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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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