake were detected, with a mean absolute increase of 1.2 SUVmax (22.3%, range 0.9 – 
55.0) between baseline and 2 weeks for the heart, and a mean absolute decrease of 1.1  
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Figure 1: 

89
Zr-bevacizumab PET scans of a mRCC patient treated with sunitinib  

A.  
89

Zr-bevacizumab PET scans of a mRCC patient before treatment, B. after 2 weeks sunitinib and C. at 6 
weeks after start of treatment, i.e. after 2 sunitinib free weeks. There is tracer present in the blood pool and 
liver, and in metastases in bone, lung, mediastinal and hilar lymph nodes, and brain (arrow). D. Fusion of 
baseline 

89
Zr-bevacizumab PET with MRI of the brain shows a brain metastasis (large arrow) and the sagittal 

sinus (small arrow). E. Fusion with CT of the chest shows a lung metastasis (large arrow) and a mediastinal 
lymph node metastasis (small arrow). 

 

  

A B C 

D 
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Table 2. Tumor lesions visualized with 89Zr-bevacizumab PET and CT 
 

 PET  CT Concordant 

 All FOV of 
CT 

 All ≥10 mm  

Kidney       20       20        16       13       14 
Lung       54       54      391       93       54 
Bone       30       26        15       11       14 
Liver         3         3        14         7         3 
Lymph node       53       51        86       73       45 
Brain         5         0          0         0         0 
Adrenal gland         4         4          5         5         4 
Muscle       29       21        17       15       14 
Miscellaneous       15       15        18       14       11 
Total     213     194      562     231     159 
FOV = field of view. 

 
(13.1%, range 0.4 – 26.1) between baseline and 6 weeks for the liver. Otherwise, absolute 
changes in normal organs did not exceed 1.0 SUVmax (Supplementary Fig. 5A). 
 
Serial 89Zr-bevacizumab PET before and during sunitinib 
Median SUVmax in 91 tumor lesions in patients treated with sunitinib was 6.7 at baseline 
(range 2.4 – 34.2). After 2 weeks of treatment, mean SUVmax diminished 14.3% (95% CI 
1.3–27.4, P = 0.006). However, the change in SUVmax varied greatly between lesions, 
ranging from –80.4% to +269.9%, with a median SUVmax of 4.3 (range 0.7 – 83.8) at 2 
weeks (Fig. 3C and D). At the patient level, divergent patterns were found (Supplementary 
Fig. 4B). Change in SUVmax differed according to organ site of the lesion: in kidney lesions 
(n = 7) a mean increase of 66.2% (95% CI -20.6 – 153.1) was found whereas in lung (n = 36) 
and lymph node metastases (n = 24) SUVmax decreased 52.3% (95% CI 44.8 – 59.9, P < 
0.0001) and 26.0% (95% CI 15.8 – 36.2, P = 0.002) respectively. A third 89Zr-bevacizumab 
PET scan was available for six patients with a total number of 42 evaluable lesions. Mean 
tumor SUVmax increased by 89.3% (95% CI 53.1 – 125.5,  P = 0.0001) after 2 sunitinib-free 
weeks and exceeded baseline by 72.6% (95% CI 51.2 – 93.9, P < 0.0001, Fig. 3C, example: 
Supplementary Fig. 6). Normal liver, kidney and spleen uptake increased during sunitinib 
treatment by 51.1% (range 2.4 – 118.1), 32.7% (range 12.6 – 110.5) and 25.0% (range -18.1 
– 77.1), respectively, and returned to baseline after 2 drug-free weeks. In other normal 
organs, mean absolute changes did not exceed 1.0 SUVmax (Supplementary Fig. 5B).  
 
89Zr-bevacizumab PET and treatment outcome 
Eighteen patients were evaluable for tumor response by RECIST 1.1 at 3 months. One 
patient with a sarcomatoid tumor component had progressive disease (PD), and one patient 
had a partial response on bevacizumab/IFNα. The remaining 16 patients experienced stable 
disease. The patient with PD had a mean baseline tumor SUVmax of 6.4 (the lowest within 
the bevacizumab/IFNα treatment arm) which had decreased by 34% at day 15. Sixteen 



 

 
 

 

Figure 2: 
89

Zr-bevacizumab 
uptake in normal organs and 
tumor lesions at baseline 
 
A. Median uptake in normal 
organs and tumors (n = 125) 
with interquartile range. B. 
Uptake in tumor lesions per 
patient, and C. uptake in tumor 
lesions according to organ 
localization, in the bar the 
number of lesions is indicated. 
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Figure 3: 

89
Zr-bevacizumab tumor uptake before and during anti-angiogenic treatment 

A. Tumor uptake (median SUVmax with interquartile range) in 11 patients treated with bevacizumab/IFNα. B. 
Uptake in individual tumor lesions of patients  treated with bevacizumab/IFNα. C. Tumor uptake (median 
SUVmax with interquartile range) in 11 patients treated with sunitinib. D. Uptake in individual tumor lesions of 
patients  treated with sunitinib. * P < 0.05. 
 

 
patients (eight on bevacizumab/IFNα and eight on sunitinib) with a baseline tumor SUVmax 
> 10.0 in the three most intense lesions showed longer TTP compared to six patients (three 
on bevacizumab/IFNα and three on sunitinib) with lower baseline tumor SUVmax, with a 
median TTP of 89.7 compared to 23.0 weeks (HR 0.22, 95% CI 0.05 – 1.00, P = 0.050; Fig. 4).  
 
Plasma VEGF-A 
Baseline plasma VEGF-A levels (n = 20, median 101.2 pg/mL, range 15.4 – 445.1) were not 
related to tumor SUVmax, mean tumor SUVmax of all evaluable lesions and mean SUVmax 
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of the three most intense lesions. Changes in plasma VEGF-A level during bevacizumab 
treatment are unreliable because of interference; therefore no subsequent measurements 
are reported for the bevacizumab/IFNα group. In the sunitinib group, no relationship was 
found between plasma VEGF-A level and tumor SUVmax, mean tumor SUVmax of all 
evaluable lesions and mean SUVmax of the three most intense lesions at 2 and 6 weeks. 
Also, changes in plasma VEGF-A level did not correspond with changes in tumor SUVmax 
parameters in sunitinib treated patients.  
 

 

Figure 4: Kaplan-Meier analysis of time to progression for baseline 
89

Zr-bevacizumab tumor uptake. Time to 
progression according to baseline mean tumor SUVmax of the three most intense tumor lesions. P = 0.05.  
 

 
Discussion 
 
This study demonstrates that 89Zr-bevacizumab PET visualizes tumor lesions in mRCC 
patients, with major differences in tumor 89Zr-bevacizumab uptake both between and 
within patients. Anti-angiogenic therapy alters tumor 89Zr-bevacizumab uptake: a 
consistently large decrease occurs during bevacizumab/IFNα treatment and a 
heterogeneous response occurs with sunitinib.  
Inter-patient tumor heterogeneity is increasingly being recognized and used for 
personalized treatment, for example in breast and lung cancer. For clear cell RCC, only 
prognostic subgroups have been identified. The heterogeneity of 89Zr-bevacizumab tumor 
uptake between patients is striking and may offer a possibility for differentiating patient 
groups based on tumor biology. Intra-patient tumor heterogeneity has also drawn 
increasing attention.20,21 Exome sequencing of different parts of primary RCCs and 
associated metastatic sites demonstrated substantial mutational heterogeneity.20 Although 
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it is usually not feasible to perform repeat tumor biopsies at multiple metastatic sites, PET 
imaging allows non-invasive visualization and quantification of the result of these mutations 
on expression of relevant treatment targets in all tumor lesions. This may help to guide 
treatment strategies in the future. 
Our finding that 89Zr-bevacizumab delivery to the tumor diminishes as a result of 
therapeutic bevacizumab dosing may be caused by competition, but vascular changes 
induced by bevacizumab likely play the major role. VEGF-A antibody treatment of mice 
bearing HER2 expressing tumors, reduced tumor accumulation of trastuzumab and a non-
specific antibody.22,23 This was accompanied by tumor vascular changes suggestive of vessel 
normalization while normal tissue distribution was not influenced. Moreover, tumor 
delivery of docetaxel, which has a molecular weight of only 0.8 kDa as compared to ~150 
kDa for the antibodies bevacizumab and trastuzumab, was recently shown to be diminished 
after one therapeutic bevacizumab dose in non-small cell lung cancer patients.24 This effect 
was accompanied by reduced tumor perfusion.24 Furthermore a perfusion-related decrease 
of 5-fluorouracil delivery to liver metastases was reported after bevacizumab treatment in 
colorectal cancer patients.25 In addition, reduced tumor perfusion was seen after 
bevacizumab treatment in other tumor types. 26-29 
The small decrease we observed in mean tumor 89Zr-bevacizumab uptake after 2 weeks 
sunitinib, and the rebound exceeding baseline after 2 weeks off treatment, correspond with 
our preclinical findings.30 In mice bearing human ovarian cancer, sunitinib treatment 
lowered tumor uptake of the VEGF-A-specific radio-labeled antibody fragment 89Zr-
ranibizumab, especially in the tumor center. After one week off treatment a rebound in 
tracer uptake, particularly in the tumor rim, was seen. Increased tracer uptake correlated 
with reduced HIF1α staining and increased micro-vessel density, VEGF-A staining, vessel 
diameter, VEGFR2 staining, proliferation, human plasma VEGF-A and tumor growth.30 In 
several preclinical models, detrimental effects of a short course of sunitinib on tumor 
behavior was shown, with increased invasiveness and metastasis.8,9 Recently, profound 
expansion of the number of proliferating endothelial cells in the primary tumor after neo-
adjuvant sunitinib treatment in RCC patients has been demonstrated.31 This was not 
observed after bevacizumab treatment, despite similar histologic features suggestive of 
vascular normalization for both treatments.31

 These findings support our observation of 
different tumor biology after sunitinib and bevacizumab/IFNα. The increased 89Zr-
bevacizumab accumulation in the normal liver, spleen and kidney during sunitinib 
treatment probably results from release of VEGF-A by normal cells. This is in line with the 
preclinical observation of elevated VEGF protein in liver, spleen and kidney tissue of 
sunitinib-treated non-tumor bearing mice.9  
Our observation that RCC patients with intense tumor accumulation of 89Z-bevacizumab at 
baseline have a longer TTP may indicate that those tumors are more VEGF driven and 
dependent. This imaging technique is therefore promising for selecting patients who are the 
most likely to benefit from anti-angiogenic treatment.  
Our finding that SUVmax parameters were not correlated with plasma VEGF-A levels can 
likely be explained by different composition of circulating VEGF-A isoforms and VEGF-A 
isoforms localized in the tumor microenvironment. Furthermore, in contrast to tumor VEGF-
A levels, normal tissue VEGF-A release may also contribute to plasma VEGF-A levels.  
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89Zr-bevacizumab PET potentially offers an opportunity to non-invasively study whole body 
tumor angiogenic characteristics. It appears to be a sensitive method for early detection of 
treatment-induced alterations in tumor vascular characteristics. This novel technique may 
be able to provide predictive information on anti-angiogenic treatment outcome and thus 
guide rational treatment strategies. This requires validation in larger studies.  
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Supplementary Figure 1: A. Correlation between SUVmean and SUVmax for normal organs, r

2 
= 0.99 and B. for 

tumor lesions, r
2 

= 0.99. 
 

 
 

Supplementary Figure 2: Percentage of CT-known lesions detected with 
89

Zr-bevacizumab PET, ranked 
according to size on CT. 
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Supplementary Figure 3: Serial 

89
Zr-bevacizumab PET and bevacizumab/IFNα treatment 

Serial 
89

Zr-bevacizumab PET scans of a mRCC patient at baseline, and 2 weeks and 6 weeks after start of 
bevacizumab/IFNα treatment. At baseline, tracer is present in the blood pool and in metastases in the liver, 
pancreas, and thyroid gland with associated jugular vein thrombosis. Uptake in metastatic lesions decreases 
after start of treatment whereas normal organ distribution is similar. 
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Supplementary Figure 4: A. Tumor 

89
Zr-bevacizumab uptake (median with interquartile range) per patient at 

baseline, 2 weeks and 6 weeks, for bevacizumab/IFNα treated patients and B. for sunitinib treated patients. 
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Supplementary Figure 5: A. Normal organ 
89

Zr-bevacizumab uptake (median with interquartile range) at 
baseline, 2 weeks and 6 weeks for bevacizumab/IFNα treated patients and B. for sunitinib treated patients.  
* P < .05. 
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Supplementary Figure 6: Serial 

89
Zr-bevacizumab PET and sunitinib treatment 

89
Zr-bevacizumab PET scan of a mRCC patient at baseline, at 2 weeks after start of sunitinib treatment  and at 

6 weeks (i.e. after 2 sunitinib-free weeks, ). At baseline, tracer is present in the blood pool and liver, and in 
metastases in bone, lung, lymph nodes, and brain. After 2 weeks of treatment, tracer accumulation is reduced 
brain, lymph node, and lung metastases, but increased in bone metastases and in normal liver. After 2 drug 
free weeks, rebound tracer uptake exceeding baseline is shown in lung, lymph node, and brain metastases 
whereas uptake in bone metastases has returned to baseline values. 
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Abstract 

Everolimus increases progression free survival in patients with advanced neuroendocrine 
tumors (NETs). Currently, no biomarkers are available for early selection of patients who 
will benefit from everolimus. Everolimus can reduce VEGF-A production by tumor cells. 
Therefore, we aimed to investigate the effect of everolimus on tumor uptake of radioactive 
labeled VEGF-A antibody bevacizumab with positron emission tomography (PET) in NET 
patients.  
Methods: Patients with advanced progressive well-differentiated NET underwent 89Zr-
bevacizumab PET scans before, and at 2 and 12 weeks during everolimus treatment. 89Zr-
bevacizumab uptake was quantified by the maximum standardized uptake value (SUVmax). 
Tumor response and % change in the sum of target lesion diameters was determined 
according to RECIST 1.1 on CT 3-monthly.  
Results: In four of the 14 patients entered, no tumor lesions were visualized with 89Zr-
bevacizumab PET. In the remaining patients, 19% of tumor lesions ≥ 1 cm known by CT were 
visualized. Tumor SUVmax decreased during everolimus treatment with median -7% at 2 
weeks (P = 0.09) and median -35% at 12 weeks (P < 0.001). Δ SUVmax at 2 and 12 weeks 
correlated with % change on CT at 6 months (r2 = 0.51, P < 0.05, r2 = 0.61, P < 0.01, 
respectively).  
Conclusion: This study demonstrates variable 89Zr-bevacizumab PET tumor uptake in NET 
patients. 89Zr-bevacizumab tumor uptake diminished during everolimus treatment. Serial 
89Zr-bevacizumab PET might be useful as early predictive biomarker of anti-VEGF directed 
treatment in NET patients. 
  



89Zr-bevacizumab PET  imaging  in NET patients   

 

119 
 

Introduction  
 
Angiogenesis is a hallmark for tumor growth as well as for development of metastases.1 
Vascular endothelial growth factor A (VEGF-A) produced by tumors is one of the main 
factors responsible for angiogenesis. Currently, several anti-angiogenic therapies are 
available as anti-cancer agents, including VEGF-A antibodies, tyrosine kinase inhibitors (TKIs) 
and mTOR-inhibitors. Anti-angiogenic drugs are of interest in patients with well-
differentiated neuroendocrine tumors (NETs)2 as these tumors are hypervascular.3-6 mTOR 
indirectly stimulates angiogenesis, but also induces mRNA translation of other genes 
important for cell survival and proliferation. 7 
Phase 3 trials have shown superior progression free survival in patients with advanced well-
differentiated NETs treated with the VEGF-receptor TKI sunitinib or the mTOR inhibitor 
everolimus. Sunitinib resulted in a progression free survival benefit of 5.9 months in 
pancreatic NET (pNET) patients compared to placebo.8 Two trials with everolimus, one in 
pNET patients and one in patients with NETs associated with carcinoid syndrome, showed a 
progression free survival benefit of 6.4 and 5.1 months respectively in favor of everolimus 
compared to placebo.9-10   
As not all patients benefit of everolimus, biomarkers to select patients who will profit from 
treatment would be extremely helpful. An attractive candidate is VEGF-A. mTOR inhibition 
reduced VEGF-A excretion by NET tumor cell lines.11 Additionally, in renal cancer xenografts, 
sensitivity to mTOR-inhibition correlated with reductions in tumor HIF-1α mRNA translation, 
VEGF-A expression and angiogenesis.12 However, circulating VEGF-A in patients treated with 
anti-angiogenic drugs have not yet shown a clear predictive value.13 Moreover in pNET 
patients, serum VEGF-A levels did not differ between patients treated with everolimus or 
placebo.14 Therefore, it might be more relevant to determine the VEGF-A production at the 
site of the tumor lesions.  
We have developed both single photon emission computed tomography (SPECT) and 
positron emission tomography (PET) radiopharmaceuticals to visualize VEGF-A non-
invasively with the VEGF-A antibody bevacizumab coupled to a radionuclide.15 We showed 
that everolimus lowered 89Zr-bevacizumab uptake in an ovarian cancer xenograft model. 
This coincided with lowered tumor VEGF-A levels.16 Moreover, this approach is feasible in 
patients. 111In-bevacizumab SPECT could visualize all tumor lesions in melanoma patients.17 
Given the superior resolution and quantification options of PET we subsequently developed 
the PET tracer 89Zr-bevacizumab. We showed 89Zr-bevacizumab uptake in numerous tumor 
lesions in untreated renal cell cancer patients.18  
Therefore, we decided to perform a feasibility study in which we used 89Zr-bevacizumab PET 
to investigate whether NET lesions in patients can be visualized and whether 89Zr-
bevacizumab tumor uptake changes during everolimus therapy.   
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Materials and methods 

Patients 
Patients with advanced non-resectable well-differentiated (low or intermediate grade)19-20 
NET, ≥ 18 years of age, with an ECOG performance score of 0-221 with adequate bone 
marrow, hepatic, and renal function, controlled lipid profile and glucose levels as well as 
radiological documentation of progressive disease over the past year and measurable 
lesions according to the response evaluation criteria in solid tumors (RECIST) version 1.1, 
were eligible.22 Exclusion criteria were uncontrolled medical conditions, such as unstable 
cardiac disease, serious infections, as well as any psychological, familial, sociological or 
geographical conditions potential hampering compliance with the study. The study was 
approved by the local Medical Ethical Committee. All participants gave written informed 
consent. The study is registered on clinicaltrials.gov (NCT01338090).  
 

Everolimus treatment and patient monitoring 
Treatment consisted of everolimus 10 mg orally once daily. In case of grade 3 toxicity, dose 
reductions were allowed to 5 mg every other day. Patients were treated until disease 
progression based on RECIST 1.1, or intolerable toxicity. Progression free survival was 
defined as length of everolimus treatment until progressive disease according to RECIST 1.1 
or clinical progression. Before start of everolimus, after 11 days and every 4 weeks during 
treatment the patient visited the outpatient clinic for medical history, physical examination, 
and blood tests. Blood tests consisted of measurements of blood counts, renal and hepatic 
function, lipid profile, glucose and chromogranin A. Serum chromogranin A levels were 
determined as described earlier.23 At 2 and 12 weeks, everolimus levels were measured in 
EDTA blood by liquid chromatography and tandem mass spectrometry, as described 
previously.24 At baseline and 12 weeks, serum VEGF-A levels were determined with the 
Quantikine enzyme-linked immunosorbent assay kit (R&D Systems, Minneapolis, MN).  
 

89Zr-bevacizumab PET/CT and CT 
Conjugation and labeling of bevacizumab (25 mg/mL, Roche) was performed in UMCG 
cleanroom facilities under GMP conditions as described earlier.16,25 Four days prior to each 
89Zr-bevacizumab PET scan, 37 MBq of 89Zr-bevacizumab (protein dose of 5 mg) was 
administered intravenously. Whole-body PET imaging was performed from upper legs to 
head in 6-8 bed positions of 5 minutes acquisition time each. All patients underwent 89Zr-
bevacizumab PET scanning at baseline and after 2 weeks everolimus treatment. 89Zr-
bevacizumab PET after 12 weeks everolimus treatment was performed only if tumor lesions 
could be visualized on earlier 89Zr-bevacizumab PET scans. At baseline and after 12 weeks, 
the PET scan was combined with a diagnostic CT of the chest and abdomen (Siemens 
Biograph mCT PET/CT, 4 detector rings, 64 slice CT, Siemens, Knoxville, TN). Staging after 6 
months and every 3 months thereafter, was performed with a multislice CT scanner 
(Sensation 16 or 64 slice CT, Siemens). Diagnostic CT scans were performed before and after 
administration of intravenous contrast agent as a tri-phase scan, with maximal slice 
thickness of 5.0 mm.  
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Image and data analysis 
The image quality of 37 MBq 89Zr provides a resolution of ~10 mm on PET. Therefore, the 
total number of tumor lesions ≥ 10 mm on baseline CT scan was determined. 89Zr-
bevacizumab PET was compared with the baseline CT scan. For lesions outside the field of 
view of the CT, other nuclear medicine imaging techniques were used for verification. 
Tracer uptake was quantified in tumor lesions and organs with AMIDE Medical Image Data 
Examiner software (version 0.9.1, Stanford University) by drawing 3D regions of interest.26 
Mean and maximum standardized uptake values (SUVmean/max) were calculated. If > 10 
tumor lesions were visualized in one organ, then 10 were quantified. A high correlation was 
found between SUVmean and SUVmax for healthy organs and tumor lesions (Pearson r2 = 
0.99 and r2 = 0.97 respectively, P < 0.0001). Since it is less operator dependent, we present 
data as SUVmax. Δ SUVmax of all tumor lesions, and Δ SUVmax of the most intense (89Zr-
bevacizumab accumulating) tumor lesion per patient was assessed after 2 and 12 weeks. 
For patients individually, correlations were analyzed between baseline SUVmax and Δ 
SUVmax, and the % change in sum of target lesion diameters on CT according to RECIST 1.1. 
Δ SUVmax was correlated with serum chromogranin A and VEGF-A as well as whole blood 
everolimus concentrations.  
 
Statistical analyses 
In order to be able to study our primary endpoint: a change in 89Zr-bevacizumab uptake in 
tumor lesions between the baseline PET scan and the scans performed after 2 and 12 
weeks, it was estimated that a minimum of 11 patients was needed to predict with 80% 
power (with 2-sided α = 0.05) that there is a true difference in SUV (≥ 1.25 standard 
deviation) between the baseline scan and the scan after 2 and 12 weeks of treatment. 
Therefore, 14 patients were aimed for inclusion. The secondary endpoint was progressive 
disease according to RECIST 1.1 on CT after 12 weeks of treatment. Data are presented as 
median and range, unless otherwise indicated. Pearson and Spearman rank correlation 
served to calculate correlations of parametric and non-parametric data respectively. For 
unpaired data, the Mann-Whitney test and for paired data the Wilcoxon signed rank test 
was used. With Kaplan Meier analysis the progression free survival was determined. SPSS 
version 18 was used for the statistical analyses. A P value < 0.05 was considered statistically 
significant.  
 
Results 
 
Patient characteristics 
Between April 2010 and February 2011, 14 patients were included. For the patient 
characteristics see Table 1. Six patients had serotonin producing NETs. Five of them already 
received somatostatin analogues, which was continued during everolimus treatment. 
Currently, six patients are still on everolimus, with median treatment duration of 19 (range 
14 - 21) months. Five patients stopped treatment because of disease progression: one after 
6, 8, and 10 months and two after 12 months. Two patients discontinued because of 
toxicity: lingual angio-edema in one after 4 weeks of treatment and fatigue in the other 
after 3 months. One patient was lost to follow-up after 12 months (Table 2). 
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Table 1.   Baseline patient characteristics (N = 14) 
 

                                                                            
N of patients  

Age, years     

   Median 60   

   Range 43-67   

Gender    

   Male 7   

   Female 7   

ECOG Performance score    

   0 12   

   1 1   

   2 1   

Localization of the primary tumor    

   Lung 1   

   Pancreas 7   

   Duodenal bulb 1   

   Small bowel 3   

   Unknown 2   

NET WHO grading    

   Grade 1 8   

   Grade 2 6   

Peptide producing NET    

   Chromogranin A producing 12  

   Serotonin producing 6   

   Gastrin producing 1   

Prior treatment    

   Surgery 7   

   Radiotherapy 3   

   Systemic therapy 6   

   - somatostatin analogue 1   

   - interferon α 2   

   - chemotherapy 2   

   - radioactive Lutetium octreotide/ MIBG 2   

   - sunitinib 1   
ECOG: Eastern Cooperative Oncology Group 
MIBG: metaiodobenzylguanidine 
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All of the 13 patients evaluable for tumors response experienced stable disease according 
to RECIST 1.1, after 3 and 6 months. Progression free survival at 12 months was 64%, the 
median progression free survival is not yet reached.  
 
 
Baseline 89Zr-bevacizumab PET 
Four days after the tracer injection, typical antibody distribution17,27 of 89Zr-bevacizumab 
was visible in healthy tissues at baseline scan, as well as after 2 and 12 weeks. High 89Zr-
bevacizumab uptake was present in the circulation (including the heart), kidneys, liver and 
spleen and low uptake in lung, muscle, bone and brain (Supplemental Fig. 1). 
In 10 patients 89Zr-bevacizumab PET visualized a total of 63 tumor lesions and in four 
patients, no tumor lesions were detected. 89Zr-bevacizumab PET detected 19 lesions in the 
bone, 36 in liver, 4 in the pancreas, 2 in the spleen, 1 in the bowel and 1 mediastinal lymph 
node. The median number of visualized lesions per patient was 3 (range 1 - 34) (Table 2), 
with a median SUVmax of 5.8 (range 1.7 - 15.1). Seven lesions in four patients were located 
outside the field of view of CT. These lesions were confirmed bone metastases with other 
imaging techniques: 1 with 18F-Fluor-2-deoxy-D-glucose (18F-FDG), 3 with 11C-5-
hydroxytryptophan (11C-5-HTP), 1 with 18F-dihydroxy-phenyl-alanine (18F-DOPA) PET, and 2 
with 99mTc-oxidronate (bone scan). One lesion was located in the field of view, but not 
detected on CT: this lesion was confirmed with 11C-5-HTP PET. In all patients, baseline CT 
scan detected a total of 327 lesions ≥ 10 mm. In the 10 patients with tumor lesion uptake on 
89Zr-bevacizumab PET 19% of lesions ≥ 10 mm showed uptake on 89Zr-bevacizumab PET.   

 

Figure 1: A. SUVmax in the most intense tumor lesion per patient and B. in all tumor lesions at baseline, 2 
weeks and 12 weeks. Horizontal bars represent median values. 

 
 
Serial 89Zr-bevacizumab tumor uptake 
In the 10 patients with a positive 89Zr-bevacizumab PET scan, seven patients showed a 
decrease of the tumor SUVmax, whereas in three patients the tumor SUVmax increased 
(Supplemental Fig. 2). At a tumor lesion-based level, tumor SUVmax decreased during 
everolimus treatment with median -7% at 2 weeks (P = 0.09) and median -35% at 12 weeks
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Figure 2: PET images 4 days after 

89
Zr-bevacizumab injection in a patient with metastatic midgut carcinoid. A. 

coronal and axial images of low dose CT and fusion images of PET and low dose CT shows increased tracer 
uptake in the abdominal tumor lesion. B. coronal PET images at baseline, 2 weeks and 12 weeks of everolimus 
treatment. Physiological 

89
Zr-bevacizumab uptake is present in the heart (blood pool), liver, spleen and 

circulation. At baseline, increased 
89

Zr-bevacizumab uptake was found in the tumor lesion located in the 
ileocecal angle. Tumor uptake was 43% lower at 2 weeks and 69% lower at 12 weeks while on everolimus. 
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Figure 3: Waterfall plots of the 10 patients with visualized tumor lesions at 

89
Zr-bevacizumab PET. A. maximum 

baseline SUVmax (grey bars) and the % change in sum of target lesion diameters according to RECIST 1.1 on CT 
after 6 months (black bars). B. Δ SUVmax at 12 weeks of the most intense tumor lesion at baseline (grey bars) 
and % change in sum of target lesion diameters according to RECIST 1.1 on CT after 6 months (black bars). 
(*indicates that the patient is still on everolimus). 
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(P < 0.001) (Fig. 1). Fig. 2 shows an example of serial 89Zr-bevacizumab PET scans in a midgut 
NET patient. The change of tumor SUVmax was not induced by changes in tumor size, as 
percentage change in tumor SUVmax did not correlate with the percentage change in 
longitudinal tumor size on CT after 12 weeks (r2 = 0.072). 
 
89Zr- bevacizumab PET related to treatment outcome 
The secondary objective was to explore if 89Zr-bevacizumab PET could early identify patients 
with progressive disease according to RECIST 1.1 after 3 months. However, none of the 
patients experienced progressive disease after 3 and 6 months of everolimus treatment. Of 
the four patients without tracer uptake in tumor lesions, three were evaluable for response 
and experienced stable disease for 12 and 20+ months, while one discontinued everolimus 
after 3 months because of side effects. The 10 patients with a positive 89Zr-bevacizumab PET 
scan experienced stable disease ongoing for 6 to 21+ months (median 13). The seven 
patients with decrease in tumor SUVmax experienced stable disease for 6 - 21+ months 
(median 16+). The three patients with an increase in tumor SUVmax experienced stable 
disease for 8 and 12 months, and one patient was lost to follow-up (see also Table 2).  
There was no correlation between baseline tumor SUVmax and the % change in sum of 
target lesion diameters on CT according to RECIST 1.1 after 6 months (Fig. 3.). Δ SUVmax 
after 2 and 12 weeks however correlated with the % change in sum of the target lesion 
diameters according to RECIST 1.1 on CT after 6 months (r2 = 0.51, P < 0.05, r2 = 0.61, P < 
0.01 respectively) (Fig. 3).  
 

 

Figure 4. A. whole blood everolimus levels after 2 weeks and 12 weeks of everolimus treatment (n = 11). B. 
serum VEGF-A levels measured at baseline, 2 weeks and 12 weeks of treatment (n = 13). Horizontal bars 
represent median values. (* P < 0.05). 

 
89Zr-bevacizumab PET versus everolimus, chromogranin A and VEGF-A blood levels 
Eleven patients were evaluable for whole blood everolimus levels at 2 and 12 weeks of 
therapy (median 13.4 μg/L, range 10.3 - 30.3 μg/L; median 15.6 μg/L, range 6.3 - 30.1 μg/L, 
respectively) (Fig.4). No correlation was found between everolimus levels and the change in 
Δ SUVmax at 2 weeks and 12 weeks (data not shown).  



 

 
 

 
 
Table 2.   Imaging characteristics and treatment outcome per patient (N = 14) 
 

Tumor  
Location 

 
Functional 
NET 

 
Number  

of metastases  

 
Mean SUVmax 

 
Treatment 
duration  

Best change CT 

target lesions  

   CT PET     (%)   Baseline 2 weeks 12 weeks   (months) (%)  

Pancreasa - 82  34       (41)  10.9     10.3   6.7   21+  -14  

Pancreasb - 7  0          (0)  -  -  -    1  na  

Pancreas - 26  1           (4)  5.5  5.6   4.8   21+  -7  

Pancreas - 1  0          (0)  -  -  -  20+  13  

Pancreas - 39  11       (31)  5.1  4.5   3.6   10  -4  

Pancreas - 27  4        (15)  2.9  2.8   2.7   14+  -9  

Pancreas - 3  3      (100)  4.8   5.9   5.7   12  0  

Duodenum Gastrin 16  3        (19)  3.4  3.2   2.6     6  -5  

Lung Serotonin 41  3           (7)  7.0  7.9   9.1     8  -3  

Small bowelb Serotonin 2  0           (0)  -  -  -    3  11  

Small bowelc Serotonin 29  2          (7)  8.5  8.8   8.8   12  1  

Small bowel Serotonin 25  0           (0)  -  -  -  12  -19  

Unknown Serotonin 15  1           (7)  10.4  8.6   7.7   18+  -9  

Unknown Serotonin 14  1 (7)  8.6  4.9  2.6  16+  -13  
 
na, not applicable, 

 a
VHL germline mutation carrier, 

b
Taken off trial because of side effects, 

c
Lost to follow-up at 12 months 
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Serum VEGF-A levels were lower at 12 weeks (median 240 pg/mL, range 16 - 1220) 
compared to baseline (median 375 pg/mL, range 92 - 1629) (n = 13) (P < 0.05). See also Fig. 
4. Percentage change in VEGF-A serum levels after 12 weeks did not correlate with change 
of Δ SUVmax after 12 weeks (data not shown). Baseline median chromogranin A level was 
821 μg/L (range 66 - 49,700 μg/L). In patients with elevated levels (> 100 μg/L), % change of 
serum chromogranin A levels after 3, 6, 9 and 12 months did not correlate with Δ SUVmax 
after 12 weeks (data not shown). 
 
 
Discussion 
 
This study shows that 89Zr-bevacizumab PET can visualize tumor lesions in patients with 
advanced well-differentiated NET. In 10 out of 14 patients, a total of 63 tumor lesions were 
visible, representing 19% of the lesions ≥ 1 cm on CT in these individuals. Everolimus 
treatment decreased 89Zr-bevacizumab tumor accumulation with 7% at 2 weeks (NS) and 
with 35% at 12 weeks. In addition, Δ SUVmax correlated with % change in tumor size of target 
lesions on CT at 6 months. 
The negative PET scans in four patients are remarkable, as a study with 111In-bevacizumab 
SPECT in stage III/IV melanoma patients and studies with 89Zr-bevacizumab PET in 
metastatic RCC patients and patients with early breast cancer demonstrated tumor lesions 
in all but one breast cancer patient.17,18,28 Tumor VEGF-A levels were not available in  
the current study, since no tumor biopsies were obtained at the moment of PET scanning. In 
stage III/IV melanoma patients, 111In-bevacizumab uptake clearly correlated with degree of 
VEGF-A tumor expression assessed by immunohistochemistry.17 In addition, in patients with 
primary breast cancer 89Zr-bevacizumab uptake correlated with VEGF-A tumor levels 
measured with enzyme-linked immunosorbent assay  (ELISA).28 
The VEGF family consists of 4 different subtypes: VEGF-A, -B, -C and D. VEGF-A is considered 
to be the key player in tumor angiogenesis. VEGF-B is an inefficient factor for induction of 
angiogenesis. VEGF-C and D induce venous and lymphatic angiogenesis.29 The involvement 
of different VEGF subtypes in NETs has been poorly investigated. In 50 low-grade 
gastrointestinal NET VEGF-A protein expression was strong in 32%, weak in 54% and absent 
in 14% of the tumors.3 In 23 pNET patients VEGF-A and -C protein expression were studied. 
There was a limited VEGF-A protein expression in both the primary tumor (n=19) and liver 
metastases (n=7). Although VEGF-C expression was limited in primary tumors, liver 
metastases did show high expression.30 In another study, expression of all VEGF subtypes 
was quantified with real-time polymerase chain reaction in 25 patients with ileal NETs. 
VEGF-A expression was similar between tumor lesions and healthy ileal mucosa. In contrast, 
VEGF-B and VEGF-D levels were higher in tumors compared to normal mucosa.31 This might 
be one of the explanations why several of the NET lesions in our study did not show uptake 
of 89Zr-bevacizumab.  
The heterogeneous baseline 89Zr-bevacizumab PET results may be an explanation for the 
fact that not all NET patients benefit of anti-angiogenic treatment with bevacizumab.32-34 It 
might be of interest to perform a trial with 89Zr-bevacizumab PET before bevacizumab 
therapy to see whether this PET scan might be useful to select NET patients upfront. In that 
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case, 89Zr-bevacizumab PET can be used to visualize presence of the drug target. However, 
in the current study we were interested in visualizing VEGF-A as an early read out of a 
downstream effect of mTOR inhibition, which might give insight in effect of treatment. 
mTOR inhibition has pleiotropic antitumor effects, including reduction of tumor VEGF-A 
production. In the current study we did indeed find reduced 89Zr-bevacizumab tumor 
uptake after 2 and 12 weeks of everolimus treatment. Serial imaging results are in 
concordance with an ovarian cancer xenograft study, where 2 weeks of everolimus 
treatment decreased 89Zr-bevacizumab tumor uptake by 21.7% ± 4%, and corresponded 
with lower tumor VEGF-A protein levels and microvessel density in treated animals.16 Not all 
patients with a positive 89Zr-bevacizumab PET before everolimus treatment showed a 
reduction in tumor uptake during everolimus treatment. This differential effect was not due 
to inadequate everolimus levels, as in all patients levels were comparable to those reported 
earlier in a phase 1 study.35 A negative 89Zr-bevacizumab PET scan did not preclude benefit 
from treatment with everolimus. This is likely due to other antitumor effects of everolimus 
than reduction of VEGF-A. 
Serum VEGF-A levels were 25% lower after 12 weeks of everolimus treatment, compared to 
baseline. In the RADIANT-3 study, serum VEGF-A levels were determined at baseline, 4, 8, 
and 12 weeks and did not change in pNET patients who received everolimus (n=207) or 
placebo (n=203).14 These discrepant results may be the consequence of different assays. We 
observed no correlation between change in serum VEGF-A levels and tumor Δ SUVmax after 
2 and 12 weeks, suggesting that change in circulating VEGF-A does not reflect change of 
VEGF-A at tumor level. This may be explained by the fact that VEGF-A consists of different 
isoforms. VEGF-A121 and VEGF-A165 can diffuse freely, whereas VEGF-A189 and VEGF-A206 are 
attached to the extracellular matrix.36 Moreover, serum VEGF-A levels contain VEGF-A 
released by platelets.37 
Another useful imaging strategy to predict everolimus efficacy might be functional imaging 
with MRI, including diffusion weighted imaging (DWI) MRI and contrast-enhanced MRI. 
Tumor necrosis results in increased water permeability, which can be measured by DWI 
MRI. Contrast-enhanced MRI can quantify changes in tumor vascularity. In a retrospective 
study in 71 patients with advanced NETs who underwent intra-arterial chemo-embolization 
of liver metastases, DWI and contrast-enhanced MRI scans were performed at baseline and 
4 weeks after therapy. The authors conclude that volumetric functional MRI criteria may act 
as biomarkers of early response.38  An advantage of MRI is that it does not expose patients 
to radiation. 
 
Conclusion 
In conclusion, this study demonstrates differences in 89Zr-bevacizumab tumor accumulation 
between and within patients with advanced well-differentiated NETs. This heterogeneity 
likely reflects differential VEGF-A pathway activity. Everolimus treatment reduced 89Zr-
bevacizumab tumor accumulation without affecting normal organ distribution. A baseline 
89Zr-bevacizumab PET scan cannot be used to select patients for everolimus treatment. 
Larger studies are needed to determine the predictive value of serial scans for efficacy of 
everolimus treatment, but read out of other downstream effects of mTOR inhibition might 
be more relevant in NETs. 
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Supplementary Figure 1. 

89
Zr-bevacizumab healthy tissue uptake of all patients. All 14 patients underwent 

89
Zr-bevacizumab PET at both baseline and 2 weeks (spleen uptake n = 11; three patients had splenectomy). 

Ten of these 14 patients also underwent 
89

Zr-bevacizumab PET at 12 weeks (spleen uptake n = 8). Median and 
interquartile range are given.  
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Supplementary Figure 2. A. SUVmax per patient of the most intense tumor lesion visualized at baseline scan, 

and of the same lesion after 2 and after 12 weeks.  Each patient is represented by a line. B. Percentage change 

in SUVmax of the most intense tumor lesion per patient. C–H. Tumor uptake in patients in which 
89

Zr-

bevacizumab PET visualized more than 1 tumor lesion. For most patients, the tracer uptake in tumor lesions 

shows the same direction of change in SUVmax after 2 and 12 weeks.
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Over the last decade, targeted therapies have rapidly emerged in oncology, fuelled by 
increasing knowledge of inter- and intracellular signaling pathways. Small molecules and 
antibodies that inhibit essential targets within signaling pathways can induce tumor 
responses in subsets of cancer patients. A major challenge is the selection of patients who 
will most likely benefit from a targeted treatment approach. The aim of this thesis is to 
investigate the role of molecular PET imaging as biomarker to guide clinical decisions on 
targeted treatment of solid tumors, with an emphasis on GIST and highly vascular tumor 
types.  
  
In chapter 2, an overview is presented of progress in biomarker development in solid 
cancer. Whereas prognostic biomarkers provide information about outcome regardless of 
treatment, predictive biomarkers give information about the effect of therapeutic 
interventions. A biomarker can be prognostic as well as predictive, and a predictive 
biomarker can be a treatment target. Expression or mutation of several genes, that all seem 
key regulators of disease initiation and progression, have proven to be relevant prognostic 
and/or predictive biomarkers such as estrogen receptor and progesterone receptor 
expression and human epidermal growth factor receptor 2 overexpression in breast cancer, 
Philadelphia chromosome in chronic myeloid leukemia, c-KIT mutations in GIST and 
epidermal growth factor receptor 1 mutations in non-small cell lung cancer. Identification 
and validation of novel predictive biomarkers progresses rather slowly because in most 
tumors a series of alterations rather than a single mutation is responsible for tumor 
behavior. A grading system and guidelines for reporting of biomarker studies have been 
developed. Future perspectives for the development of prognostic and predictive markers 
are discussed. 
 
GISTs are characterized by activating mutations in tyrosine kinase receptors c-KIT or platelet 
derived growth factor receptor alpha. The tyrosine kinase inhibitor imatinib blocks these 
receptors and effectively inhibits tumor growth in the majority of the patients. However, 
about 15% of the patients have primary imatinib resistant disease, defined as progressive 
disease at first computed tomography (CT) evaluation. In chapter 3 we investigated in 36 
consecutive metastatic or locally advanced GIST patients whether early change in tumor 18F-
FDG uptake predicts primary imatinib resistance. Patients underwent 18F-FDG PET scans 
before and 1 week after start of imatinib. The relationship between early 18F-FDG PET 
response (according to the European Organisation for Research and Treatment of Cancer 
guideline) and CT response after 2 months of treatment (according to the response 
evaluation criteria in solid tumors (RECIST) version 1.0 and the Choi criteria) was 
investigated. In the 30 evaluable patients for 18F-FDG PET response mean of tumor 
maximum standardized uptake values (mean SUVmax) decreased from 7.4 (standard 
deviation (SD) 3.8, range 2.2-18.4) to 3.0 (SD 2.1, range 0.1-11.8) after 1 week imatinib 
treatment (P < 0.001). Twenty-six patients had metabolic response and 4 had metabolic 
stable disease. 18F-FDG PET response had a high positive predictive value for clinical benefit 
(combination of complete response, partial response and stable disease) according to 
RECIST: 92% (95% confidence interval (CI) 75-99%) and the Choi criteria: 95% (95% CI 76-
100%). However, the false negative rate was respectively 11% (95% CI 2-30%) and 9% (95% 
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CI 1-30%). As the upfront chance of clinical benefit is 85%, no predictive information on 
treatment outcome is added by early assessing metabolic response. In conclusion, although 
18F-FDG PET response has a high positive predictive value for clinical benefit from imatinib 
in GIST patients, it cannot be used to predict primary resistance. Imatinib is an extremely 
effective agent for this disease and should, in the advanced setting, be continued until 
convincing clinical and/or radiological evidence of progressive disease or unacceptable 
toxicity. 
 
In chapter 4 we investigated the ability of the novel VEGF-PET tracer 89Zr-ranibizumab to 
visualize dynamic angiogenic changes in tumors in mouse xenograft models of human 
cancer following treatment with the tyrosine kinase inhibitor sunitinib. Ranibizumab is a 
monoclonal antibody fragment derivative of bevacizumab. It has a higher affinity for all 
soluble and matrix bound human VEGF-A isoforms than bevacizumab and it allows fast and 
sequential follow up PET scans, as its serum half-life is only 2 to 6 hours in mice. The effect 
of treatment and withdrawal of sunitinib on metabolism and perfusions was investigated 
simultaneously with 18F-FDG PET, and 15O-water PET, and imaging results were compared 
with tumor growth, plasma VEGF levels and immunohistologic analyzes. In contrast to 18F-
FDG and 15O-water PET, 89Zr-ranibizumab PET demonstrated dynamic changes during 
sunitinib treatment within the tumor with a strong decline in signal in the tumor center and 
only minimal reduction in tumor rim, with a pronounced rebound after sunitinib 
discontinuation. 89Zr-ranibizumab PET results corresponded with tumor growth and 
immunohistochemical vascular- and tumor- markers. In conclusion, 89Zr-ranibizumab-PET 
allows noninvasive dynamic and spatial in vivo visualization and quantification of VEGF 
signaling. 
 
In chapters 5-7 we took this approach to the clinic and explored in small feasibility studies 
the potential of 89Zr-bevacizumab PET as a prognostic biomarker (in VHL patients) and as 
predictive biomarker of targeted therapy (in renal cell carcinoma and neuroendocrine 
tumor patients). 
Patients with VHL disease are at risk to develop benign and malignant vascular tumors. 
Local VEGF-A production is supposed to play an important role in development of disease 
manifestations. In chapter 5 we aimed to assess in 22 adult VHL patients with at least 1 
measurable hemangioblastoma, whether VHL-associated lesions can be visualized with 89Zr-
bevacizumab PET. Secondary objective was to explore whether 89Zr-bevacizumab PET can 
differentiate progressive lesions from non-progressive lesions. 37 MBq 89Zr-bevacizumab 
was injected 4 days before the PET scan. PET scans were fused with routine magnetic 
resonance imaging (MRI) of the central nervous system and abdominal MRI or CT. SUVmax 
was calculated for disease manifestations visible on PET and for normal organs. Progressive 
lesions were defined as new lesions, lesions that became symptomatic and lesions ≥ 10 mm 
that increased ≥ 10% and ≥ 4 mm on repeat anatomic imaging within one year.  
89Zr-bevacizumab PET visualized 59 VHL manifestations, 0-17 per patient, with a median 
SUVmax of 8.5 (range 1.3 – 35.8). Detection rate for lesions ≥ 10 mm was 30.8%. Seven 
additional hotspots without substrate on baseline anatomic imaging were found, 2 were 
also detected on anatomic imaging during follow-up. Nine out of 25 progressive lesions 
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were visible on PET (SUVmax 0.9-8.9). Detection rate nor SUVmax was different for 
progressive versus non-progressive lesions. Two patients started treatment with 
bevacizumab plus interferon-α. One patient with intense hemangioblastoma tracer uptake 
had ongoing benefit after 27 months of bevacizumab treatment whereas a patient with low 
uptake in renal cell carcinoma died within 2 months of progression of metastatic renal cell 
carcinoma. Concluding, VHL lesions can be visualized with 89Zr-bevacizumab PET with a 
striking heterogeneity in tracer accumulation. 89Zr-bevacizumab uptake did not predict 
progression within 12 months but might be useful to select patients for bevacizumab 
treatment. 
 
In chapter 5A we describe the effect of bevaciumab in a 55-year-old man with hereditary 
hemorrhagic telangiectasia with intractable pain and frequent episodes of pancreatitis 
related to pancreatic arteriovenous malformations. An 111In-bevacizumab single photon 
emission computed tomography (SPECT) showed elevated tracer uptake in the 
arteriovenous malformations. Bevacizumab treatment was started at a dose of 5.0 mg per 
kilogram of body weight every 2 weeks. Epistaxis stopped immediately, the skin vascular 
signs became less pronounced, and the frequency and severity of pancreatitis diminished. 
After 5 months, the dose was increased to 7.5 mg per kilogram every 2 weeks. Thereafter, 
morphine and tube feeding could be discontinued, and the patient resumed work. No 
change in the volume of the arteriovenous malformations was observed on CT. After 1 year, 
the patient was still receiving bevacizumab treatment with ongoing benefit regarding 
pancreatitis frequency and severity. 
 
In chapter 6 we investigated in metastatic renal cell carcinoma patients tumor uptake of 
89Zr-bevacizumab, before and during anti-angiogenic treatment as a potential predictive 
marker for treatment efficacy. Patients underwent 89Zr-bevacizumab PET scans at baseline 
and 2 and 6 weeks. Treatment consisted of bevacizumab 10 mg/kg every 2 weeks with 
interferon-α 3 to 9 million units 3 times per week, or sunitinib 50 mg daily, for 4 out of 
every 6 weeks. Tumor uptake was compared to plasma VEGF-A and time to disease 
progression. 89Zr-bevacizumab PET visualized 125 tumor lesions in 22 patients. Median 
SUVmax was 6.9 (range 2.3 – 46.9), varying from 3.8 (range 2.7 – 15.4) to 36.3 (range 25.7 – 
46.9) between patients. Bevacizumab/interferon-α treatment (n = 11) decreased SUVmax 
47.0% (P < 0.0001) at 2 weeks and an additional 9.7% (P = 0.015) at 6 weeks. Sunitinib (n = 
11) decreased SUVmax by 14.3% at 2 weeks (P = 0.006), but at 6 weeks SUVmax was 72.6% 
(P < 0.0001) above baseline. SUVmax was not related to plasma VEGF-A at baseline, 2 weeks 
and 6 weeks. Baseline mean tumor SUVmax > 10.0 in the three most intense lesions 
corresponded with longer time to disease progression (89.7 versus 23.0 weeks, hazard ratio 
0.22, 95% CI 0.05 – 1.00). In conclusion, high 89Zr-bevacizumab tumor uptake was 
demonstrated in renal cell carcinoma patients with remarkable inter- and intra-patient 
heterogeneity. Treatment with bevacizumab/interferon-α strongly decreased tumor uptake 
whereas sunitinib treatment induced a modest reduction with an overshoot after 2 drug-
free weeks. High baseline tumor SUVmax was associated with longer time to disease 
progression. 
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The oral mTOR inhibitor everolimus increases progression free survival in patients with 
advanced neuroendocrine tumors. Currently, no biomarkers are available to select patients 
who will benefit from everolimus. Everolimus can reduce VEGF-A production by tumor cells. 
89Zr-bevacizumab PET might therefore be able to serve as an early read out of treatment 
efficacy. In chapter 7, we aimed to investigate the effect of everolimus treatment on tumor 
uptake of 89Zr-bevacizumab in patients with advanced well differentiated neuroendocrine 
tumors. 89Zr-bevacizumab PET scans were performed before, and during everolimus 
treatment at 2 and 12 weeks. 89Zr-bevacizumab uptake was quantified by SUVmax. Tumor 
response according to RECIST 1.1 and the percentage of change in the sum of target lesion 
diameters was determined on CT every 3 months. In four out of 14 patients that were 
entered in the study, no tumor lesions were visualized with 89Zr-bevacizumab PET. In the 
remaining patients, 19% of tumor lesions ≥ 1 cm on the baseline routine CT scan were 
visualized. Median tumor SUVmax decreased during everolimus treatment with 7% at 2 
weeks (P = 0.09) and 35% at 12 weeks (P < 0.001). Delta SUVmax at 2 and 12 weeks 
correlated with the percentage change in the sum of target lesion diameters on CT at 6 
months (r2 = 0.51, P < 0.05, r2 = 0.61, P < 0.01, respectively). In conclusion, this study 
demonstrates variable 89Zr-bevacizumab tumor uptake in patients with advanced 
neuroendocrine tumors at baseline, and a decrease of 89Zr-bevacizumab tumor uptake 
during everolimus treatment. 
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Molecular imaging on the way to personalized medicine in oncology 
 
Over the last decade, an explosion of new targeted therapy options have become available 
for treatment of cancer patients. In 2012 alone, ten new targeted drugs were approved by 
the United States Food and Drug Administration (FDA) for cancer treatment, and for five 
targeted agents indication was expanded.1 Several agents are approved for specific 
subgroups of patients based on tumor characteristics that predict treatment efficacy, such 
as vemurafenib for BRAF mutated melanoma and crizotinib for patients with anaplastic 
lymphoma kinase (ALK) positive non-small cell lung cancer.2,3 However, for other drugs such 
as sorafenib (for advanced radioactive iodine refractory differentiated thyroid cancer) and 
abiraterone (for advanced castration resistant prostate cancer) no predictive biomarkers 
are available and selection of patients who benefit from targeted treatment remains a 
challenge. Molecular imaging with PET can provide insight in availability of a drug target, 
tumor distribution of a drug, and biologic changes after start of systemic treatment. This 
information could be useful to identify patients who will experience a meaningful increase 
in overall survival or quality of life. Another strategy to reach this goal for individual 
patients, are initiatives where tumor biopsies are screened for characteristics that predict 
response to existing drugs.4 Although this patient centered approach is attractive, it will 
probably be hampered by heterogeneity between and within tumor lesions and by changes 
over time where repeat biopsy is burdensome for patients.  
 
18F-FDG PET for evaluation of imatinib treatment in GIST patients 
 
Early after discovery of imatinib as an active agent for treatment of GIST, results of small 
imaging studies indicated that imatinib can induce a rapid and dramatic decrease in 18F-FDG 
tumor uptake and that PET responders had a better progression free survival than non-
responders.5,6 Based on these observations, we adopted the routine practice of performing 
18F-FDG PET before, and 1 week after start of imatinib in GIST patients at our institute. We 
evaluated whether PET response predicted primary imatinib resistance, but found a false 
negative rate that was too high for decision making on discontinuation of imatinib. 
Although the confidence interval was broad because of the small size of the study, we 
concluded that increasing the study population was not meaningful, as PET results were 
highly unlikely to add significant predictive information to the upfront 85% chance of clinical 
benefit. The routine practice of performing repeated 18F-FDG PET scans after one week of 
imatinib treatment in GIST patients was therefore abandoned at our institute. This 
retrospective study demonstrates the importance of critical evaluation of predictive value 
of biomarkers. An association with progression free survival does not support the use of 
imaging if its results do not impact on clinical decision making. 
 
89Zr-bevacizumab PET no prognostic biomarker in VHL patients 
 
VHL patients frequently have multiple disease manifestations. Their chance to develop 
hemangioblastomas is 60-80% and up to 60% of the patients is diagnosed with RCC, at a 
mean age of 39 years.7 Extensive serial imaging, ocular, blood and urine examinations are 
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recommended to enable early diagnosis and timely treatment of disease manifestations 
that pose a threat to the patient. Increased vascular endothelial growth factor A (VEGF-A) 
production is an important downstream consequence of loss of functional von Hippel-
Lindau protein. 89Zr-bevacizumab did accumulate in about one third of the disease 
manifestations, but visibility and SUVmax was not prognostic for the behavior of a lesion. 
Read out of other downstream effects of VHL loss, especially hypoxia inducible factor (HIF)-
independent functions such as regulation of apoptosis and stabilization of microtubules, 
might still be able to predict progression of lesions.  
 
 Heterogeneity 
 
The clinical studies that we report in this thesis using 89Zr-bevaczumab PET, show 
heterogeneity in tracer accumulation in lesions at baseline on 3 different levels: between 
different diseases, between patients with the same disease, and within patients.  
In VHL patients, 30.8% of the lesions ≥ 10 mm were visualized whereas in sporadic 
metastatic RCC patients 56.7% of lesions were visible, with at least 1 lesion in every patient. 
In contrast, four out of 14 metastatic NET patients had a negative scan and in the remaining 
patients only 19% of the tumors ≥ 10 mm were detected on PET. In a previous study in 
breast cancer patients, 25 out of 26 primary tumors were visualized with 89Zr-bevaczumab 
PET.8 The amount of tracer uptake in breast tumors (mean SUVmax 1.85) was much lower 
than in NET and RCC  with a median SUVmax 5.8 (range  1.7 – 15.1) and 6.9 (range 2.3 – 
46.9) respectively.  
Heterogeneity in tumor 89Zr-bevacizumab uptake between patients with the same disease 
may reflect a meaningful difference in biology. Especially for VHL disease, where patients 
have both alleles of the VHL gene mutated in all lesions, the heterogeneity in tracer uptake 
in disease manifestations we observed is remarkable. A possible explanation is a difference 
in the remaining decreased capacity of VHL protein to target HIF-1α for degradation, 
determined by the combination of the type of germline and somatic mutation.  
Intrapatient heterogeneity in 89Zr-bevacizumab uptake was unanticipated but when we 
were struggling with the interpretation of the results of the RCC study, the paper on 
mutational heterogeneity by Gerlinger et al. was published, offering clonal evolution as a 
possible explanation for our imaging results.9 Additional mutations may affect the 
dependence on VEGF-A pathway activation as a driver of tumor progression. In RCC patients 
however, the amount of tracer accumulation also differed according to the localization, 
with the highest uptake in renal masses and low uptake in lung metastases, suggesting a 
location or organ specific effect of the microenvironment on the behavior of RCC lesions. 
Indeed tracer accumulation is not only dependent on extracellular VEGF-A concentration, 
but also on tumor perfusion and vascular permeability. Unfortunately, the relative 
contribution of each of these factors could not be determined in our studies. Combination 
of 89Zr-bevacizumab PET with dynamic contrast enhanced CT or MRI, or 15O-water PET in 
future studies could shed light on the relation between perfusion, permeability and tracer 
accumulation. 
Finally, heterogeneous tumor response on 89Zr-bevacizumab PET was demonstrated for 
different antiangiogenic treatment strategies. Bevacizumab plus interferon induced a 
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consistent decrease in tumor tracer accumulation in metastatic RCC patients while sunitinib 
resulted in a decrease in the majority of the lesions but also a striking increase in an 
important subset of metastases. From daily clinical practice, medical oncologists and 
radiologists know that different lesions in a single patient can respond differently, therefore 
also during sunitinib treatment heterogeneity in 89Zr-bevacizumab tumor uptake may 
reflect a difference in biology. For bevacizumab treatment we assume that vascular changes 
play a major role in the decrease of tumor 89Zr-bevacizumab uptake. Also during treatment 
it would be interesting to investigate simultaneously tumor perfusion, permeability and 
89Zr-bevacizumab accumulation to determine the contribution of vascular changes to the 
PET results.  
Our findings, together with the molecular heterogeneity demonstrated by Gerlinger et al.9 
explain why treatment of metastatic disease with an agent targeting a single tumor 
characteristic is unlikely to control metastatic renal cell carcinoma at all localizations for a 
long period of time. Also for GIST it is known that additional acquired mutations can result 
in imatinib resistance.10 Rational combinations of targeted treatment can add to the 
solution, but overlapping toxicity frequently hampers this approach. An approach that 
seems worthwhile to explore is combining targeted therapy with local treatment such as 
stereotactic radiotherapy, radiofrequency ablation or metastasectomy for tumors sites that 
are not responsive.  

 
89Zr-bevacizumab PET is a potential predictive biomarker for antiangiogenic treatment 
 
Findings in the two VHL patients that we describe, and the study in patients with sporadic 
RCC, suggest that patients with high tumor 89Zr-bevacizumab uptake can derive prolonged 
benefit from treatment with angiogenesis inhibitors. Also the observation of low tracer 
uptake in breast cancer is interesting. Recently FDA approval for bevacizumab has been 
withdrawn for this indication because of lack of significant activity. This contrasts with the 
fact that angiogenesis inhibitors are an important component of standard of care for 
metastatic pancreas NET and RCC. The predictive value of 89Zr-bevacizumab PET for efficacy 
of angiogenesis inhibitors could be further explored with a single baseline 89Zr-bevacizumab 
PET scan in a randomized trial comparing treatment regimens with and without an 
angiogenesis inhibitor, by using the PET result as a stratification factor.  
 
Molecular imaging  
 
For this thesis we investigated PET imaging, which is a non-invasive test evaluating whole 
body tumor characteristics. PET scans result in radiation exposure. For patients with 
metastatic disease and limited life expectancy the radiation exposure of a PET scan is not 
clinically relevant. However, for patients with a disease that can be cured or has a favorable 
prognosis, radiation exposure should be kept to a minimum to avoid secondary cancers. PET 
scans are relatively expensive, however, if 2 months of futile treatment with a targeted 
agent can be avoided by doing a PET scan, this strategy can not only spare the patient 
unnecessary side effects but also safe costs.   
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With PET one tumor characteristic can be investigated at the time. However, different 
features can be studied by injecting different tracers. For example in metastatic breast 
cancer patients estrogen receptor expression can be visualized with 16α-[18F]-fluoro-17β-
oestradiol (18F-FES) as a tracer, and human epidermal growth factor receptor 2 (HER2) 
expression with 89Zr-trastuzumab.11,12 In lung cancer patients Van der Veldt et al. studied 
docetaxel distribution and perfusion with 11C-docetaxel and 15O-water PET scans.13 Other 
molecular imaging modalities have been developed such as optical imaging with antibodies 
labeled with a near infra red dye14 and ultrasound imaging with antibody coated 
microbubbles.15 These new imaging techniques may facilitate better selection of patients 
and more accurate evaluation of cancer treatment outcome in the future. They do not 
result in radiation exposure, but whole body imaging is not feasible. An advantage of optical 
imaging is that in principle distribution of different tracers, labeled with fluorophores of 
different wave lengths, can be studied simultaneously. A disadvantage however is the 
limited penetrance of light, which requires close proximity of the camera. For evaluation of 
angiogenesis inhibitors early during treatment, measurements of vascular characteristics 
with sophisticated MRI and ultrasound techniques is also promising.16,17 In conclusion, 
molecular imaging with PET evaluates the combined effect of different mutations and 
microenvironmental changes on a relevant tumor characteristic, and can be used to 
demonstrate distribution of a treatment target, distribution of a drug and biological 
changes over time. Information obtained with PET imaging is therefore complementary to 
immunohistochemic and genomic analysis of tumor biopsies. Combining both approaches in 
future studies will facilitate investigations to bring the right drug to the right patient. Recent 
progress in extracting tumor DNA from the plasma of cancer patients enables non-invasive 
serial mutation analysis.18 It is currently unknown if circulating tumor DNA represents all 
tumor lesions of a patient. The relevance of a specific mutation in a signaling pathway 
across all tumor lesions in a patient could potentially be examined with molecular imaging. 
This strategy in which a tumor biopsy is combined with molecular imaging and serial 
mutation analysis of circulating tumor DNA in cancer patients may be worthwhile to be 
explored in small and smart designed contemporary studies. Such studies would generate a 
lot of information and improve our understanding of cancer biology. This potentially brings 
personalized cancer treatment a step closer. 
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De afgelopen 10 jaar zijn doelgerichte behandelingen sterk in opkomst binnen de oncologie. 
Deze ontwikkeling is gedreven door toenemende kennis van inter- en intracellulaire 
signaleringsroutes. Kleine moleculen (small molecules) en antilichamen die essentiële 
onderdelen in een signaleringsroute blokkeren kunnen een tumorrespons induceren in 
subgroepen van kankerpatiënten. Het is een enorme uitdaging om de patiënten te 
selecteren die de grootste kans hebben om van doelgerichte therapie te profiteren. Het 
doel van dit proefschrift is om de potentiële rol van moleculaire beeldvorming met positron 
emissie tomografie (PET) te onderzoeken als biomarker om klinische beslissingen te sturen 
ten aanzien van doelgerichte behandeling, in het bijzonder bij gastrointestinale tumoren 
(GIST) en sterk gevasculariseerde tumoren. Hiervoor is de klinische waarde bepaald van een 
vroege verandering in het suikermetabolisme in GIST, gemeten met 18F-fluorodeoxyglucose 
(18F-FDG) PET bij patiënten die een behandeling startten met imatinib. Tevens is moleculaire 
beeldvorming met radioactief gelabeled bevacizumab door ontwikkeld van het 
laboratorium naar de kliniek in kleine, veel informatie genererende studies. Zo levert dit 
proefschrift een bijdrage aan de ontwikkeling van een potentiële predictieve biomarker 
voor angiogenese remmers en mammalian target of rapamycin (mTOR) remmers, en een 
potentiële prognostische biomarker voor progressie van ziekte manifestaties bij de ziekte 
van Von Hippel-Lindau (VHL). 
 
In hoofdstuk 2 wordt een overzicht gepresenteerd van de voortgang van de ontwikkeling 
van biomarkers voor solide tumoren. Prognostische biomarkers geven informatie over de 
uitkomst van de ziekte onafhankelijk van de behandeling die de patiënt krijgt. Een 
predictieve marker geeft informatie over het effect van een therapeutische interventie. Een 
biomarker kan zowel prognostische als predictieve waarde hebben, en een predictieve 
biomarker kan het aangrijpingspunt van de behandeling zijn. Expressie of mutatie van 
verschillende genen, die allen een essentiele rol spelen in de initiatie en progressie van 
ziekte, zijn bewezen relevante prognostische en/of predictieve biomarkers, zoals 
oestrogeenreceptorexpressie, progesteronreceptorexpressie en overexpressie van de 
humane epitheliale groeifactorreceptor bij borstkanker, het Philadelphia chromosoom bij 
chronische myeloide leukemie, de c-KIT mutaties bij GIST en epidermale 
groeifactorreceptor-1 mutaties bij niet-kleincellige longkanker. Identificatie en validatie van 
nieuwe predictieve biomarkers verloopt relatief traag omdat in de meeste tumoren een 
hele serie veranderingen heeft plaatsgevonden in plaats van een enkele mutatie die 
verantwoordelijk is voor het gedrag van een tumor. Er is een graderingsysteem en er zijn 
richtlijnen ontwikkeld voor het rapporteren van biomarkerstudies. Meerdere toekomst 
perspectieven voor de ontwikkeling van prognostische en predictieve biomarkers worden 
besproken. 
 
GISTen worden gekenmerkt door een activerende mutatie in de tyrosinekinasereceptor c-
KIT of in de uit plaatjes afkomstige groeifactorreceptor-alfa. De tyrosinekinaseremmer 
imatinib blokkeert deze receptoren en remt effectief tumorgroei in de meerderheid van de 
GIST patiënten. Echter, ongeveer 15% van de patiënten heeft een primair imatinib-
resistente tumor, gedefinieerd als progressieve ziekte op de eerste computed tomografie 
(CT) evaluatie. In hoofdstuk 3 onderzochten wij in 36 opeenvolgende patiënten met 
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gemetastaseerde of vergevorderde GIST of een vroege verandering in tumor 18F-FDG 
opname primaire imatinib resistentie voorspelt. Patiënten ondergingen 18F-FDG PET scans 
voor en 1 week na start van imatinib. De relatie tussen vroege metabole 18F-FDG PET 
respons (geclassificeerd volgens de richtlijnen van de Europese organisatie voor onderzoek 
en behandeling van kanker) en CT-respons na 2 maanden behandeling (geclassificeerd 
volgens de respons evaluatie criteria voor solide tumoren (RECIST)) versie 1.0 en de Choi 
criteria werd onderzocht. In de 30 evalueerbare patiënten voor 18F-FDG PET respons, nam 
het gemiddelde van de maximale gestandaardiseerde opname-activiteit (gemiddelde 
SUVmax) af van 7,4 (standaard deviatie (SD) 3,8, spreiding 2,2 – 18,4) tot 3.0 (SD 2,1, 
spreiding 0,1 – 11,8) na 1 week imatinib behandeling (P < 0.001). Zesentwintig patiënten 
hadden een metabolerespons en 4 hadden metabool stabiele ziekte. 18F-FDG PET respons 
had een hoge positief voorspellende waarde voor klinisch voordeel van de behandeling 
(combinatie van complete respons, partiële respons en stabiele ziekte) volgens RECIST: 92% 
(95% betrouwbaarheidsinterval (BI) 75-99%) en de Choi criteria: 95% (95% BI 76 – 100%). 
Echter, het foutnegatieve percentage was respectievelijk 11% (95% BI 2 – 30%) en 9% (95% 
BI 1 – 30%). Aangezien de vooraf kans op klinisch voordeel van de behandeling 85% 
bedraagt, voegt de vroege beoordeling van de metabole respons geen predictieve waarde 
toe. Dus alhoewel 18F-FDG PET respons een hoge positief voorspellende waarde heeft voor 
klinische baat bij imatinib, is het niet geschikt om primaire imatinib resistentie te 
voorspellen. Imatinib is een zeer effectieve behandeling voor GIST en zou bij gevorderde 
ziekte voortgezet moeten worden tot er overtuigend klinisch en/of radiologisch bewijs is 
van ziekteprogressie, of onacceptabele toxiciteit. 
 
In hoofdstuk 4 onderzochten wij de mogelijkheid van de nieuwe PET tracer 89Zr-
ranibizumab die bindt aan de vasculaire endotheliale groei factor (VEGF), om dynamische 
angiogene veranderingen af te beelden in muizen modellen met humane tumoren na 
behandeling met sunitinib. Ranibizumab is een monoklonaalantilichaamfragment afgeleid 
van bevacizumab. Het heeft een hogere affiniteit voor alle oplosbare en matrix gebonden 
humane VEGF-A varianten en laat sneller herhalen van scans toe aangezien de 
halfwaardetijd in de muis maar 2 tot 6 uur bedraagt. Het effect van behandeling en stoppen 
van behandeling met sunitinib op het suikermetabolisme en op de perfusie van de tumoren 
werd onderzocht met 18F-FDG PET en 15O-water PET. De resultaten van afbeeldend 
onderzoek werden vergeleken met tumorgroei, plasma VEGF-spiegels en 
immunohistochemische analyses. In tegenstelling tot 18F-FDG PET en 15O-water PET liet 89Zr-
ranibizumab PET dynamische veranderingen tijdens sunitinib behandeling zien met een 
sterke afname van activiteitsstapeling in het binnenste gedeelte van de tumor en slechts 
een minimale reductie van activiteitsstapeling aan de rand van de tumor, met een 
uitgesproken rebound effect na staken van sunitinib. De bevindingen met 89Zr-ranibizumab 
PET kwamen overeen met tumorgroei en met immunohistochemische vasculaire- en 
tumormarkers. Concluderend is het met 89Zr-ranibizumab PET mogelijk om in vivo op een 
niet-invasieve wijze de mate van VEGF-expressie af te beelden en te kwantificeren.  
 
In hoofdstuk 5-7 hebben we deze benadering naar de kliniek vertaald en in kleine 
haalbaarheidsstudies de potentiële mogelijkheden van 89Zr-bevacizumab PET onderzocht als 
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prognostische biomarker bij VHL patiënten en als predictieve biomarker voor doelgerichte 
therapie bij patiënten met niercelcarcinoom en neuroendocriene tumoren. Patiënten met 
VHL hebben een hoog risico op het ontstaan van benigne en maligne sterk 
gevasculariseerde tumoren. Locale productie van VEGF-A wordt verondersteld een 
belangrijke rol te spelen bij het ontstaan van ziekte manifestaties. In hoofdstuk 5 wilden we 
in 22 VHL patiënten vaststellen of VHL-geassocieerde laesies afgebeeld kunnen worden met 
89Zr-bevacizumab PET. De secundaire doestelling was om te exploreren of 89Zr-bevacizumab 
PET progressieve laesies kan onderscheiden van niet-progressieve laesies. Vier dagen voor 
de PET scan werd 37 MBq  89Zr-bevacizumab geïnjecteerd. De PET scans werden gefuseerd 
met routine magnetische resonantie imaging (MRI) van het centrale zenuwstelsel en de MRI 
of CT van de bovenbuik.  Voor alle ziekte manifestaties die zichtbaar waren op de PET scan 
en voor normale organen werd de SUVmax berekend. Progressieve laesies werden 
gedefinieerd als: nieuwe laesies, laesies die binnen een jaar symptomatisch werden en 
laesies ≥ 10 mm die ≥ 10% en ≥ 4 mm gegroeid waren op anatomische beeldvorming. 89Zr-
bevacizumab PET liet 59 VHL manifestaties zien, 0 – 17 per patiënt, met een gemiddelde 
SUVmax van 8,5 (spreiding 1,3 – 35,8). Het detectie percentage voor laesies ≥ 10 mm was 
30,8%. Zeven additionele hotspots zonder substraat op de anatomische beeldvorming bij 
aanvang werden gevonden, twee daarvan waren tijdens de follow-up wel zichtbaar op 
anatomisch afbeeldend onderzoek. Negen van de 25 progressieve laesies waren zichtbaar 
op de PET scan (SUVmax 0,9 – 8,9). Detectie percentage noch SUVmax verschilde tussen 
progressieve en niet-progressieve laesies. Twee patiënten startten behandeling met 
bevacizumab plus interferon-α. Eén patiënt met intense 89Zr-bevacizumab opname in 
hemangioblastomen heeft aanhoudend baat bij de behandeling na 27+ maanden therapie, 
terwijl de andere patiënt met lage 89Zr-bevacizumab opname in niercelcarcinoom binnen 
twee maanden na het starten van de behandeling overleed aan progressieve ziekte. 
Concluderend, VHL laesies kunnen worden afgebeeld met 89Zr-bevacizumab PET met 
opvallende heterogeniteit in traceraccumulatie. 89Zr-bevacizumab PET voorspelde niet 
welke laesies binnen 12 maanden progressief waren, maar zou geschikt kunnen zijn voor 
het selecteren van patiënten voor behandeling met bevacizumab.  
 
In hoofdstuk 5A beschrijven we het effect van bevacizumabbehandeling bij een 55-jarige 
patiënt met hereditaire hemorrhagische telangiectasie, met zeer ernstige pijn en frequente 
episodes van pancreatitis ten gevolge van vaatmalformaties in het pancreas. Een 111In-
bevacizumab “single photon emission computed tomography” (SPECT) liet verhoogde tracer 
opname  in de arterioveneuze malformaties zien. Bevacizumabbehandeling werd gestart in 
een dosering van 5,0 mg per kilogram lichaamsgewicht eens per twee weken. Bloedneuzen 
bleven direct achterwege, de karakeristieke vasculaire huidmanifestaties werden minder 
prominent en de frequentie en de ernst van pancreatitis nam af. Na vijf maanden werd de 
dosis opgehoogd naar 7,5 mg per kilogram per twee weken. Daarna kon de morfine en de 
sondevoeding worden gestaakt en kon de patiënt weer aan het werk. De CT scan liet geen 
volume verandering van de vaatmalformatie zien. Na één jaar behandeling had de patiënt 
aanhoudend baat ten aanzien van de frequentie en de ernst van pancreatitis. 
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In hoofdstuk 6 onderzochten we in patiënten met gemetastaseerd niercelcarcinoom de 
tumor opname van 89Zr-bevacizumab voor en tijdens behandeling met 
angiogeneseremmers als een potentieel predictieve marker voor effectiviteit van de 
behandeling. Patiënten ondergingen 89Zr-bevacizumab PET scans bij start en 2 en 6 weken 
na start van de behandeling. De behandeling bestond uit bevacizumab 10 mg/kg elke twee 
weken met interferon-α 3 tot 9 miljoen eenheden drie keer per week, of sunitinib 50 mg 
dagelijks gedurende 4 van elke 6 weken. Opname in de tumor werd vergeleken met plasma 
VEGF-A spiegels en tijd tot ziekte progressie. 89Zr-bevacizumab PET  liet 125 tumorlaesies 
zien in 22 patiënten. De mediane SUVmax was 6,9 (spreiding 2,3 – 46,9), variërend van 3,8 
(spreiding 2,7 – 15,4) tot 36,3 (spreiding 25,7 – 46,9) tussen patiënten. Bevacizumab/ 
interferon-α behandeling verlaagde SUVmax met 47,0% (P < 0,0001) na 2 weken en met nog 
eens 9,7% (P = 0,015) na 6 weken. Sunitinib (n = 11) verlaagde SUVmax met 14,3% na 2 
weken (P = 0,006), maar na 6 weken was SUVmax 72,6% (P < 0,0001) hoger dan voor start 
van de behandeling. SUVmax was niet gerelateerd aan plasma VEGF-A bij start, en 2 weken 
en 6 weken na start van de behandeling. Een gemiddelde tumor SUVmax > 10,0 in de 3 
meest intense laesies correspondeerde met langere tijd tot ziekteprogressie (89,7 versus 
23,0 weken, hazard ratio 0,22, 95% BI 0,05 – 1,00). Concluderend kan worden gesteld dat er 
intense 89Zr-bevacizumab-opname in tumorlaesies werd aangetoond bij patiënten met 
niercelcarcinoom, met opvallende heterogeniteit zowel tussen als binnen patiënten. 
Behandeling met bevacizumab/interferon-α leidde tot sterke afname van tumor opname 
terwijl sunitinib een beperkte afname liet zien met een rebound na 2 sunitinib vrije weken. 
Een hoge tumor SUVmax bij start was geassocieerd met langere tijd tot ziekte progressie. 
 
De orale mTOR-remmer everolimus verlengt progressievrije overleving bij patiënten met 
vergevorderde neuroendocriene tumoren. Momenteel zijn er geen biomarkers beschikbaar 
waarmee patiënten geselecteerd kunnen worden die profiteren van een behandeling met 
everolimus. Everolimus kan VEGF-A productie door tumorcellen afremmen. Daarom zou 
89Zr-bevacizumab PET geschikt kunnen zijn om al in een vroeg stadium het effect van de 
behandeling uit te lezen. In hoofdstuk 7 hadden wij ons tot doel gesteld het effect van 
everolimusbehandeling op tumoropname van 89Zr-bevacizumab te onderzoeken in 
patiënten met een gevorderde goed gedifferentieerde neuroendocriene tumor. 89Zr-
bevacizumab PET scans werden gedaan voor start, na 2 weken en na 12 weken behandeling 
met everolimus. 89Zr-bevacizumab opname werd gekwantificeerd met SUVmax. Op de CT 
scan na 3 maanden behandeling werd tumorrespons volgens RECIST versie 1.1 en het 
percentage verandering van de som van de diameters van de targetlaesies bepaald. In 4 van 
de 14 patiënten die in de studie werden geïncludeerd waren geen tumorlaesies te zien op 
de PET scan. In de overgebleven patiënten was 19% van de tumor laesies ≥ 1 cm op de 
routine CT scan voor start van de behandeling, zichtbaar op de PET scan. Mediane tumor 
SUVmax nam af met 7% na 2 weken behandeling met everolimus (P = 0,09) en met 35% na 
12 weken behandeling (P < 0,001). Delta SUVmax na 2 en na 12 weken behandeling was 
gecorreleerd met het percentage verandering van de som van de targetlaesies op de CT 
scan na 6 maanden behandeling (r2 = 0,51, P < 0,05 respectievelijk r2 = 0,61, P < 0,01).  
Concluderend, laat deze studie variabele tumoropname van 89Zr-bevacizumab zien bij 



Chapter 10 

 

156 
 

patiënten met ver gevorderde neuroendocriene tumoren voor start, en afname van tumor 
89Zr-bevacizumab opname tijdens behandeling met everolimus. 
 
Moleculaire beeldvorming met PET heeft de potentie om inzicht verschaffen in de 
beschikbaarheid van een behandeltarget, maar ook van de distributie van een medicament 
in tumoren en in gezonde organen. Daarnaast kan moleculaire beeldvorming biologische 
veranderingen zichtbaar maken die optreden na het starten van systemische therapie. Deze 
informatie zou gebruikt kunnen worden om patiënten te selecteren die baat hebben van 
een doelgerichte behandeling. Een andere strategie om dat doel te bereiken is analyse van 
tumor karakteristieken die een respons voorspellen in een biopt. Door de grote 
heterogeniteit tussen tumorlaesies binnen een patiënt is de representativiteit van een biopt 
niet goed in te schatten. Moleculaire beeldvorming en technieken voor het analyseren van 
tumorbiopten zouden elkaar hierbij uitstekend kunnen aanvullen in toekomstige studies. 
Een nieuwe ontwikkeling is de analyse van circulerend tumor DNA. Dit is genetisch 
materiaal dat zich vrij in de bloedbaan bevindt en dat herkend kan worden als afkomstig uit 
tumorcellen. Mutatie analyse op dit DNA lijkt informatie te kunnen geven over genetische 
veranderingen die in de tijd optreden in tumorcellen. Ook voor deze nieuwe techniek is niet 
duidelijk hoe representatief het circulerend DNA is voor alle tumorlokalisaties van een 
patiënt. Combinatie van een biopt, moleculaire beeldvorming en seriële mutatie analyse op 
circulerend tumor DNA zou in kleine studies heel veel informatie kunnen verschaffen die 
geïndividualiseerde behandeling van patiënten met kanker een stap dichterbij zou kunnen 
brengen. 
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Prof. dr. T.P. Links, beste Thera, intensieve samenwerking tussen endocrinologen en 
oncologen leidt soms tot prachtige kruisbestuiving waarvan de wetenschap en de patiënten 
profiteren. Hartelijk dank voor de goede samenwerking bij het opzetten van de imaging 
studie voor mensen met de ziekte van Von Hippel-Lindau. 



Acknowledgements  

 

159 
 

Beste Sophie (van Asselt), het was heerlijk om de verantwoordelijkheid voor de coördinatie 
van de VHL studie te kunnen delen, bedankt daarvoor.  

Beste Marjolijn, Wouter en Thijs, jullie hebben de moleculaire imaging met 89Zr-
bevacizumab opgezet, tumor imaging bewezen in muizenmodellen en een methode voor 
kwantificering ontwikkeld en daarmee de weg geplaveid voor de studies in dit proefschrift. 
Wouter en Thijs jullie hebben me gestimuleerd om de kwantificering zelf te doen, dat leek 
me aanvankelijk vrijwel onmogelijk maar met jullie hulp had ik het vlot onder de knie en 
daar heb ik heel veel van geleerd, dank! 

Beste Linda en Silke, bedankt voor alle labelingen die jullie hebben gedaan om de 89Zr-
bevacizumab PET studies mogelijk te maken. 

Beste Suzanne, Martine en Rob, als jonge collega’s hebben jullie me erg geholpen met de 
zorg voor de patiënten in de studies, het afdraaien van buizen en de eerste analyse van de 
studie data waarvoor mijn grote dank! Marloes, bedankt voor het meten van de VEGF-A 
spiegels. 

Beste Sophie (Bunskoek), Margreet, Wemke, Arja en Gerry, veel dank voor het regelen van 
de logistiek van de bloedafnames, het afdraaien van de buizen en de hulp bij het 
inventariseren van de klinische gegevens en het invullen van de CRF’s. 

Janine, vanaf het begin van de geneeskunde studie hebben we samen opgetrokken. Via 2 
verschillende wegen, waarbij jij eerst voor onderzoek koos en ik voor de kliniek, zijn we nu 
niet alleen vriendinnen maar ook collega’s medisch oncologen in het UMCG, dat vind ik heel 
bijzonder. Ik mocht jaren geleden jouw paranimf zijn en ben heel blij dat jij nu mijn 
paranimf bent! 

Annemiek, tijdens de Flims workshop in 2008 waar we een hotelkamer deelden is een hele 
waardevolle vriendschap ontstaan. Af en toe samen hardlopen, schaatsen, fietsen of lekker 
met hond en kinderen het bos in zijn momenten waarvan ik erg geniet. Je steun en adviezen 
(het moet nu gewoon af, niet alles hoeft perfect, andere dingen kunnen best even blijven 
liggen) hebben me door de laatste loodjes heen gesleept. Fijn dat je me tijdens deze dag 
ook terzijde wilt staan! 

Lieve papa en mama, ik ben ontzettend dankbaar voor het warme nest waarin ik ben 
opgegroeid, en voor de vrijheid die jullie me gaven om te worden wie ik wilde zijn. Door 
voor Vrijeschool onderwijs te kiezen heeft het wat langer geduurd voor de papieren op zak 
waren maar heb ik veel ervaringen opgedaan die het blikveld verruimen. 

Lieve Jan, bedankt voor je liefde, geduld en begrip. Je hebt me altijd aangemoedigd en 
ondanks de vele avonden die ik doorwerkte nooit het gevoel gegeven dat ik jullie tekort 
deed. Ik kijk er ontzettend naar uit om samen met jou en de kinderen naar Canada te gaan. 
Hopelijk kunnen we vanaf nu wat meer tijd vinden om te mountainbiken, schaatsen en 
wandelen. Lieve Daphne, Bram en Olaf, het boekje is af!            

Sjoukje





 

161 
 

 

 

 

Chapter 12 

 
Publications



Chapter 12 

 

162 
 

1. Oosting-Lenstra SF, Van Marwijk Kooy M. Failure of CHOP with rituximab for 

lymphomatoid granulomatosis. Neth J Med 2007;65:442-7. 

2. Oldenhuis CNAM, Oosting SF, Gietema JA, De Vries EGE. Prognostic versus predictive 

value of biomarkers in oncology. Eur J Cancer. 2008;44:946-53. 

3. Oosting SF, De Haas EC, Links TP, De Bruin D, Sluiter WJ, De Jong IJ,  Hoekstra HJ, 

Sleijfer DT, Gietema JA. Prevalence of paraneoplastic hyperthyroidism in patients 

with metastatic non-seminomatous germ cell tumors. Ann Oncol 2010;21:104-8. 

4. Oosting S, Nagengast W, De Vries E. More on bevacizumab in hereditary 

hemorrhagic telangiectasia. N Engl J Med 2009;361:931. 

5. De Haas EC, Oosting SF, Lefrandt JD, Wolffenbuttel BH, Sleijfer DT, Gietema JA. The 

metabolic syndrome in cancer survivors. Lancet Oncol 2010;11:193-203. 

6. Oosting SF, Peters FTM, Hospers GAP, Mulder NH. A patient with metastatic 

melanoma presenting with gastrointestinal perforation after dacarbazine: a case 

report. J Med Case Reports 2010;4:10. 

7. Nagengast WB, Lub-de Hooge MN, Oosting SF, Den Dunnen WF, Warnders FJ, 

Brouwers AH, de Jong JR, Price PM, Hollema H, Hospers GA, Elsinga Ph, Hesselink 

JW, Gietema JA, De Vries EG. VEGF-PET imaging is a non-invasisve biomarker 

showing differential changes in the tumor during sunitinib treatment. Cancer Res 

2011;71:143-35. 

8. Langendijk JA, Oosting SF. Grading system and management guidelines for 

dermatitis induced by head and neck radiotherapy plus cetuximab: clinical validation 

required. Ann Oncol 2011; 22: 2157-9. 

9. Van Spaendonck-Zwarts KY, Badeloe S, Oosting SF, Hovenga S, Semmelink HJ, Van 

Moorselaar RJ, Van Waesberghe JH, Mensenkamp AR, Menko FH. Hereditary 

leiomyomatosis and renal cell cancer presenting as metastatic kidney cancer at 18 

years of age: implications for surveillance. Fam Cancer 2012;11:123-9. 

10. Vermaat JS, Gerritse FL, Van der Veldt AA, Roessingh WM, Niers TM, Oosting SF, 

Sleijfer S, Roodhart JM, Beijnen JH, Schellens JH, Gietema JA, Boven E, Richel DJ, 

Haanen JB, Voest EE. Validation of serum amyloid α as an independent biomarker 

for progression-free and overall survival in metastatic renal cell cancer patients. Eur 

Urol 2012;62:685-95.  

11. Eechoute K, Van der Veldt AAM, Oosting S, Kappers MHW, Wessels JAM, 

Gelderblom H, Guchelaar H-J, Reyners AKL, Van Herpen CML, Haanen JB, Mathijssen 

RHJ, Boven E. Polymorphisms in endothelial nitric oxide synthetase (eNOS) and 

vascular endothelial growth factor (VEGF) predict sunitinib-induced hypertension. 

Clin Pharmacol Ther 2012;94:503-10. 

12. Boomsma MJ, Bijl HP, Christianen ME, Beetz I, Chouvalova O, Steenbakkers RJ, van 

der Laan BF, Wolffenbuttel BH, Oosting SF, Schilstra C, Langendijk JA. Prospective 



Publications  

 

163 
 

cohort study on radiation-induced hypothyroidism: development of an NTCP model. 

Int J Radiat Oncol Biol Phys 2012;84:e351-6. 

13. Arjaans M, Oude Munnink TH, Oosting SF, Terwisscha van Scheltinga AG, Gietema 

JA, Garbacik ET, Timer-Bosscha H, Lub-de Hooge MN, Schröder CP, De Vries EG. 

Bevacizumab-induced normalization of blood vessels in tumors hampers antibody 

uptake. Cancer Res 2013;73:3347-55. 

14. Arjaans M, Oosting SF, Schroder CP, De Vries EG. Bevacizumab-induced 

normalization of blood vessels in tumors hampers antibody uptake-response. Cancer 

Res 2013;73:7147-7148. 


