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1
General introduction and 
outline of the thesis



intermediate prognosis according to the International Metastatic RCC Database Consortium 

(IMDC) criteria (3), in whom watchful waiting was an option, were included in this study. 

Together with standard ceCT scan they underwent 18F-FDG PET and 89Zr-girentuximab PET 

at baseline before initiating watchful waiting. The CT scan was revised by two radiologists, 
18F-FDG PET was evaluated in detail by one nuclear physician and 89Zr-girentuximab PET 

scan was evaluated by three or four nuclear medicine physicians. All tumor lesions were 

documented for the three modalities separately, while the evaluators were blinded for 

the other modalities. Lesion detection rates for the 3 modalities separated as well as for 
18F-FDG PET plus ceCT and 89Zr-girentuximab PET plus ceCT were calculated. For lesions 

with 89Zr-girentuximab or 18F-FDG uptake visually exceeding background uptake, maximum 

standardized uptake values (SUVmax) were measured. We assessed biodistribution of 89Zr-

girentuximab as well as determinants for 18F-FDG and 89Zr-girentuximab tracer uptake.

Bevacizumab is a VEGF-A binding antibody that can be radiolabeled for imaging, but it is 

also an established first-line treatment option for patients with mRCC, in combination with 

interferon-α (IFN-α; immunotherapy). Another first-line treatment option is the tyrosine 

kinase inhibitor sunitinib which blocks VEGF receptors. mTOR plays a key role in cell 

growth, protein translation, autophagy, and metabolism. Blocking mTOR causes cell cycle 

arrest, but apart from a direct antitumor effect, mTOR inhibitors block VEGF-A expression 

and angiogenesis (4). Everolimus is an mTOR inhibitor with antitumor activity in mRCC 

after progression on angiogenesis inhibitors. In chapter 3 we investigate the feasibility of 

serial 89Zr-bevacizumab PET imaging in mRCC patients and we describe the change of 89Zr-

bevacizumab uptake in tumor lesions during treatment with either bevacizumab plus IFN-α 

or sunitinib. In chapter 4 we evaluate the change of tumor 89Zr-bevacizumab uptake after 

the start of everolimus and explore whether 89Zr-bevacizumab PET can identify patients with 

early disease progression.  

In chapter 3, we describe a study on 22 patients with mRCC who underwent 89Zr-

bevacizumab PET scans at baseline and two and six weeks after initiating first-line non-

curative antiangiogenic treatment, either bevacizumab plus IFN-α or sunitinib. The primary 

aim was to quantify 89Zr-bevacizumab uptake in tumor lesions before treatment and changes 

in uptake during the early course of antiangiogenic therapy. Furthermore, we wanted to 

explore whether 89Zr-bevacizumab PET can identify primary resistant disease early and 

whether tumor 89Zr-bevacizumab uptake correlates with plasma VEGF-A, and the effect of 

two drug-free weeks after four weeks of sunitinib on tumor 89Zr-bevacizumab uptake.

In chapter 4, we describe a study on patients with mRCC who underwent 89Zr-bevacizumab 

PET scans prior to starting and after two and six weeks of everolimus treatment. Tumor tracer 

Providing personalized cancer treatment is an important aim in current cancer care. The 

ultimate goal is to choose the right treatment for the right patient at the right time. However, 

with an increasing number of new cancer drugs, there is an unmet need for predictive 

biomarkers to support proper decision making. Moreover, the selection of potential 

biomarkers is complicated by inter- and intratumor heterogeneity of tumor characteristics.

The aim of this thesis is to contribute to the development of biomarkers and optimal 

diagnostics with a focus on renal cell carcinoma (RCC) and breast cancer (BC). The main 

part of the thesis is centered around imaging and its potential role in decision making. Two 

chapters concentrate on diagnostics for bone metastases with imaging-based and pathology-

based approaches in BC. In addition to tumor characteristics, which play a major role in 

personalized medicine, also patient characteristics are of importance. Therefore, in this 

thesis, one chapter is dedicated to the patient factor age.

The thesis consists of two parts. The first part comprises research in the field of RCC, the 

second part contributes to the BC field.

 

PART I
Clear cell RCC is characterized by Von Hippel-Lindau gene inactivation leading to the 

expression of proangiogenic growth factors such as vascular endothelial growth factor 

(VEGF-A) which results in typical vascular tumors. A high baseline plasma VEGF-A level is 

associated with shorter progression-free survival (PFS) and overall survival (OS) in metastatic 

RCC (mRCC) and is an independent prognostic factor (1). The course of the disease varies 

tremendously among patients. Patients can have stable disease for years without any 

systemic therapy, while others present with rapidly progressive disease. Treatment options 

for metastatic disease consist of immune checkpoint inhibitors, angiogenesis inhibitors, and 

mammalian target of rapamycin (mTOR) inhibitors. In daily practice, it is difficult to predict 

the course of the disease. Consequently, it is difficult to decide whether watchful waiting or 

immediate initiation of systemic treatment is indicated for patients with metastatic disease. 
18F-fluorodeoxyglucose (18F-FDG) PET visualizes metabolic activity and high tumor 18F-FDG 

uptake is associated with shorter OS in mRCC patients (2). Carbonic anhydrase IX (CAIX) is 

a cell-surface expressed glycoprotein, which is overexpressed in RCC, while not present in 

healthy tissue. Girentuximab is an antibody against CAIX which, labeled to a radionuclide, can 

visualize CAIX expressing cells. 

In chapter 2 we evaluate the lesion detection of contrast-enhanced computed tomography 

(ceCT) scan, 18F-FDG PET and 89Zr-girentuximab PET in 42 patients with RCC with the first 

presentation of metastatic disease. Newly diagnosed patients with mRCC with good or 
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to (new) PET tracers evaluated in patients with BC. The aim of this review is to describe the 

process of the development of PET tracers and the level of evidence needed for their use in 

BC. We studied trials that have been performed with 18F-FDG, 3’-deoxy-3-18F-fluorothymidine 

and 18F-fluoroestradiol to learn lessons for implementation of novel tracers. After defining 

the gap between a good rationale for a tracer and the implementation to the clinic, we 

propose solutions to fill the gap to try to bring more PET tracers to daily clinical practice.

Studies showed that 18F-FDG PET has a higher sensitivity and specificity for identifying bone 

lesions in patients with breast cancer than Technetium-99m-diphosphonate (99mTc-DP) whole-

body bone scintigraphy (BS) (9-13). In chapter 7 the influence of the detection discrepancies of 

bone lesions between BS and 18F-FDG PET for management recommendations is evaluated 

in 102 women with first presentation of mBC. CeCT, BS and 18F-FDG PET were performed 

within a 50 days’ time frame. All three modalities were evaluated individually for bone 

lesions by expert physicians blinded for other imaging results. A multidisciplinary expert 

panel, consisting of at least two medical oncologists and one radiation oncologist, was asked 

to make management recommendations two times for each patient; once based on clinical 

information, ceCT and BS and once based on clinical information, ceCT scan and 18F-FDG PET. 

The aim was to evaluate how often 18F-FDG PET plus ceCT assessment of bone lesions leads 

to a clinically relevant change of management recommendations for patients with newly 

mBC, compared to BS plus ceCT. Clinically relevant management differences between the 

two recommendations were defined as 1) different treatment intent (curative, non-curative 

or unable to determine) and/or 2) different systemic or local treatment. Furthermore, we 

explored whether routine clinical characteristics could potentially predict (lack of) added 
18F-FDG PET value. 

Chapter 8 describes the methods and accuracy of immunohistochemical staining for ER, PR 

and HER2 as well as fluorescence in situ hybridization of bone tissue in BC. According to 

guidelines, the first recurrence of BC should be biopsied for determination of ER/PR and 

HER2 expression at the metastatic site. Fifty-one percent of all patients relapse with bone 

only disease (8). Bone biopsies must be decalcified before they can be sliced, stained and 

interpreted by the pathologist. It is not clear whether successful immunohistochemical 

staining is possible and whether obtained immunohistochemical results are reliable after 

the decalcification process. We aimed to determine the optimal decalcification method by 

subjecting residual fresh primary breast tumors to different decalcification methods and 

to study discordance of receptor expression between paired primary breast tumors and 

optimally decalcified bone metastases of 77 patients with newly mBC who participated in 

the IMPACT-MBC trial (NCT01957332). 

uptake was quantified using SUVmax. The endpoints were change in tumor tracer uptake 

and treatment response on ceCT scan after three months. Furthermore, serum samples 

were collected before every tracer injection, at days -4, day 11 and day 39, for analysis of 

circulating VEGF-A levels, with day 0 being the day of baseline PET scan and the start of 

everolimus treatment to explore (change of) plasma VEGF-A levels during treatment and its 

correlation with (change of) SUVmax. 

These first 3 chapters focus on molecular characteristics of clear cell RCC and their potential 

role as biomarkers that can guide personalized medicine. Besides tumor characteristics, also 

patient factors should be taken into account when aiming for personalized medicine. 

The number of elderly patients with RCC is raising. There are important differences between 

elderly and younger individuals that can potentially affect tolerance of treatment (5). However, 

elderly patients are underrepresented in clinical trials and rarely reported on separately. 

In chapter 5, reports of phase III clinical trials and expanded access programs of approved 

drugs for mRCC are reviewed. Additionally, PubMed was searched for relevant articles and 

American Society of Clinical Oncology (ASCO) annual, ASCO Genitourinary and European 

Society for Medical Oncology (ESMO) 2014 and 2015 were searched for applicable 

presented abstracts. Additionally, National Comprehensive Cancer Network (NCCN), 

European Association of Urology (EAU) and ESMO guidelines were consulted. Available data 

is summarized for efficacy and toxicity in elderly patients and where possible we provided 

evidence-based recommendations for treatment choices in this population. 

PART II
BC is the most common malignancy amongst women worldwide, with the second-highest 

rate of cancer-related deaths (6). Besides the continuous development of new treatment 

strategies, there is an increasing effort to improve diagnostics as well. Worldwide, numerous 

PET tracers are being developed and tested. However, implementation is impaired by a 

slow collection of the required evidence to justify the implementation of these tracers in 

standard practice. It is of great importance to better define the value of already available 

diagnostics. Bone metastases are dominant in 70% of the patients with metastatic BC (mBC) 

(7) and often patients relapse with bone-only disease (8). It is neither clear yet how to interpret 

immunohistochemical results for estrogen receptor (ER), progesterone receptor (PR) and 

human epidermal growth factor receptor 2 (HER-2) of decalcified bone metastases nor how 

to optimally visualize bone metastases, with either bone scan or 18F-FDG PET.

In chapter 6, a systematic review enumerates all finished and ongoing research with respect 
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Introduction
 

Renal cell carcinoma (RCC) accounts for 2% of all malignancies worldwide, with an estimated 

403,262 new cases in 2018. Seventy percent have a clear cell component. Metastatic clear 

cell (mcc) RCC has a variable course, with a subgroup of patients showing slow disease 

progression. In those patients, it is safe to observe the course of disease in a period of so-

called watchful waiting, avoiding unnecessary side-effects and costs of systemic treatment.

To identify patients eligible for watchful waiting, prognostic schemes such as the International 

Metastatic Database Consortium (IMDC) risk model have been used to differentiate between 

patients with a good, intermediate or poor prognosis (1,2). For staging mRCC, European Society 

of Medical Oncology (ESMO) guidelines mandate contrast-enhanced computed tomography 

(CT) of chest, abdomen and pelvis (3). 

Previously, an international phase II study in mRCC patients eligible for watchful waiting 

showed that higher numbers of IMDC adverse risk factors (p = 0.0403) and higher numbers of 

metastatic disease organ sites (p = 0.0414) were associated with a shorter period of watchful 

waiting (4). These results substantiate the clinical value of imaging, which may be further 

enhanced by molecular imaging with 18F-FDG or emerging radiopharmaceuticals targeting 

tumor-associated antigens like carbonic anhydrase IX (CAIX) to identify patients in need of 

urgent systemic or local therapy.

CAIX is over-expressed in 94% of ccRCC-tumors due to a mutational loss of Von Hippel-

Lindau protein (5-7). Prognostic implications of immunohistochemically determined CAIX-

expression are unequivocal (7-12). In-vivo assessment of CAIX-expression can be performed 

with radiolabeled girentuximab (anti-CAIX antibody) PET imaging. This technique visualizes 

primary and metastatic ccRCC lesions (13-15). The value of 18F-FDG PET/CT combined with CT in 

diagnosing and staging mRCC is not established; however, 18F-FDG PET/CT may have prognostic 

value, with a positive scan being unfavourable (16.17). The IMaging PAtients for Cancer drug 

selecTion (IMPACT)-RCC study (ClinicalTrials.gov: NCT02228954) was designed to assess 

the added value of 89Zr-DFO-girentuximab PET/CT and 18F-FDG PET/CT at presentation in 

predicting the duration of watchful waiting in patients with good or intermediate prognosis 

mccRCC.

Here, we report the lesion detection of 89Zr-DFO-girentuximab PET/CT and 18F-FDG PET/CT in 

mccRCC in addition to CT. We determined the lesion detection yield of the three modalities, 

assessed inter-observer agreement in 89Zr-DFO-girentuximab uptake interpretation, and 

investigated determinants of quantitative 89Zr-DFO-girentuximab and 18F-FDG uptake.

Abstract
 

Purpose
The main objective of this preliminary analysis of the IMaging PAtients for Cancer drug 

selecTion (IMPACT)-renal cell carcinoma (RCC) study is to evaluate the lesion detection 

of baseline contrast-enhanced CT, 89Zr-DFO-girentuximab PET/CT and 18F-FDG PET/CT in 

detecting ccRCC lesions in patients with a good or intermediate prognosis metastatic clear 

cell renal cell carcinoma (mccRCC) according to the International Metastatic Database 

Consortium (IMDC) risk model. 

Methods
Between February 2015 and March 2018, 42 newly diagnosed mccRCC patients with good 

or intermediate prognosis, eligible for watchful waiting, were included. Patients underwent 

CT, 89Zr-DFO-girentuximab PET/CT and 18F-FDG PET/CT at baseline. Scans were independently 

reviewed and lesions of ≥10 mm and lymph nodes of ≥15 mm at CT were analyzed. For 

lesions with 89Zr-DFO-girentuximab or 18F-FDG uptake visually exceeding background uptake, 

maximum standardized uptake values (SUVmax) were measured. 

Results
A total of 449 lesions were detected by ≥1 modality (median per patient: 7; ICR 4.25-12.75) 

of which 42% were in lung, 22% in lymph nodes and 10% in bone. Combined 89Zr-DFO-

girentuximab PET/CT and CT detected more lesions than CT alone: 91% (95% CI: 87-94) 

versus 56% (95% CI: 50-62, p = 0.001), respectively, and more than CT and 18F-FDG PET/CT 

combined (84% (95% CI: 79-88, p < 0.005)). Both PET/CTs detected more bone and soft tissue 

lesions compared to CT alone. 

Conclusion
The addition of 89Zr-DFO-girentuximab PET/CT to CT increases lesion detection compared to 

CT alone in newly diagnosed good and intermediate prognosis mccRCC patients eligible for 

watchful waiting. 
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reasons, the nuclear physician was allowed to communicate findings that required (local) 

interventions (e.g. brain metastases).

A tumor lesion was defined visually positive based on anatomical substrate on low-dose CT 

in combination with 18F-FDG and/or 89Zr-DFO-girentuximab uptake, or solely on prominent, 

non-physiological antibody-uptake. Quantification of positive lesions as defined by evaluation 

reports for 18F-FDG and 89Zr-DFO-girentuximab PET/CT was performed by drawing regions-of-

interest using Inveon Research Workplace software (IRW, version 4.1). The maximum and 

mean standardized uptake values (SUV) were calculated. SUVmax was used for tumor tracer 

uptake; SUVmean for measuring uptake in healthy organs and blood pool. 

Statistical Analysis
To compare the agreement in individual lesion detection between observers, we used 

dependent pair wise or multi-observers kappa-coefficients with the delta method (19). Lesion 

detection rates per imaging modality and combined imaging modalities (CT combined 

with PET/CT) were estimated and compared (by Wald tests) using mixed effect logistic 

regression models accounting for within patient and lesion-clustering by random intercepts. 

We evaluated lesion detection rates overall and according to organ sites. Furthermore, we 

compared the median number of affected organ sites across patients assessed by CT only, or 

in conjunction with either PET/CT using Wilcoxon signed rank tests.

To assess biodistribution of 89Zr-DFO-girentuximab, we estimated the average SUVmean per 

organ and compared variability within and between patients (one-sample T-test). SUVmax was 

evaluated using descriptive methods besides mixed effects linear regression models, taking 

within patient clustering into account as random intercepts (using intra-class correlation 

coefficient (ICC) to estimate variation in uptake due to between-patient heterogeneity). These 

models were also used to assess determinants of tracer uptake (introduced as fixed effects 

and compared by Wald tests). SUVmax was natural log-transformed to obtain appropriate 

model fit, resulting in geometric means or percent changes in SUVmax as interpretation of fixed 

effects. We fitted these models under restricted maximum likelihood using Satterthwaite 

approximations to degrees of freedom. We used the marginal R2 to estimate the variance in 

tracer uptake explained by the fixed effects of these models (20), then fitted under maximum 

likelihood. 

We report estimates with 95% confidence intervals (CI), and statistical tests were two-sided 

with threshold for significance of 5%, without adjusting for multiple testing. Analyses were 

performed in R (version 3.2.1), particularly using libraries multi-agree (version 2.1), lme4 

(version 1.1-11), lmerTest (version 2.0-20), and MuMIn (version 1.10.0). 

Materials and methods 
 

Patients
In this prospective multicenter cohort study, patients aged 18 years and older with 

histologically or cytologically proven RCC with a clear cell component, recently (<6 months) 

diagnosed metastases and a good or intermediate prognosis according to IMDC score (1), 

were enrolled in the IMPACT-RCC study conducted at four Dutch academic medical centers. A 

period of watchful waiting for 2 months was considered optional according to treating medical 

oncologist. Patients who received any previous systemic treatment for RCC in any setting 

were excluded, but previous radiotherapy and surgery (nephrectomy or metastasectomy) 

was permitted. Furthermore, patients were excluded in the presence of untreated central 

nervous system metastases or symptomatic intra-cerebral metastases, pregnant or breast 

feeding women. Only patients without prior systemic treatment were enrolled, therefore the 

IMDC criteria ‘time from diagnosis to treatment <1 year’ was adapted into ‘time from primary 

diagnosis to diagnosis of metastatic disease <1 year’. Watchful waiting was terminated if 

radiological disease progression was established, in combination with a clinical need to start 

systemic treatment. 

Patient Imaging
Patients underwent CT, 18F-FDG and 89Zr-DFO-girentuximab PET/CT at the start of the watchful 

waiting period. Further details on the imaging modalities (acquisition and reconstruction 

protocols) and the conjugation, radiolabeling and quality control of 89Zr-DFO-girentuximab 

are provided in the Supplements.

Image Assessment
All CT and 18F-FDG PET/CT scans were reported according to standard clinical practice by 

an experienced local radiologist and nuclear physician, respectively. The assessment of 

CT lesions was performed according to RECIST 1.1 (18); however, to ensure measurements 

and documentation of all lesions including non-target lesions of ≥10 mm, CT scans were 

independently revised by one or two experienced radiologists (E.H.A; T.C.K.). The 89Zr-DFO-

girentuximab PET/CTs were assessed in a central reviewing system to ensure true lesion 

detection and reproducible inter-observer agreement.

All 89Zr-DFO-girentuximab PET/CTs were assessed by three expert nuclear physicians 

independently (W.O.; A.H.B.; O.H.) through online central reviewing system designed by 

CTMM TRaIT. The three reports were harmonized to one final report by one designated 

reviewer. In case of different findings, a meeting was organized to reach consensus. The 

treating physician was blinded for the results of either PET/CT; however, for patient safety 
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Table 1. Patient demographics and clinical characteristics.
Parameter Patients (n = 42)
Sex
 Male 31 (74%)
 Female 11 (28%)
Age (years)
 Median (range) 66.1 (44-86)
Nephrectomy
 Yes 36 (86%)
 No 6 (14%)
Histology
 Pure clear cell 32 (76%)
 Mixed 10 (24%)
Location of first metastases*
 Lung** 22 (52%)
 Adrenal gland 4 (10%)
 Lymph node 9 (21%)
 Bone 2 (5%)
 Kidney 2 (5%)
 Other*** 3 (7%)
Time from diagnosis to first metastases (median 0.7; range 0-15 months)
 <1 year 23 (55%)
 ≥1 year 19 (45%)
IMDC risk factors
 0 (favorable) 14 (33%)
 1 (intermediate) 13 (31%)
 2 (intermediate) 15 (36%)

* 57% presented with metachronous metastases.
** Five patients had lung-only disease (based on CT only).
*** Two patients presented with soft tissue metastases, one patient with multiple involved organ sites.

Figure 1. On the left are transversal sections of one patient of CT, 89Zr-DFO-girentuximab and 18F-FDG PET/CT. 

The red circle represents an adrenal gland lesion in a patient as visualized by CT (A), 89Zr-DFO-girentuximab 

Results

Patients
From February 2015 until March 2018, 42 mccRCC patients were included. All patients had 

a histopathological diagnosis of the primary tumor, either through (partial) nephrectomy or 

biopsy in 36 and six patients, respectively. A total of 14 patients had a favourable prognosis. 

Of the remaining 28 patients, 13 had a predicted intermediate prognosis with one risk factor 

and 15 patients with two risk factors. This was primarily due to the diagnosis of metastases 

<1 year after the primary diagnosis (80%) and/or the presence of anaemia (51%). There was 

no correlation between histology (e.g. mixed vs. pure clear cell) and estimated prognosis 

according to IMDC. All patients without previous nephrectomy had an estimated intermediate 

prognosis. In total 57% of all patients presented with metachronous metastases at a median 

interval of 0.7 (range 0-15) months between primary diagnosis and first metastasis. One 

patient presented with only sub-centimeter indeterminate lung lesions; therefore, lesions 

were not included in the analysis. Five others had a negative 18F-FDG PET/CT, of whom one 

plus two other patients had a negative 89Zr-DFO-girentuximab PET/CT. In two patients, the 
18F-FDG PET/CT and/or 89Zr-DFO-girentuximab PET/CT revealed brain metastases warranting 

local treatment with stereotactic radiotherapy and temporary treatment with corticosteroids. 

Patient characteristics are shown in Table 1, imaging examples are shown in Figure 1.

Lesion Detection Rates of CT, 18F-FDG and 89Zr-DFO-girentuximab PET/CT
A total of 449 lesions were identified by at least one modality (median per patient, 7, ICR 

4.25-12.75). Lesions were located in lung (42%), lymph nodes (22%), bone (10%), soft tissue 

(8%), adrenal gland (6%), kidney (4%), pancreas (4%) or elsewhere (4%).

Lesion detection rates differed across modalities: 56% was visualized by CT (95% CI: 50-

62). 18F-FDG PET/CT detected 59% (95% CI: 53-65, p = 0.37). 89Zr-DFO-girentuximab PET/CT 

visualized 70% (95% CI: 64-75), which was more than CT alone (p < 0.001) or 18F-FDG PET/

CT alone (p < 0.005). Nine of 449 (2%) lesions were outside the field of view of CT (brain n = 

2; lymph nodes in the neck n = 4, bone (extremities) n = 3). Agreement in detecting lesions 

between modalities was poor; kappa’s -0.12 (95% CI: -0.25 to 0.01), -0.00 (95% CI: -0.13 to 

0.12), and 0.20 (95% CI: 0.02-0.37) for CT and 89Zr-DFO-girentuximab-PET/CT, CT and 18F-FDG 

PET/CT, and 89Zr-DFO-girentuximab PET/CT and 18F-FDG PET/CT, respectively. 

Agreement between two radiologists in identifying lesions on CT was moderate (kappa 

0.51; 95% CI: 0.42-0.59), and substantial for three nuclear physicians assessing 89Zr-DFO-

girentuximab PET/CTs (kappa 0.71, 95% CI: 0.60-0.82). 
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Assessment of Affected Organ Sites
The median number of affected organ sites increased with the addition of 89Zr-DFO-

girentuximab PET/CT or 18F-FDG PET/CT compared to CT alone in 27 patients (median 

increased from 2 to 3, range 1-7, p < 0.005). 89Zr-DFO-girentuximab PET/CT and 18F-FDG PET/

CT performed similarly (Table 2). Patients were categorized according to the location of their 

metastases (e.g. lung only; other organ(s) only and both lung and other organ(s)). With the 

addition of both PET/CTs, two patients were re-categorized from lung only into ‘both lung 

and other organs’ based on the additional detected lymph node and bone lesions (Table 1). 

Table 2. The number of affected organ sites per patient per imaging modality (combination).
CT only 
(median 2)

18F-FDG PET/CT
(median 3)

89Zr-DFO-girentuximab PET/CT and CT 
(median 3)

0    2.4 % - -
1   33.3 % 23.8 % 23.8 %
2   35.7 % 21.4 % 26.1 %
3   21.4 % 38.1 % 30.9 %
4    7.1 % 14.2 % 11.9 %
5    - 2.4 % 4.8 %
7    - - 2.4 %

* Significant increase of the median number of organ sites compared to CT alone (p < 0.005)

Quantitative Analysis of 89Zr-DFO-girentuximab and 18F-FDG Uptake
In normal tissues the highest 89Zr-DFO-girentuximab uptake was observed in healthy liver 

(geometric mean SUVmean 6.7 (95% CI: 6.4-7.3), lowest in healthy lung (geometric mean SUVmean 

1.1 (95% CI: 0.8-1.2) (p < 0.05). The physiological biodistribution of 89Zr-DFO-girentuximab is 

illustrated in the Supplements.

The overall geometric mean 89Zr-DFO-girentuximab SUVmax in lesions was 15.5 (95% CI: 12.5-

19.2), and 4.4 (95% CI: 3.8-5.1) for 18F-FDG. Tracer uptake was higher in lesions with a CT 

diameter >15 mm, compared to smaller lesions (geometric mean SUVmax 23.9 (95% CI: 19.0-

30.0) and 5.8 (95% CI: 5.0-6.8) for 89Zr-DFO-girentuximab and geometric mean 11.6 (95% 

CI: 9.3-14.5) and 3.5 (95% CI: 3.0-4.1) for 18F-FDG). Based on expert opinion, for further 

analyses of tracer uptake a cut-off of ≥15 mm in diameter on CT was chosen, to avoid partial 

volume effects thwarting proper quantification (leaving 95 lesions in 26 patients for 89Zr-DFO-

girentuximab, and 93 lesions in 29 patients for 18F-FDG).

The 89Zr-DFO-girentuximab SUVmax varied greatly, ranging from 3.8 to 230.8, with a median-

fold difference of 2.8 (range 1.2-15.3) per patient. Inter-patient heterogeneity accounted 

for 41% of variation in 89Zr-DFO-girentuximab SUVmax, and 53% for 18F-FDG SUVmax (i.e. ICC of 

(B) and 18F-FDG PET/CT (C), respectively. On the right, MIP images of 89Zr -DFO-girentuximab (D) and 18F-FDG 

PET (E) are presented.

Combination of Modalities for Lesion Detection 
With the addition of 89Zr-DFO-girentuximab PET/CT and 18F-FDG PET/CT, lesion detection by 

CT alone increased from 56% to 91% (95% CI: 87-94) and 84% (95% CI: 79-88), respectively. 

Improved lesion detection rate was apparent for all organ sites (Figure 2). The lesion detection 

of CT-89Zr-DFO-girentuximab PET/CT was better than CT-18F-FDG PET/CT (p < 0.005). Largest 

improvement was seen in the number of bone lesions, with 81% of all bone lesions detected 

by both 89Zr-DFO-girentuximab PET/CT and CT as well as 18F-FDG PET/CT with CT, compared to 

16% by CT alone (p < 0.001). More lung lesions were detected by CT-89Zr-DFO-girentuximab 

PET/CT compared to CT-18F-FDG PET/CT (95% (95% CI: 91-98)) versus 84% (95% CI: 76-89, p 

< 0.001). Lesion detection approached 100% in pancreas and kidney with combined CT and 
89Zr-DFO-girentuximab PET/CT. Conversely, detecting enlarged lymph nodes was better with 

combined 18F-FDG PET/CT and CT (94% (95% CI: 88-97)), compared to 89Zr-DFO-girentuximab 

PET/CT and CT (83% (95% CI: 73-89, p < 0.05)).

Figure 2. Lesion detection per imaging modality and per organ. Concordant pairs were lesions that were 

visualized on all three modalities. Nine PET detected lesions were outside the field of view of CT. 

* p < 0.001 compared to CT only.

CT only
18F-FDG PET/CT
89Zr-DFO-girentuximab 
PET/CT and CT
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Determinants of Tracer Uptake
18F-FDG uptake was not related to 89Zr-DFO-girentuximab uptake (p = 0.29). Univariable-

analysis showed a strong relation of tracer uptake to lesion location (p < 0.005; explaining 61% 

and 12% of the variation in 89Zr-DFO-girentuximab and 18F-FDG SUVmax). Largest measured CT 

lesion diameter was associated with tracer uptake (p < 0.001, explaining 13% and 16% of the 

variation in 89Zr-DFO-girentuximab and 18F-FDG SUVmax), with 89Zr-DFO-girentuximab SUVmax 

increasing on average 59% (95% CI: 25-102) and 18F-FDG SUVmax 33% (95% CI: 14-54) per 

doubling diameter. 

In multivariable analysis, mutual adjustment for location, size, and uptake of the other tracer 

did not substantially alter the correlation between tracer uptake and location. Size and 89Zr-

DFO-girentuximab SUVmax were no longer related (estimated average change in uptake of 3% 

(95% CI: -17 to 28) per doubling size), whereas the relation between size and 18F-FDG SUVmax 

did not change substantially [estimated change in uptake of 32% (95% CI: 11-58) per doubling 

size). Thus, 89Zr-DFO-girentuximab uptake was mainly dependent on lesion location, and little 

affected by size and uptake of the 18F-FDG (which together explained 63% compared to 61% 

by location alone). 

Discussion 

This diagnostic lesion detection analysis in newly diagnosed mccRCC patients with a good 

or intermediate prognosis according to IMDC criteria and eligible for watchful waiting, 

demonstrates that addition of 89Zr-DFO-girentuximab PET/CT to CT in the diagnostic work-up 

increases overall detection of mccRCC lesions from 56% to 91%. The number of detected 

bone- and soft tissue lesions increased, and all renal and pancreatic lesions were detected 

with this combination of modalities. In this patient selection, 89Zr-DFO-girentuximab PET/

CT and CT resulted in the detection of more mccRCC lesions than 18F-FDG PET/CT and CT  

(p = 0.006). Considering the expected proportion of false-positive lymph node lesions on 
18F-FDG PET/CT due to 18F-FDG uptake in reactive (mostly mediastinal) lymph nodes, this 

difference in detection rate is in favour of 89Zr-DFO-girentuximab PET/CT and CT.  

   

A patient’s prognosis is estimated based on the number of involved organs on CT, total disease 

burden and period of watchful waiting, rather than the number of lesions (4,21). In our study 

population 33% of the patients present with a predicted good prognosis mRCC and 43% of 

patients with synchronous metastases. This is comparable to previous datasets and reflects 

daily clinical practice (4). Patients with lung-only metastases are thought to have a better 

prognosis than other involved organ sites such as liver and bone (22,23). In our study population, 

0.41 and 0.53, respectively). Highest 89Zr-DFO-girentuximab uptake was seen in kidney and 

adrenal gland lesions (median SUVmax 61.1 and 69.9, respectively) and lowest in lung lesions 

(median SUVmax 9.4) (Figure 3). Two out of six patients without prior nephrectomy showed 

highest 89Zr-DFO-girentuximab uptake at primary site (SUVmax 70.52 and 40.48), compared to 

synchronous metastatic sites. 

Figure 3. A Violin plot of actual distribution of 89Zr-DFO-girentuximab and 18F-FDG SUVmax in tumor lesions per 

organ site. Black vertical lines are 95% CIs of geometric mean SUVmax, white dots within black lines and values 

are the actual geometric means; coloured dots are individual metastases. The locations represent organ sites 

with at least five suspect lesions. 

* Compared to lung lesions, a difference was seen in the height of 89Zr –DFO-girentuximab SUVmax values of 

lymph node, soft tissue, adrenal gland and kidney lesions (p <  0.05). 

** The height of 18F-FDG SUVmax values of kidney lesions was significantly higher compared to soft tissue 

lesions (p < 0.05).

*

*

*

*

**
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Interestingly, 18F-FDG and 89Zr-DFO-girentuximab uptake strongly depend on the organ where 

the lesion is localized, which is also previously described for 89Zr-bevacizumab uptake in 

mccRCC (28). Overall, highest 18F-FDG and 89Zr-DFO-girentuximab SUVmax values were visualized 

in metastases of the adrenal gland and the kidney. In the six patients without previous 

nephrectomy, the highest SUVmax value was measured in the metastatic lesions and not in the 

primary tumor. Organ-specific characteristics influence 89Zr-DFO-girentuximab uptake, e.g. 

the presence of stromal and immune cells, stroma and/or vasculature affecting perfusion. 

This is illustrated by the notable high SUVmax values of 89Zr-DFO-girentuximab uptake in 

adrenal gland lesions as compared to other lesion sites, e.g. lung (median SUVmax 69.9 and 

9.4, respectively). 

 

Depending on the clinical question, both 89Zr-DFO-girentuximab and 18F-FDG PET/CT are 

valuable as additional imaging techniques by visualizing whole-body mccRCC lesions where the 

combination of 89Zr-DFO-girentuximab with CT increases the total number of detected lesions 

most and supports the role of 89Zr-DFO-girentuximab-PET/CT in the early detection of mccRCC 

lesions (27). Furthermore, the quantification of tracer uptake in both PET imaging modalities 

offers a better understanding of the heterogenic study population (4). Combining anatomical 

imaging techniques with functional imaging techniques targeting glucose metabolism and 

CAIX expression offers a better representation of the heterogeneity by visualizing whole 

body tumor nature and active metabolic processes (e.g. glycolysis, GLUT-1-expression)(8).  

Upon completion of the follow-up data of all patients included in the IMPACT-RCC study, 

we will analyze whether 89Zr-DFO-girentuximab and 18F-FDG PET/CT contributes to a better 

prediction of the course of disease during watchful waiting in good and intermediate 

prognosis mccRCC patients.

 

Conclusion

The addition of 89Zr-DFO-girentuximab PET/CT and 18F-FDG PET/CT to CT increases lesion 

detection compared to CT alone in newly diagnosed good and intermediate prognosis mccRCC 

patients eligible for watchful waiting. The quantitative analyses of 89Zr-DFO-girentuximab and 
18F-FDG uptake can be relevant in clinical practice, as site-specific heterogeneity may require 

a different treatment approach.

Disclosure
This work was supported by the Dutch Cancer Society (Alpe d’HuZes Grant RUG 2012-5400). 

based on CT only, seven patients (17%) presented with lung-only metastases. This number was 

revised after the addition of PET/CT because of the detection of additional bone and lymph 

node lesions by PET/CT in two patients. Furthermore, two patients were diagnosed with brain 

metastases by 89Zr-DFO-girentuximab PET/CT that required local treatment. 

Overall, the median number of two involved organs per patient as determined by CT alone 

increased to three per patient with the addition of PET/CT (range 1-7, p < 0.005), even 

without adjusting for the limited CT field-of-view. This is largely attributed to the detection 

of more soft-tissue and bone lesions, a well-known limitation of CT due to less soft tissue 

contrast and the limited ability to detect (non-lytic) bone lesions. This limited increase in the 

number of involved organ sites with the addition of PET/CT questions its additional value, 

since solely an increase in detected lesions will not lead to the implementation of 89Zr-DFO-

girentuximab or 18F-FDG PET/CT to our standard work-up. However, 89Zr-DFO-girentuximab 

and 18F-FDG PET/CT findings were clinical and possibly prognostic relevant in at least 10% of 

patients and warrants further investigation. 

 

The interpretation of involved organ sites in all three modalities was challenging, especially 

considering the limitation of each modality. For example, spatial resolution is lower with PET/

CT compared to CT, resulting in a partial volume effect affecting small (<2 cm), low-contrast 

lesions both visually and quantitatively (24). CT can detect sub-centimeter or indeterminate 

pulmonary nodules and lymph nodes, although distinguishing nonspecific from small 

metastatic lesions with CT is notoriously difficult. Based on studies of pulmonary metastases 

in RCC and RECIST 1.1 criteria, we used a diameter cut-off of 10 mm and in lymph nodes 15 

mm to prevent overestimating of the number of detected lesions (25, 26). This ultimately reduced 

the number of (small) lung and lymph node lesions detected by CT, thereby underestimating 

the overall lesion detection by CT.

 

All lesions visible on either CT, 89Zr-DFO-girentuximab or 18F-FDG PET/CT were defined as 

metastases, which introduces potential bias and a risk of possible false-positive. Despite the 

high specificity of 89Zr-DFO-girentuximab to visualize primary and metastatic ccRCC-lesions 

expressing CAIX (5, 13-15, 27) and the careful assessment of 89Zr-DFO-girentuximab PET/CT by 

three independent nuclear physicians with a fairly good agreement (kappa 0.71, 95% CI: 0.60-

0.82), our results are limited by the lack of histological confirmation of the detected lesions. 

Alternatively, the tracer uptake may resemble a new tumor lesion that is not yet visible on CT 

due to a dedifferentiated state with a different metabolic state and could become apparent 

in a period of follow-up. Finally, false-negative lesions could be present as well; however, with 

the available data we cannot draw any conclusion on this.
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Supplementary files

Supplemental Methods

Patient Imaging, CT

The CT acquisition and reconstructions were performed according to local protocols for Canon 

Aquilion One GENESIS Edition (RadboudUMC), Siemens Force/Flash (UMC Groningen) scanner, 

Discovery CT750 (Amsterdam UMC) and Siemens Somatom (Erasmus MC).

Acquisition protocols were as follows;100 or 120 kV protocol (automatic exposure control (AEC) 

with standard deviation (SD) of 15), with auto mA 120-500, noise index of 25, at a rotation speed of 

0.275-0.5 sec. Scan range included chest, abdomen and pelvis. Reconstruction was performed by 

the Canon Aquilion scanner using adaptive iterative dose reduction 3dimensional enhance (AIDR 

3Denh) in combination with FC08 filter to create axial in 1.0 mm/0.8 mm and axial, coronal and 

sagital in 5.0 mm/ 4.0 mm slices and FC86 filter to create axial in 1 mm/0.8 mm and axial in 5.0 mm/ 

4.0 mm and 10/3 MIP axial. Images from the Flash/Force scanner were reconstructed using SAFIRE 

iterative reconstructions programme two to create 1.0mm slices with an increment of 0.7mm for 

chest reconstructions and 2 mm slices with an increment of 1,5 mm in slices of the abdomen and 

pelvis. CT images of the Discovery CT750 were reconstructed using the adaptive statistical iterative 

reconstruction (ASIR) algorithm at 60-70% to create 0.625 mm axial and coronal slices of the chest 

and 3.0mm slices of the abdomen and pelvis. SAFIRE iterative reconstructions were also used to 

reconstruct images from the Siemens Somatom to create either axial in 3 mm/ 3 mm and 3 mm/ 2 

mm coronal/saggital or axial in 1.0mm/0.8mm

Image analysis was performed on the venous phase scans after intravenous injection of iodinated 

contrast at 100-150 ml/kg body weight with bolus tracking at a delay of 30-80 sec (chest - abdomen) 

and maximal slice thickness of 5.0 mm.

 

Patient Imaging,  PET/CT
18F-FDG PET/CT was performed according to European Association of Nuclear Medicine (EANM) 

guidelines version 1.0 (26) and the 89Zr-imaging procedure was harmonized between participating, 

EARL-accredited centers (PET/CT-systems)(27). Patients underwent 89Zr-DFO-girentuximab PET/CT 

four days after intravenous (IV) injection of 37 MBq 89Zr-DFO-girentuximab (protein dose five mg). 

For both PET scans, patients were scanned from the head to upper thigh in up to 6 consecutive bed 

positions, during five minutes for each bed position with a 64-slice PET/CT camera (Biograph mCT, 

Siemens in RadboudUMC, UMC Groningen and Erasmus MC; Gemini TF or Ingenuity TF, Philips in 

the Amsterdam UMC). All data were corrected for dead time, scatter, randoms, decay and tissue 

attenuation, with a final reconstruction resolution of seven mm.

Conjugation, Radiolabeling and Quality Control of  89Zr-DFO-girentuximab
89Zr-girentuximab was produced under good manufacturing practice (GMP) requirements with ≥95% 

radiochemical purity. 

To allow for 89Zr labeling, Girentuximab (Wilex AG, Munich, Germany) was conjugated with the 

chelator N-succinyldesferrioxamine-B-tetrafluorphenol (N-SucDf-TFP) (obtained from VU University 

Medical Center, Amsterdam, the Netherlands). Previously, the 89Zr labeling of girentuximab has only 

been described for preclinical studies(28). After conjugation the intermediate girentuximab-desferal 

was purified using gel permeation columns (PD10, GE Healthcare Life sciences, Eindhoven, The 

Netherlands). After dilution to a concentration of two mg/ml it was filtered through 0.2 μm Millex 

GV filter and dispensed. 

Radiolabeling of DFO-girentuximab with 89Zr was performed under GMP conditions at RadboudUMC 

and transported to participating centers. The final formulation of the radiolabeled product contains a 

total concentration of girentuximab (89Zr-DFO-girentuximab + unlabeled girentuximab) of five mg/10 

ml. The unlabeled antibody is added to prevent possible hepatic uptake of the radiolabeled mAb. 

The final product contains 37 MBq 89Zr-DFO-girentuximab at the time of injection. The radiochemical 

purity (thin layer chromatography, high performance liquid chromatography), was ≥95%, while 

immunoreactive fraction as assessed by a cell binding assay exceeded 80%(29.
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Supplementary Table 1. Detection rates (95% CI).
Group CT only 18F-FDG PET/CT and CT 89Zr-DFO-girentuximab PET/CT and CT
Overall 0.56 (0.50-0.62) 0.84 (0.79-0.88)* 0.91 (0.87-0.94)*
According to location
Lung 0.62 (0.53-0.71) 0.84 (0.76-0.89)* 0.95 (0.91-0.98)*
Lymph node 0.58 (0.46-0.69) 0.94 (0.88-0.97)* 0.83 (0.73-0.89)*
Bone 0.16 (0.08-0.32) 0.81 (0.62-0.92)* 0.81 (0.62-0.92)*
Soft Issues 0.45 (0.27-0.63) 0.71 (0.51-0.85)* 0.93 (0.78-0.98)*
Adrenal gland 0.85 (0.65-0.95) 0.96 (0.77-1.00) 0.93 (0.74-0.98)
Kidney 0.70 (0.46-0.87) 0.68 (0.43-0.86) 1.00 (unidentifiable)*
Pancreas 0.85 (0.59-0.96) 0.83 (0.55-0.95) 1.00 (unidentifiable)*

Concordant pairs were lesions that were visualized on all three modalities. Nine PET detected lesions were outside the field of 
view of CT. 
* p < 0.001 compared to CT only.

Supplementary Figure. 1 Biodistribution of 89Zr-DFO-girentuximab in normal organs. Black vertical lines are 95% 

CIs of geometric mean SUVmean, centered black lines represent the actual geometric means; coloured dots are 

individual measurements. The SUVmean geometric mean was significantly higher than all other healthy organs  

(p < 0.05). (n = 41 per organ site; except for the adrenal gland n = 27.)
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Abstract

Purpose
No validated predictive biomarkers for antiangiogenic treatment of metastatic renal cell 

carcinoma (mRCC) exist. Tumor vascular endothelial growth factor A (VEGF-A) level may be 

useful. We determined tumor uptake of 89Zr-bevacizumab, a VEGF-A-binding PET tracer, in 

mRCC patients before and during antiangiogenic treatment in a pilot study. 

Methods 
Patients underwent 89Zr-bevacizumab PET scans at baseline and two and six weeks after 

initiating either bevacizumab (10 mg/kg every two weeks) with interferon-α (IFN-α, three 

to nine million IU three times/week), or sunitinib (50 mg daily, four of every six weeks). 

Standardized uptake values were compared with plasma VEGF-A and time to disease 

progression. 

Results 
89Zr-bevacizumab PET scans visualized 125 evaluable tumor lesions in 22 patients, with a 

median SUVmax (maximum standardized uptake value) of 6.9 (range, 2.3-46.9). Bevacizumab/

IFN-α, induced a mean change in tumor SUVmax of -47.0% (range, -84.7 to +20.0%;  

p < 0.0001) at two weeks and an additional -9.7% (range, -44.8 to +38.9; p = 0.015) at six 

weeks. In the sunitinib group, the mean change in tumor SUVmax was -14.3 at two weeks 

(range, -80.4% to +269.9; p = 0.006), but at six weeks the mean change in tumor SUVmax was 

+72.6% (range, -46.4 to +236; p < 0.0001) above baseline. SUVmax was not related to plasma 

VEGF-A at all scan moments. A baseline mean tumor SUVmax greater than 10.0 in the three 

most intense lesions corresponded with longer time to disease progression (89.7 vs. 23.0 

weeks; hazard ratio, 0.22; 95% CI: 0.05-1.00). 

Conclusion
Tumor uptake of 89Zr-bevacizumab is high in mRCC, with remarkable interpatient and 

intrapatient heterogeneity. Bevacizumab/IFN-α strongly decreases tumor uptake whereas 

sunitinib results in a modest reduction with an overshoot after two drug-free weeks. High 

baseline tumor SUVmax was associated with longer time to progression. 

Introduction

Angiogenesis inhibitors have single-agent activity and double median progression-free 

survival in patients with metastatic renal cell carcinoma (mRCC) (1-3). However, not all patients 

respond, and angiogenesis inhibitors are expensive and can have side effects. Furthermore, 

studies indicated potential tumor-promoting effects of tyrosine kinase inhibitors (4,5). Therefore, 

it is crucial to develop a predictive biomarker for selecting patients who will benefit from 

these treatments. Circulating vascular endothelial growth factor A (VEGF-A) levels do not 

predict benefit from antiangiogenic treatment (6-10). VEGF-A, however, comprises different 

splice variants; small isoforms can diffuse freely whereas the larger isoforms are primarily 

matrix-bound and have biologic activity in the tumor microenvironment (11). Local VEGF-A 

concentration potentially reflects whether angiogenesis drives tumor progression and might 

predict sensitivity to antiangiogenic treatment. Therefore, we developed the PET tracer 89Zr-

bevacizumab, which enables noninvasive whole-body VEGF-A imaging and quantification (12-14).

We conducted a pilot study in mRCC patients. Renal cell carcinoma (RCC) is characterized by 

Von Hippel-Lindau gene inactivation, resulting in high VEGF-A production and characteristic 

vascular tumors. The primary aim was to quantify 89Zr-bevacizumab uptake in tumor lesions 

before treatment and changes in uptake during the early course of antiangiogenic therapy 

in mRCC patients. Furthermore, we wanted to explore whether 89Zr-bevacizumab PET can 

early identify primary resistant disease (defined as progressive disease at first evaluation), 

whether tumor 89Zr-bevacizumab uptake correlates with plasma VEGF-A, and the effect of 

two drug-free weeks after four weeks of sunitinib on tumor 89Zr-bevacizumab uptake.

Materials and methods

Patients
Adult mRCC patients with measurable disease were eligible. Exclusion criteria included 

uncontrolled hypertension, known untreated brain metastases, clinically significant 

cardiovascular disease, surgery and tyrosine kinase inhibitor treatment up to four weeks or 

bevacizumab up to four months before trial entry. The study was approved by the institutional 

review board, and all subjects signed a written informed consent form. The trial is registered 

with ClinicalTrials.gov (NCT00831857).

Study Design and Treatment
The primary endpoint was change of tumor standardized uptake values (SUVs) at two and 

six weeks after the start of treatment. Patients were randomized to bevacizumab (10 mg/kg 
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intravenously every 14 days) with interferon-α (IFN-α, three million IU three times/weeks), 

which was increased after two weeks to six and then to nine million IU when tolerated, or 

sunitinib (50 mg daily orally during four of every six weeks). Treatment was continued until 

disease progression or unacceptable toxicity. After inclusion of three patients, the study was 

amended to a nonrandomized design because of slow accrual. Because no formal comparison 

of treatment groups was planned, randomization was not essential for conduct of the study. 

The secondary endpoint was progressive disease at three months according to the Reponse 

Evaluation Criteria in Solid Tumors, version 1.1 (RECIST1.1).

Imaging Techniques 
Patients underwent 89Zr-bevacizumab PET imaging at baseline and two and six weeks after the 

start of treatment. PET scanning was performed four days after intravenous administration 

of 37 MBq of 89Zr-bevazicumab (five mg protein dose). Two weeks was the minimum interval 

required to avoid interference of activity of the first 89Zr-bevacizumab injection. Six weeks 

was chosen to explore whether a scan after three therapeutic bevacizumab doses shows a 

further change. Conjugation and labeling were done as described earlier (13). Patients were 

scanned from the upper thigh to head in up to eight consecutive bed positions, with a final 

reconstruction resolution of approximately 11 mm. Patients underwent routine CT imaging at 

baseline and every three months thereafter. CT was performed with intravenous contrast with 

a maximal slice thickness of 5.0 mm (see Supplemental Methods). In case of symptoms, bone 

scintigraphy and MR imaging were performed.

Imaging Data Analysis
Baseline PET scans were qualitatively assessed by a nuclear medicine physician and fused 

with the baseline CT scans to verify location and anatomic substrate of hot spots. All regions 

with high focal tracer uptake relative to normal-organ background were considered as lesions. 

Lesions were defined evaluable when identified as tumor lesion on routine imaging, greater 

than 10 voxels, delineable from normal-organ background, and not irradiated. Quantification 

was performed with AMIDE Medical Image Data Examiner software (version 0.9.1; Stanford 

University) (15). Maximum and mean SUV (SUVmax and SUVmean, respectively) were calculated 

for evaluable lesions and normal organs. All lesions on the baseline CT were measured 

for comparison with PET. Treatment response was assessed according to RECIST1.1 by a 

radiologist who was masked to patient characteristics and PET results.

Biomarker Analysis
Plasma VEGF-A was measured in plasma samples drawn at days -3, 11, and 39 before 

tracer administration and stored at -80˚C until analysis. Samples were analyzed with the 

immunologic multiparametric chip technique (7). 

Statistical Assessments
We assumed that the differences in SUV between the baseline scan and the scan after two 

and six weeks was 1.25 SDs or greater and that there was no correlation between the first 

and second scans and estimated that 11 patients were required in each treatment group to 

predict with 80% power (2-sided α = 0.05) that there is a true difference. To compensate 

for an anticipated 15% early discontinuation, 26 patients were included. For comparison of 

paired and nonpaired data, Wilcoxon paired-rank and the Mann-Whitney test were used. 

The association between SUVmean and SUVmax was analyzed with Spearman rank correlation 

and between imaging results and time to disease progression (TTP) with the Kaplan-Meier 

method. Analyses were performed with SPSS version 20 (IBM).

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 1 patient withdrew consent. Therefore, 22 

patients, 11 per treatment group, who underwent at least the baseline and two-weeks scan, 

were evaluable (Supplemental Figure 1). 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. Patient characteristics are shown in Table 1. 

Table 1. Patient demographics and clinical characteristics.
Variable Bevacizumab/

IFNα (n = 11)
Sunitinib
(n = 11)

Total population
(n = 22)

Sex
Male 7 64 11 100 18 82
Female 4 36 0 0 4 18

Age (years)
Median 63 57 62
Range 49-74 50-71 49-74

Nephrectomy
Yes 7 64 7 64 14 64
No 4 36 4 36 8 36

Histology
Pure clear cell 10 91 11 100 21 95
Mixed 1 9 0 0 1 5

MSKCC criteria
Good 1 9 1 9 2 9
Intermediate 10 91 10 91 20 91
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Table 1 continued.
Variable Bevacizumab/

IFNα (n = 11)
Sunitinib
(n = 11)

Total population
(n = 22)

WHO performance
0 10 91 9 82 19 86
1 1 9 1 9 2 9
2 0 0 1 9 1 5

Tumor sites
Kidney 7 64 6 55 13 59
 Primary/recurrent 4/3 5/1 9/4
Lung 9 82 8 73 17 77
Lymph node 8 73 7 64 15 68
Bone 3 27 6 55 9 41
Liver 3 27 2 18 5 23
Pancreas 2 18 3 27 5 23
Adrenal 2 18 2 18 4 18
Pleural 1 9 2 18 3 14
Intraperitoneal 3 27 0 0 3 14
Thyroid 1 9 1 9 2 9
Muscle 0 0 2 18 2 9

Number of tumor sites
Median 3 2 3
Range 1-4 2-6 1-6

Previous treatment
TKI 2 18 1 9 3 14
IFNα 0 0 1 9 1 5
None 9 82 8 73 16 73

Response three months*
PR 1 9 0 0 1 5
SD 8 73 8 73 16 73
PD 1 9 0 0 1 5
NE† 1 9 3 27 4 18

Time to progression (weeks)
Median 23.7 30.8 23.8
Range 11.4-82.4+ 12.9-101+ 11.4-101+

* Response after three months of treatment according to RECIST 1.1. 
† 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. 
Abbr. 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.

Baseline 89Zr-bevacizumab PET
Normal Organ 89Zr-bevacizumab Uptake

An example of a baseline scan is shown in Figure 1. SUVmean and SUVmax of normal organs were 

strongly correlated (r2 = 0.99, p < 0.0001, Supplemental Figure 2A). SUVmax is less operator-

dependent, so we used SUVmax. Normal organ uptake (Figure 2A) was consistent with a 

previous study (14) and with distribution of other antibody tracers (16,17). 

Figure 1. (A) Baseline 89Zr-bevacizumab PET scan of mRCC patient showing tracer in blood pool and liver and 

in metastases in bone, lung, lymph nodes, and brain (arrow). Transversal 89Zr-bevacizumab PET (B), MRI (C) 

and fusion image (D) of the head showing a brain metastasis (large arrow) and the sagittal sinus (small arrow). 

Coronal 89Zr-bevacizumab PET (E) CT (F) and fusion image (G) of chest showing lung (large arrow) and lymphn 

node (small arrow) metastases.

Tumor 89Zr-bevacizumab Uptake
89Zr-bevacizumab PET visualized lesions in all patients. In total, 213 lesions were identified, 

of which 194 were in the field of view of the routine CT scan; 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), and intra-peritoneal (n = 4) and 

retroperitoneal compartments (n = 2). The 19 lesions outside the field of view of the CT were 

localized in the brain (n = 5 in 3 patients), bone (n = 4), lymph nodes (n = 2) and muscles (n = 

8) (Table 2). Two patients with known brain metastases had radiotherapy before entry in the 

study. In the third patient, no MR imaging was performed. Sunitinib was started immediately 

because of rapidly progressive systemic disease without neurologic symptoms. 

On the CT scan, 562 lesions were identified, 145 in the bevacizumab/IFNα group and 417 

in the sunitinib group, of which 231 were 10 mm or greater. The smallest lesion detected 

by 89Zr-bevacizumab PET was 5.0 mm. The detection percentage increased with lesion 

size on CT (Supplemental Figure 3); 56.7% of lesions 10 mm or greater 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, Supplemental Figure 2B). 

Therefore, only SUVmax is reported. Median tumor SUVmax was 6.9 (range, 2.3-46.9), varying 

from 3.8 (range, 2.7-15.4) for the patient with the lowest tumor uptake to 36.3 (range 25.7-

46.9) for the patient with the highest uptake (Figure 2B). Furthermore, tumor tracer uptake 

differed according to the localization (Figure 2C).
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Figure 2. (A) Median uptake at baseline in normal organs and all evaluable tumor lesions (n = 125) on the 
89Zr-bevacizumab PET scan, with interquartile range. Uptake in tumor lesions per patient (B) and according to 

organ localization (C). In bar, number of lesions is indicated.

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

Organ PET CT Concordant
Total CT FOV* Total ≥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

* Lesions within the field of view of the CT scan.
Abbr. PET = positron emission tomography; CT = computed tomography; FOV = Field of view.

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). At two weeks, a mean change of -47.0% in tumor SUVmax (range, 

-84.7 to +20.0, p < 0.0001) was found, resulting in a median SUVmax of 4.7 (range, 1.4-10.1; 

Figure 3A). This pattern was found in all patients (Supplemental Figure 4A). Tumor SUVmax 

consistently decreased to 10 or less, even in lesions with high baseline uptake (Figure 3B). A 

third 89Zr-bevacizumab PET scan, available in nine patients, showed a further mean change of 

 -9.7% (range, -44.8 to +38.9, p = 0.015) in tracer uptake in the 23 tumor lesions (Figure 3A). 

Figure 4A shows an example of serial scans. Small changes over time in normal-organ 89Zr-

bevacizumab uptake were detected (Supplemental Figure 5A). 

Figure 3. 89Zr-bevacizumab tumor uptake before and during antiangiogenic treatment: 11 patients were 

treated with bevacizumab/IFNα (A and B) and 11 patients with sunitinib (C and D). Bars = median SUVmax with 

interquartile range; lines = individual tumor lesions. *p < 0.05.
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Serial 89Zr-bevacizumab PET Before and During Sunitinib

Median SUVmax in 91 tumor lesions in patients receiving sunitinib was 6.7 at baseline (range, 

2.4-34.2). After two weeks of treatment, a mean change in tumor SUVmax of  -14.3% was 

found (range, -80.4 to + 269.9, p = 0.006), with a median SUVmax of 4.3 (range, 0.7-83.8) at 

two weeks (Figures 3C and 3D). At the patient level, patterns were divergent (Supplemental 

Figure 4B). Mean change in tumor SUVmax differed according to organ site. In kidney tumors 

(n = 7) a mean increase of 66.2% (range, -19.4 to +201.8) was found, whereas in lung  

(n = 36) and lymph node metastases (n = 24) SUVmax decreased -52.3% (range -80.4 to + 8.2, 

p < 0.0001) and -26.0% (range, -65.2 to +26.2, p = 0.002), respectively. A mean increase of 

89.3% (range, -37.2 to +411, p = 0.0001) in tumor SUVmax was found after two sunitinib-free 

weeks, corresponding to a mean increase of 72.6% above baseline (range, -46.4 to +236.0, 

p < 0.0001, Figure 3C). Figure 4B shows an example of serial scans. Normal liver, kidney and 

spleen uptake increased during sunitinib treatment by 51.1%, 32.7% and 25.0%, respectively, 

and returned to baseline after two drug-free weeks. In other normal organs, mean absolute 

changes did not exceed 1.0 SUVmax (Supplemental Figure 5B). 

89Zr-bevacizumab PET and Treatment Outcome

Eighteen patients were evaluable for tumor response at three months. One patient with a 

sarcomatoid tumor component on bevacizumab/IFNα had progressive disease, one patient 

had a partial response and 16 patients had stable disease. The patient with progressive 

disease had a mean baseline tumor SUVmax of 6.4 which had decreased by 34% at two 

weeks. Post hoc analysis showed that 16 patients (eight of both treatment groups) with a 

baseline tumor SUVmax greater than 10.0 in the three most intense lesions had a longer TTP 

than six patients (three of both treatment groups) with lower baseline tumor SUVmax, with a 

median TTP of 89.7 compared to 23.0 weeks (hazard ratio, 0.22; 95% CI: 0.05-1.00, p = 0.050, 

Figure 5). A cut-off of 10 was chosen because mean normal-organ SUVmax was less than 10, 

and bevacizumab treatment reduced tumor uptake to less than 10. Change in tumor uptake 

and TTP did not correlate.

Plasma VEGF-A
Baseline plasma VEGF-A levels (n = 20; median, 101.2 pg/mL, range 15.4-445.1) did not 

correlate with tumor SUVmax and mean tumor SUVmax of all evaluable lesions and of the three 

most intense lesions. Plasma VEGF-A during bevacizumab treatment was unreliable and 

therefore not analyzed. In the sunitinib group, no relationship was found between plasma 

VEGF-A level and tumor SUVmax and mean tumor SUVmax of all evaluable lesions and of the 

three most intense lesions at two and six weeks. Also, changes in plasma VEGF-A did not 

correspond with changes in tumor SUVmax parameters.

Figure 4. Serial 89Zr-bevacizumab PET scans of a patient with RCC metastases in pancreas, liver and thyroid, 

with associated jugular and portal vein thrombosis at baseline (A), and two weeks (B) and six weeks (C) after 

start of bevacizumab/IFNα treatment. Tumor uptake decreased whereas norma organ uptake was stable over 

time. 

Serial 89Zr-bevacizumab PET scans of patient with RCC metastases in the lungs, mediastinal lymph nodes, 

bone, and brain at baseline (D) and two (E) and six weeks (F) after start of sunitinib; that is, after two sunitinib-

free weeks. Tumor 89Zr-bevacizumab uptake decreased during treatment in lung and brain metastases, but 

increased in normal liver and bone metastases, with reverse pattern after two drug-free weeks.
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Figure 5. Kaplan-Meier analysis of TTP according to baseline 89Zr-bevacizumab tumor uptake of the three most 

intense tumor lesions. p = 0.05. 

Discussion

This pilot study in 22 mRCC patients demonstrates that 89Zr-bevacizumab PET visualizes 

tumor lesions, with major differences in tumor 89Zr-bevacizumab uptake both between and 

within patients. Antiangiogenic therapy alters tumor 89Zr-bevacizumab uptake; a consistent 

large decrease occurs after the start of bevacizumab/IFNα treatment and a heterogeneous 

response during sunitinib. 

There was a striking heterogeneity in 98Zr-bevacizumab tumor accumulation at baseline. 

In a subset of tumors, uptake did not exceed normal organ background, reflected by 

visualization of only 56.7% of tumor lesions 10 mm or greater. Moreover, in evaluable 

lesions, large differences in SUVmax were found, possibly indicating a difference in biology. 

Tracer accumulation is dependent on delivery by tumor vasculature and on the amount of 

target. Heterogeneity may therefore reflect differences in vascular characteristics and tumor 

VEGF-A production. We did not perform biopsies in the current study. However, a correlation 

between 111In-bevacizumab tumor uptake and VEGF-A expression in melanoma lesions and 

between 89Zr-bevacizumab tumor uptake and VEGF-A expression in primary breast cancer 

has been shown previously (13,18).

Interpatient tumor heterogeneity is increasingly recognized and used for personalized 

treatment. The heterogeneity of 89Zr-bevacizumab tumor uptake between patients may 

offer a possibility to differentiate patient groups based on tumor biology. Intrapatient tumor 

heterogeneity has also drawn increasing attention (19,20). Exome sequencing of different 

parts of primary RCCs and associated metastatic sites demonstrated substantial mutational 

heterogeneity (19). PET imaging has the potential to noninvasive visualize and quantify effects 

of mutations on expression of treatment targets across tumor lesions (21). Whole-body 

insights in heterogeneity of tumor characteristics might guide choices of drug combinations 

or combinations of different treatment modalities in the future.

Formal comparison of treatment groups was not the aim of this pilot study. Nevertheless, 

the finding of increased 89Zr-bevacizumab tumor accumulation at two weeks in a subset of 

lesions during sunitinib suggests a difference in biologic effect of the two antiangiogenic 

regimens, probably related to the different mechanisms of action. Unlike bevacizumab, 

sunitinib induces a systemic VEGF release that may be partly tumor-derived (22,23). 

Our finding that therapeutic bevacizumab/IFNα reduced 89Zr-bevacizumab tumor delivery 

may be explained by competition between cold and labeled antibody. However, results 

of preclinical and clinical studies suggest that bevacizumab-induced vascular changes are 

responsible (24-26). Two studies in mice bearing human epidermal growth factor receptor-

2-expressing tumors demonstrated that VEGF-A antibody treatment reduced tumor 

accumulation of the human epidermal growth factor receptor-2 antibody trastuzumab and 

a nonspecific antibody, whereas normal tissue distribution was not altered (24,25). Decreased 

tumor accumulation was accompanied by reduced tumor vascular density and blood flow 

and increased pericyte coverage of tumor vessels. Furthermore, in non-small cell lung cancer 

patients, tumor delivery of docetaxel diminished after one therapeutic bevacizumab dose, 

which was paralleled by reduced tumor perfusion (26). 

The small decrease that we observed in mean tumor 89Zr-bevacizumab uptake after two weeks 

of sunitinib and the rebound exceeding baseline after two weeks off treatment correspond 

with our preclinical findings (27). Preclinical studies showed increased invasiveness and 

metastasis after a short sunitinib course (4,5). Moreover, a profound expansion of proliferating 

endothelial cells was demonstrated in primary RCCs after neoadjuvant sunitinib (28). These 

findings support our observation of different tumor biology after sunitinib and bevacizumab/

IFNα. Interestingly, the increased uptake in renal lesions during sunitinib treatment differs 

from results of 111In-bevacizumab SPECT in seven RCC patients treated with the tyrosine kinase 

inhibitor sorafenib for four weeks (29). Reduced tumor 111In-bevacizumab uptake correlated 

with areas of necrosis (29). The increase in 89Zr-bevacizumab accumulation in the normal liver, 

spleen, and kidneys during sunitinib treatment is probably due to sunitinib-induced release 
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of VEGF-A by normal cells. This corresponds with the observation of elevated VEGF protein 

in the liver, spleen and kidney tissue of sinutinib-treated mice (5). 

Baseline tumor 89Zr-bevacizumab uptake in our study was higher than in patients with early 

breast cancer and in patients with metastatic neuroendocrine tumors (13,14). This observation 

probably reflects the unique pathobiology of Von Hippel-Lindau gene inactivation in RCC, 

resulting in high VEGF-A production by tumor cells. 

We had only one patient with progressive disease at three months, and therefore no conclusion 

can be drawn about the ability of 89Zr-bevacizumab PET to identify primary resistant patients. 

Patients with intense 89Zr-bevacizumab tumor accumulation at baseline had a longer TTP. 

This exploratory analysis should be interpreted with caution but may indicate that those 

tumors are more VEGF-driven and -dependant and therefore can be effectively controlled 

with antiangiogenic treatment.

The absence of a correlation between SUVmax parameters and plasma VEGF-A might be due 

to a different composition of circulating and microenvironmental VEGF-A isoforms.

Conclusion

We demonstrated heterogeneous 89Zr-bevacizumab tumor uptake in mRCC patients. 

Bevacizumab/IFNα strongly decreases 89Zr-bevacizumab tumor uptake whereas sunitinib 

results in modest reduction with an overshoot after two drug-free weeks. High baseline 

tumor SUVmax appears to be associated with longer TTP. Further studies are required to 

determine whether baseline 89Zr-bevacizumab tumor uptake can be used to predict benefit 

from antiangiogenic treatment. To differentiate between prognostic and predictive value, a 

randomized study is required.

 

Disclosure
The costs of publication of this article were defrayed in part by the payment of page charges. 

Therefore, and solely to indicate this fact, this article is hereby marked “advertisement” 

in accordance with 18 USC section 1734. This research was supported by a grant from F. 

Hoffmann-La Roche to the University Medical Center Groningen. Sanne de Haas is an 

employee of Roche. Stefan J. Scherer is a former employee of Genentech. Jourik A. Gietema 

and Elisabeth G.E. de Vries had research grants from Roche, which were made available to 

the UMCG. Elisabeth G.E. de Vries served as an advisory board member of Roche-Genentech. 

No other potential conflict of interest relevant to this article was reported.

References

1. Motzer RJ, Hutson TE, Tomczak P, et al. Sunitinib versus interferon alfa in metastatic renal-cell carcinoma. N Engl 

J Med. 2007;356:115-124.

2. Escudier B, Pluzanska A, Koralewski P, et al. Bevacizumab plus interferon alfa-2a for treatment of metastatic 

renal cell carcinoma: a randomised, double-blind phase III trial. Lancet. 2007;370:2103-2111.

3. Sternberg CN, Davis ID, Mardiak J, et al. Pazopanib in locally advanced or metastatic renal cell carcinoma: results 

of a randomized phase III trial. J Clin Oncol. 2010;28:1061-1068.

 4. Pàez-Ribes M, Allen E, Hudock J, et al. Antiangiogenic therapy elicits malignant progression of tumors to 

increased local invasion and distant metastasis. Cancer Cell. 2009;15:220-231.

5. Ebos ML, Lee CR, Cruz-Munoz W, Bjarnason GA, Christensen JG, Kerbel RS. Accelerated metastasis after short-

term treatment with a potent inhibitor of tumor angiogenesis. Cancer Cell. 2009;15:232-239.

 6. Hegde PS, Jubb AM, Chen D, et al. Predictive impact of circulating vascular endothelial growth factor in 4 phase 

III trials evaluating bevacizumab. Clin Cancer Res. 2013;19:929-937.

7. Miles DW, de Haas SL, Dirix LY, et al. Biomarker results from the AVADO phase 3 trial of first-line bevacizumab 

plus docetaxel for Her2-negative metastatic breast cancer. Br J Cancer. 2013;108:1052-1060.

 8. Escudier B, Eisen T, Stadler WM, et al. Sorafenib for treatment of renal cell carcinoma: final efficacy and safety 

results of the phase III treatment approaches in renal cancer global evaluation trial. J Clin Oncol. 2009;27:3312-

3318. 

 9. Harmon CS, DePrimo SE, Figlin RA, et al. Circulating proteins as potential biomarkers of sunitinib and interferon-α 

efficacy in treatment-naïve patients with metastatic renal cell carcinoma. Cancer Chemother Pharmacol. 

2014;73:151-161.

10. Bais C, Rabe C, Wild N, et al. Comprehensive reassessment of plasma VEGFA (pVEGFA) as a candidate predictive 

biomarker for bevacizumab (Bv) in 13 pivotal trials (seven indications). J Clin Oncol. 2014;32:5s (supplemental; 

abstr 3040)

11. Park JE, Keller GA, Ferrara N. The vascular endothelial growth factor (VEGF) isoforms: differential deposition 

into the subepithelial extracellular matrix and bioactivity of extracellular matrix-bound VEGF. Mol Biol Cell. 

1993;4:1317-1326.

12. Nagengast WB, de Vries EG, Hospers GA, et al. In vivo VEGF imaging with radiolabeled bevacizumab in an 

ovarian tumor xenograft. J Nucl Med. 2007;48:1313-1319.

13. Gaykema SBM, Brouwers AH, Lub-de Hooge MN, et al. 89Zr-bevacizumab PET imaging in primary breast cancer. 

J Nucl Med. 2013;54:1014-1018. 

14.  Van Asselt SJ, Oosting SF, Brouwers AH, et al. Everolimus reduces 89Zr-bevacizumab tumor uptake in patients 

with neuroendocrine tumors. J Nucl Med. 2014; doi:10.2967/jnumed.113.129056.

15. Loening AM, Gambhir SS. AMIDE: a free software tool for multimodality medical image analysis. Mol Imaging. 

2003;2:131-137.

16. Dijkers EC, Oude Munnink TH, Kosterink JG, et al. Biodistribution of 89Zr-trastuzumab and PET imaging of HER2-

positive lesions in patients with metastatic breast cancer. Clin Pharmacol Ther. 2010;87:586-592.

52   53

3 3

CHAPTER 3 RENIMAGE



17. Pandit-Taskar N, O’Donoghue JA, Morris MJ, et al. Antibody mass escalation study in patients with 

castration-resistant prostate cancer using 111In-J591: lesion detectability and dosimetric projections for 90Y 

radioimmunotherapy. J Nucl Med. 2008;49:1066-1074. 

18.  Nagengast WB, Lub-de Hooge MN, Van Straten EM, et al. VEGF-SPECT with 111In-bevacizumab in stage III/IV 

melanoma patients. Eur J Cancer. 2011;47:1595-1602.

19. Gerlinger M, Rowan AJ, Horswell S, et al. Intratumor heterogeneity and branched evolution revealed by 

multiregion sequencing. N Engl J Med. 2012;366:883-892.

20. Horswell S, Matthews N, Swanton C. Cancer heterogeneity and “The struggle for existence”: diagnostic and 

analytical challenges. Cancer Lett. 2013;340:220-226. 

20. Pastuskovas CV, Mundo EE, Williams SP, et al. Effects of anti-VEGF on pharmacokinetics, biodistribution, and 

tumor penetration of trastuzumab in a preclinical breast cancer model. Mol Cancer Ther. 2012;11:752-762.

21.  Petrulli JR, Sullivan JM, Sheng MQ, et al. Quantitative analysis of 11C-erlotinib PET demonstrates specific binding 

for activating mutations of the EGFR kinase domain. Neoplasia. 2013;15:1347-1353.

22.  DePrimo SE, Bello CL, Smeraglia J, et al. Circulating protein biomarkers of pharmacodynamics activity of sunitinib 

in patients with metastatic renal cell carcinoma: modulation of VEGF and VEGF-related proteins. J Trans Med. 

2007;5:32-42.

23. Ebos JM, Lee CR, Christensen JG, Mutsaers AJ, Kerbel RS. Multiple circulating proangiogenic factors induced 

by sunitinib malate are tumor-independent and correlate with antitumor efficacy. Proc Natl Acad Sci USA. 

2007;104:17069-17074.

24. Pastuskovas CV, Mundo EE, Williams SP, et al. Effects of anti-VEGF on pharmacokinetics, biodistribution, and 

tumor penetration of trastuzumab in a preclinical breast cancer model. Mol Cancer Ther. 2012;11:752-762.

25. Arjaans M, Oude Munnink TH, Oosting SF, et al. Bevacizumab-induced normalization of blood vessels in tumors 

hampers antibody uptake. Cancer Res. 2013;73:3347-3355.

26. Van der Veldt AA, Lubberink M, Bahce I, et al. Rapid decrease in delivery of chemotherapy to tumors after anti-

VEGF therapy: implications for scheduling of antiangiogenic drugs. Cancer Cell. 2012;21:82-91.

27. Nagengast WB, Lub-de Hooge MN, Oosting SF, et al. VEGF-PET imaging is a non-invasive biomarker showing 

differential changes in the tumor during sunitinib treatment. Cancer Res. 2011;71:143-153.

28. Griffioen AW, Mans LA, de Graaf AM, et al. Rapid angiogenesis onset after discontinuation of sunitinib treatment 

of renal cell carcinoma patients. Clin Cancer Res. 2012;18:3961-3971.

29.  Desar IME, Stillebroer AB, Oosterwijk E, et al. 111In-bevacizumab imaging of renal cancer and evaluation of 

neoadjuvant treatment with the vascular endothelial growth factor receptor inhibitor sorafenib. J Nucl Med. 

2010;51:1707-1715. 

Supplementary files

Supplemental Methods
PET scans were performed on an ECAT HR+ PET camera (Siemens), a Biograph mCT PET-CT 

(Siemens) camera or a GE Discovery ST PET-CT scanner (GE Medical Systems). Consecutive 

scans for an individual patient were performed on the same camera. On the ECAT Exact HR+ 

PET camera, each bed position was scanned 10 min in 3D mode (8 min emission and 2 min 

transmission for attenuation and scatter correction). On the PET-CT cameras, scanning time per 

bed position was 5 min, and a low-dose CT was used for attenuation and scatter correction. For

ECAT HR+, PET data was reconstructed into 3D images with Siemens ordered-subsets 

expectation maximization (OSEM) reconstruction using 2 iterations and 8 subsets and a matrix 

size of 128 with a post-processing 10 mm Gaussian isotropic filter. For the Biograph mCT, 

Siemens iterative reconstruction using ordinary poison (OP) OSEM3D reconstruction without 

time-of-flight and point-spread-function methods with 2 iterations and 8 subsets, a matrix 

size of 200 and a post-processing filter of 10 mm was used. For the GE Discovery ST PET-CT, 

an OSEM3D reconstruction was used with 2 iterations, 21 subsets and 6 mm full width half 

maximum post-filter, resulting in a final reconstructed resolution of about 11 mm for all PET 

camera systems.
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Supplemental Figure 4. Tumor 89Zr-bevacizumab uptake (median with interquartile range) per patient at baseline, 

two weeks and six weeks, for (A) bevacizumab/IFN-α treated patients and for (B) sunitinib treated patients.
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Abstract 

Purpose
Currently, biomarkers that predict the efficacy of everolimus in metastatic renal cell carcinoma 

(mRCC) patients are lacking. Everolimus inhibits vascular endothelial growth factor A (VEGF-A) 

expression. We performed PET scans in mRCC patients with 89Zr-bevacizumab, a VEGF-A-

binding antibody tracer. The aims were to determine a change in tumor tracer uptake after 

the start of everolimus and to explore whether 89Zr-bevacizumab PET can identify patients 

with early disease progression. 

Methods
89Zr-bevacizumab PET was done before and two and six weeks after the start of everolimus, 

10 mg/day, in mRCC patients. Routine CT scans were performed at baseline and every three 

months thereafter. Tumor tracer uptake was quantified using SUVmax. The endpoints were a 

change in tumor tracer uptake and treatment response on CT after three months. 

Results
Thirteen patients participated. The median SUVmax of 94 tumor lesions was 7.3 (range, 1.6-

59.5). Between patients, median tumor SUVmax varied up to eight-fold. After two weeks, 

median SUVmax was 6.3 (range, 1.7-62.3), corresponding to a mean decrease of 9.1%  

(p < 0.0001). Three patients discontinued everolimus early. At six weeks, a mean decrease 

in SUVmax of 23.4% compared with baseline was found in 70 evaluable lesions of 10 patients, 

with a median SUVmax of 5.4 (range, 1.1-49.4, p < 0.0001). All 10 patients who continued 

treatment had stable disease at three months. 

Conclusion
Everolimus decreases 89Zr-bevacizumab tumor uptake. Further studies are warranted to 

evaluate the predictive value of 89Zr-bevacizumab PET for everolimus antitumor efficacy.

Introduction

Clear cell renal cell carcinoma (RCC) is characterized by Von Hippel-Lindau gene inactivation. 

This results in expression of proangiogenic growth factors such as vascular endothelial growth 

factor A (VEGF-A) and typical vascular tumors. Patients with RCC have higher circulating 

VEGF-A levels than healthy controls (1). A high baseline plasma VEGF-A level is associated with 

shorter progression-free survival (PFS) and overall survival (OS) in metastatic RCC (mRCC) 

and is an independent prognostic factor (2). VEGF-A pathway-targeting agents such as the 

VEGF-A-binding antibody bevacizumab with interferon-α or the tyrosine kinase inhibitors 

sunitinib, sorafenib, pazopanib and axitinib are established treatment options for mRCC (3-6). 

Inhibitors of mammalian target of rapamycin (mTOR) also have antitumor activity in mRCC 
(7,8). mTOR plays a key role in cell growth, protein translation, autophagy and metabolism. 

Blocking mTOR causes cell cycle arrest in a broad range of tumor types, but in addition to 

a direct antitumor effect, mTOR inhibitors block VEGF-A expression, vascular permeability, 

endothelial cell proliferation, and angiogenesis (9). 

Everolimus is an orally administered mTOR inhibitor. A phase III study in mRCC patients with 

progressive disease during or after treatment with sunitinib, sorafenib or both demonstrated 

doubling of PFS for everolimus compared with placebo (4.9 months vs. 1.9 monts) (10). Recently 

nivolumab was proven to be superior to everolimus in pretreated mRCC patients, with 

median OS of 25.0 months compared with 19.6 months, and fewer high-grade treatment-

related adverse events (11). 

Only a subset of mRCC patients profits from treatment with mTOR inhibitors. Regretfully, 

no predictive biomarkers that can identify patients who are likely to benefit from mTOR 

inhibitors are available. The novel treatment option with the immunotherapeutic drug 

nivolumab after first-line antiangiogenic treatment further reinforces the need for such a 

predictive biomarker. 89Zr-bevacizumab is a PET tracer that binds VEGF-A. We demonstrated 

in a previous study that 89Zr-bevacizumab PET scans can visualize RCC tumor lesions, and 

that tracer uptake in these lesions changed during treatment with sunitinib or bevacizumab/

interferon alfa. Furthermore, results suggested that high baseline tumor uptake was 

associated with a longer time to progression (TTP) (12). Serial 89Zr-bevacizumab PET scans 

might also be useful to assess down regulation of tumor VEGF-A expression after the start of 

an mTOR inhibitor and serve as an early indicator of efficacy. We hypothesize that successful 

downregulation of VEGF-A expression by everolimus results in a decrease in tumor tracer 

uptake after the start of treatment.

We conducted a feasibility study in patients with mRCC who started treatment with 
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everolimus. The primary objective of this study was to demonstrate a change in tumor tracer 

uptake after the start of treatment. The secondary objective was to explore whether 89Zr-

bevacizumab PET could identify patients with disease progression on the first follow-up CT 

after three months of treatment. 

Materials and Methods

Patients
Adult mRCC patients who had measurable disease, had a World Health Organization 

performance score of two or less, and were candidates to start treatment with everolimus 

were eligible. The study was approved by the institutional review board, and all subjects gave 

written informed consent. The trial is registered on ClinicalTrials.gov (NCT01028638).

Study Design and Treatment
Patients underwent 89Zr-bevacizumab PET imaging before, and two and six weeks after 

the start of everolimus, 10 mg orally once daily. Treatment was continued until disease 

progression or unacceptable toxicity. The primary endpoint was a change in 89Zr-bevacizumab 

uptake in tumor lesions between the baseline PET scan and the scans after two and six weeks 

of treatment. The secondary endpoint was progressive disease according to RECIST1.1 after 

three months of treatment.

Imaging Techniques 
Four days before each PET scan, the patients were injected intravenously with 37 MBq 89Zr-

bevacizumab, protein dose five mg. No therapeutic effects are to be expected from this dose 

because therapeutic bevacizumab doses vary from 7.5 to 15 mg per kilogram of body weight. 

Conjugation and labeling were done as described before (13). The patients were scanned from 

head to upper thigh in up to eight consecutive bed positions as described earlier (12), with a 

final reconstruction resolution of about 10 mm.

At baseline and every three months during treatment, the patients underwent CT imaging. 

CT was performed with oral and intravenous contrast and a maximal slice thickness of 5.0 

mm. The mean interval between baseline CT and baseline PET scan was 15 days. 

 
Imaging Data Analysis
The baseline PET scans were fused with the baseline CT scans and analyzed by visual and 

quantitative assessment of tumor lesions. All hotspots on PET that were concordant with 

tumor lesions on CT were documented as being metastases. For reliable quantification of 

89Zr-bevacizumab uptake, lesions had to be larger than 10 voxels and had to be delineable 

from normal organ background. Irradiated lesions were excluded from quantification. 

Quantification was performed with AMIDE Medical Image Data Examiner software (version 

0.9.1; Stanford University) (14). SUVmax and SUVmean were calculated for tumor lesions and 

healthy organs. SUVmax and SUVmean correlated strongly (r = 0.99, p < 0.0001) (Supplemental 

Figure 1; Supplemental materials are available at http://jnm.snmjournals.org). SUVmax is 

less operator-dependent and was therefore used for calculations of tumor tracer uptake. 

SUVmean was used for measuring uptake in healthy organs. CT findings were evaluated by a 

radiologist. All tumor lesions measuring at least 10 mm on the baseline CT scan were noted 

for comparison with PET. Treatment response was assessed according to RECIST1.1.

Biomarker Analysis
Serum samples were collected before every tracer injection, at days -4, day 11 and day 39, 

for analysis of circulating VEGF-A levels, with day zero being the day of baseline PET scan 

and the start of everolimus treatment. The blood was centrifuged, and platelet-poor plasma 

samples were stored at -80˚C until analysis. VEGF-A was analyzed using an enzyme-linked 

immunosorbent assay (R&D Systems). Plasma VEGF-A was compared with tumor tracer uptake. 

Statistical Assessments
We estimated that to predict with 80% power (two-sided α = 0.05) that there is a true 

difference in SUV (≥1.25 SD) between the baseline scan and the scan after two or six weeks, 

the required number of patients would be 11. The change in 89Zr-bevacizumab tumor lesion 

uptake between the baseline scan and the scan after two or six weeks of treatment was 

calculated and presented as a percentage (mean with 95% confidence interval). The Wilcoxon 

paired rank test was used to assess the significance of the change in tumor and healthy organ 

tracer uptake and plasma VEGF-A. Correlations were analyzed by using the Spearman rank 

test. Analyses were performed with SPSS, version 22 (IBM).

Results
 

Patients
Between December 2009 and October 2014, 13 patients were included. The median interval 

between the stopping of tyrosine kinase inhibitor and the starting of everolimus was 10.57 

weeks, with a mean of 16.8 weeks (range, 2-44.3). Ten patients completed the study; 2 patients 

stopped everolimus between two and six weeks because of adverse events, and one patient 

had clinically progressive disease before the third PET scan. The median time to progression 

was 5.8 months (range, 1.9-24.9). The patient characteristics are presented in Table 1.
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Table 1. Patient demographics and clinical characteristics.

Variable Data
Sex

 Male 9 (69.2)

 Female 4 (30.8)

Age (years) 63 (51-71)

Nephrectomy

 Yes 11 (84.6)

 No 2 (15.4)

Histology

 Pure clear cell 12 (92.3)

 Mixed 1 (7.7)

WHO performance

 0 4 (30.8)

 1 2 (15.4)

 2 7 (53.8)

Tumor sites

 Number 4 (2-7)

 Kidney 6 (46.2)

- primary 2 (15.4)

- local recurrence 2 (15.4)

- contralateral 2 (15.4)

 Lung 9 (69.2)

 Lymph node 7 (53.8)

 Bone 6 (46.2)

 Liver 5 (38.5)

 Adrenal 4 (30.8)

 Muscle 4 (30.8)

 Other 10 (76.9)

Previous treatment

 Tyrosine Kinase Inhibitor 8 (61.5)

 Tyrosine Kinase Inhibitor and interferon alfa ± bevacizumab 2 (15.4)

 Other 3 (23.1)

  
89Zr-bevacizumab PET
89Zr-bevacizumab Uptake in Tumor Lesions  
89Zr-bevacizumab PET images were of high quality and visualized tumor lesions 

clearly (Figure 1). Out of 147 tumor lesions 10 mm or larger on CT, 103 were 

detected as hot spots on the PET scan (71%). A total of 94 tumor lesions fulfilled the 

criteria for reliable quantification and were used for calculations (Figure 2).  

The median SUVmax at baseline was 7.3 (range, 1.6-59.5). All 13 patients underwent the 

second PET scan after two weeks of treatment. The median SUVmax was 6.3 (range, 1.7-62.3), 

corresponding to a mean change of -9.1% (95% CI: -3.4 to -14.9, p < 0.0001). On the third PET 

scan, performed on 10 patients, 70 evaluable lesions were apparent, with a median SUVmax 

of 5.4 (range, 1.1-49.4). This corresponds to a mean change of -23.4% (95% CI: -16.5 to -30.2,  

p < 0.0001) compared with baseline (Figures 3-5).

 A       B

Figure 1. Baseline 89Zr-bevacizumab PET images of mRCC patient. (A) Coronal two-dimensional image through 

the right adrenal gland metastasis, showing additionally one local recurrence in left kidney tumor, one right 

kidney metastasis and one soft-tissue metastasis near left iliac bone. (B) Sagittal two-dimensional image 

through the right adrenal gland metastasis, showing additionally three kidney metastases and one soft-tissue 

metastasis in abdominal wall.
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Figure 2. Median tumor tracer uptake with interquartile range per patient at baseline (light shading) after two 

weeks of everolimus (medium shading) and after six weeks of treatment (dark shading). Patients in blue stayed 

on treatment >12 months. n = number of quantified tumor lesions per patient.

66   67

4 4

CHAPTER 4 EVEROLIMAGE



Figure 3. (Left) Maximum-intensity projection before treatment showing multiple local recurrences in left 

kidney tumor and metastases in right kidney, right adrenal gland and soft tissue. (Right) Maximum-intensity 

projection after six weeks of treatment showing a heterogeneous decrease in uptake. 

 
89Zr-bevacizumab Uptake in Healthy Organs
89Zr-bevacizumab uptake in healthy organs at baseline was comparable to previous studies 

(Supplemental Figure 2) (12,15). 

89Zr-bevacizumab PET and Treatment Outcome

All 10 patients still on everolimus after three months had stable disease according to RECIST 

1.1 at the first response evaluation. The single patient with clinical progressive disease 

within three months had a baseline median tumor SUVmax of 8.7 (range, 6.8-14.9) and a 

mean decrease of 12.2% of tumor SUVmax after two weeks of treatment, which resembles the 

pattern seen in patients without early progression. Exploratory analysis showed a correlation 

between baseline mean tumor SUVmax and time on treatment (r = 0.63, p = 0.02, Supplemental 

Figure 3). The mean tumor SUVmax at baseline of patients who were on treatment longer than 

12 months was higher than the mean tumor SUVmax of patients who were on treatment less 

than 12 months (median mean tumor SUVmax, 22.2 vs 7.2) (p = 0.09). 

There was no correlation between change in SUVmax after two and six weeks of treatment and 

time on treatment. 

 A         B 

Figure 4. Tumor tracer uptake before and during treatment. (A) Median uptake and interquartile range for all 

lesions. (B) Mean tumor uptake per patient. *p < 0.0001.

Plasma VEGF-A 
The median baseline plasma VEGF-A was 408 pg/mL (n = 13; range, 144-2,013). At day 11, 

the median plasma VEGF-A was 97 pg/mL (n = 12; range, <38-644), representing a mean 

decrease of 68.7% (p = 0.001). After six weeks, 10 patients were ongoing, and nine samples 

were available. The median VEGF-A was 83 pg/mL (range, <38-384; decrease, 74.6%,  

p = 0.004) (Figure 6). Only one patient showed an increase in plasma VEGF-A level after 

two weeks of treatment; this patient had early clinical progression. At baseline, there was 

no correlation between plasma VEGF-A and tumor SUVmax. There was also no correlation 

between change in tumor tracer uptake and change in plasma VEGF-A after two or six weeks. 
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Figure 5. Absolute SUVmax change with median for all lesions per patient after two weeks (light shading) and six 

weeks (dark shading) of everolimus treatment. Patients in blue stayed on treatment >12 months.

Figure 6. Plasma VEGF-A concentrations. Each line represents one patient.

Discussion

In this study on mRCC patients, we found a decrease in 89Zr-bevacizumab tumor uptake 

after two weeks of everolimus treatment and a further decrease after six weeks. Because 

all patients had stable disease on CT at three months, we could not assess the use of 89Zr-

bevacizumab PET for early identification of progressive disease. Substantial heterogeneity 

in tumor tracer uptake both within and between patients was seen at baseline, but also the 

change in tumor tracer uptake during treatment varied considerably.

Predictive biomarkers that can differentiate between patients likely to benefit from mTOR 

inhibitors and those unlikely to benefit are needed to achieve patient-tailored therapy. Several 

potential markers have been identified, such as functional mutations in the mTOR pathway 

genes, baseline serum lactate dehydrogenase, and off-target effects resulting in specific side 

effects (16-19). However, these markers still have to be validated, and their potential clinical 

usefulness has to be established. 

18F-FDG PET has been investigated as a predictive biomarker for everolimus treatment in 50 

mRCC patients. There was no correlation between baseline SUVmax and change in tumor size, 

but baseline SUVmax showed a significant negative correlation with OS and PFS. A modest 

correlation between change in SUVmax and change in tumor size was found, but change in 

SUVmax did not correlate with OS or PFS. Altogether, the investigators did not recommend any 

additional studies (20). 

We developed 89Zr-bevacizumab PET imaging to noninvasively study tumor VEGF-A 

concentration. Previously, we performed serial 89Zr-bevacizumab PET scans (at baseline and 

after two and 12 weeks) on patients who started everolimus treatment for neuroendocrine 

tumors (15). In that study, tumor lesions were visualized in 10 of 14 patients, with a median 

SUVmax of 5.8 (range, 1.7-15.1). Tumor SUVmax decreased by 7% after two weeks of treatment 

and by 35% after 12 weeks, which mirrors the results of the current study on mRCC patients. 

The highest tumor SUVmax in neuroendocrine tumor patients, however, was 15.1, whereas 

in the current study on mRCC patients the highest was 59.5. Furthermore, only 19% of all 

lesions 10 mm or larger were visualized in the 10 neuroendocrine tumor patients with a 

positive PET scan, whereas in the present study we visualized 71% of mRCC lesions 10 mm or 

larger. These differences are likely explained by tumor biology. Sporadic VHL mutations are a 

unique characteristic of RCC and result in high VEGF-A production by tumor cells. 

In the current study we did not perform biopsies. However, a good correlation between 

tumor uptake of radioactive labeled bevacizumab and VEGF-A in tumor tissue was shown 
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earlier (13, 21, 22). We therefore assume that the decrease in tumor tracer uptake represents 

a reduction in VEGF-A production by the tumor cells as a result of everolimus treatment. 

Another potential explanation may be antiangiogenic effects of everolimus, such as reduced 

tumor perfusion or reduced vascular permeability (23). However, dynamic contrast-enhanced 

MRI using Ktrans measurement in patients with advanced cancer showed no decrease in tumor 

perfusion on everolimus treatment (24). Whether mainly tumor VEGF-A concentration or also 

antiangiogenic effects of everolimus are visualized with serial 89Zr-bevacizumab PET remains 

to be determined. 

Patients who participated in the current study received prior treatment with a tyrosine kinase 

inhibitor. In a previous study, we demonstrated that sunitinib results in a heterogeneous 

change in tumor 89Zr-bevacizumab uptake, with an overall slight decrease and a rebound 

phenomenon after two stop weeks (12). The median interval between the stopping of tyrosine 

kinase inhibitor and the starting of everolimus was 10.57 weeks (range, 2-44.3). For the two 

patients who had an interval of two weeks between tyrosine kinase inhibitor and tracer 

injection, we cannot exclude the possibility that prior treatment influenced tumor tracer 

uptake. For the overall study results, however, any influence from previous treatment is likely 

limited. 

Median plasma VEGF-A decreased after two weeks of everolimus treatment. Overall, a small 

further decrease was measured after six weeks, but in half the patients plasma VEGF-A 

increased between weeks two and six. 

The current study was conducted before publication of the CheckMate 025 and METEOR 

trials (11, 25). Nivolumab, a programmed-death-1-targeting antibody that acts as an immune 

checkpoint inhibitor, prolonged OS compared with everolimus in previously treated patients 

with advanced RCC. Cabozantinib, a tyrosine kinase inhibitor of VEGF receptors, MET, and 

AXL, was also shown to be superior to everolimus in previously treated mRCC patients. These 

trials strongly enforce the need for predictive biomarkers that can identify patients who will 

likely benefit from everolimus to allow individualized treatment choices. In an exploratory 

analysis, we found that the baseline 89Zr-bevacizumab PET results correlated with time on 

treatment. Tumor tracer uptake was higher in patients who were treated longer. Therefore, 
89Zr-bevacizumab PET might be useful for predicting treatment success.

Previously, we published results of serial 89Zr-bevacizumab PET imaging of mRCC patients 

who were treated with bevacizumab/interferon-α or sunitinib. A similar heterogeneous 

tumor tracer uptake at baseline was found with a slightly lower detection rate of tumor 

lesions 10 mm or larger (56.7%). A correlation between baseline tumor tracer uptake and 

time to progression was shown in an exploratory analysis, with a high uptake corresponding 

to a longer time to progression (12). This observation, in combination with the current study, 

supports the option that 89Zr-bevacizumab PET has prognostic rather than predictive value. 

Interestingly, in nephrectomy samples from 137 patients with locally advanced or metastatic 

clear cell RCC, high VEGF expression determined by immunohistochemistry was associated 

with worse OS. Median OS was 206 months in patients with low VEGF expression and 65 

months in patients with high VEGF expression (p < 0.001) (26). This observation raises the 

possibility that high tumor VEGF-A is an unfavorable prognostic factor but, in the metastatic 

setting, by providing a target for treatment, identifies patients that show prolonged benefit 

from direct and indirect VEGF pathway inhibition with angiogenesis and mTOR inhibitors. 

Larger trials are needed to evaluate whether this molecular imaging tool can serve as a 

predictive biomarker to select patients who derive clinically relevant benefit from everolimus. 

Conclusion

89Zr-bevacizumab tumor uptake decreases significantly during everolimus treatment in mRCC 

patients. We could not demonstrate whether 89Zr-bevacizumab PET can be used for early 

identification of progressive disease. Larger trials are warranted to determine whether 89Zr-

bevacizumab PET can be used to select patients for everolimus treatment. 
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Abstract

The number of elderly patients with renal cell carcinoma is rising. Elderly patients differ 

from their younger counterparts in, among others, higher incidence of comorbidity and 

reduced organ function. Age influences outcome of surgery, and therefore has to be taken 

into account in elderly patients eligible for cytoreductive nephrectomy. Over the last decade 

several novel effective drugs have become available for the metastatic setting targeting 

angiogenesis and mammalian target of rapamycin. Immune checkpoint blockade with a 

programmed death 1 antibody has recently been shown to increase survival and further 

studies with immune checkpoint inhibitors are ongoing. In this review we summarize the 

available data on efficacy and toxicity of existing and emerging therapies for metastatic renal 

cell carcinoma in the elderly. Where possible, we provide evidence-based recommendations 

for treatment choices in elderly.

Introduction

Approximately one half of the patients who are diagnosed with renal cell carcinoma (RCC) are 

aged 65 years or more and almost a quarter is over 75 years of age. Given the global increase 

of life expectancy, the number of elderly patients with RCC will increase significantly in the 

near future [1]. In 2012 it was estimated that 338,000 patients were newly diagnosed with 

kidney cancer worldwide, which equals 2.4% of all cancers and an age-specific rate of 4.4 per 

100,000 population [2]. In general, elderly is defined as individuals over 65 years of age. But it 

may be more meaningful to further divide elderly into three age groups namely younger-old 

(65-74 years), mid-old (75-84), and old-old (≥85 years) [3]. Moreover, chronological age alone 

is not very informative for clinical decision-making. Since the ’90 s, an increase in use of 

terms like ‘frailty’ or ‘biological age’ indicates that clinicians prefer to classify patients rather 

according to functional characteristics than to age alone [4]. Frailty is a state of vulnerability to 

poor resolution of homeostasis following a stressor event, such as nephrectomy or systemic 

anti-cancer treatment [5]. Frailty in older patients with any stage of solid or hematological 

malignancy ranges from 6% to 86% [6]. Frail patients and patients with pre-frailty have 

an increased risk of all-cause mortality, postoperative complications and mortality and 

chemotherapy intolerance. Across trials, a remarkable range of cut-off points and several 

different approaches to identify frailty have been used [6]. However, geriatric assessments 

have seldom been incorporated in phase III cancer trials. This may be due to lack of validation 

of these instruments. Currently there is neither solid evidence designating the best type of 

geriatric assessment tool nor whether outcome is improved by applying these instruments 

in older cancer patients. Nonetheless, the National Comprehensive Cancer Network (NCCN) 

guideline for elderly recommends using a comprehensive geriatric assessment (CGA)
[7]. Additional studies are warranted for validation of such tools [8]. There are important 

differences between elderly and younger individuals that can potentially affect tolerance of 

treatment. Firstly, a decline in normal organ function can result in different drug metabolism 

and clearance. Kidney function for example starts declining at the age of 40. This limited 

reserve capacity is a factor to take into account when considering a tumor nephrectomy. A 

reduced pulmonary or cardiac function in turn, may complicate surgical treatment. Secondly, 

aging comes with physiologic changes such as a relative increase of body fat, reduced water 

content and reduced muscle mass, which influences drug distribution. Furthermore, elderly 

patients are likely to be prescribed multiple drugs for co-morbid conditions, resulting in 

potential interactions with renal cancer treatment. Finally, elderly patients who look back 

on a fulfilled life might have a different perception and acceptation of cancer diagnosis and 

appreciation of cancer treatment side effects compared to younger individuals, which might 

result in different decision-making [9].
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Traditionally, systemic treatment for metastatic renal cell carcinoma (mRCC) consisted of 

cytokine therapy. The value of cytoreductive nephrectomy is well established in this setting. 

Over the last decade, therapies targeting the vascular endothelial growth factor A (VEGF-A) 

pathway and mammalian target of rapamycin (mTOR) have been the mainstay of treatment. 

Recently the programmed death 1 (PD-1) antibody nivolumab was shown to increase overall 

survival after VEGF-A targeting therapy compared to the mTOR inhibitor everolimus. Several 

studies testing immune checkpoint inhibitors alone or in combination in mRCC are ongoing. 

It is unknown whether age-related changes of the immune system like immune exhaustion 

affect the efficacy of immunotherapy in elderly patients.

Specific information on how to treat elderly patients with mRCC is scarce. This is the 

consequence of a disproportionate small share of elderly patients in clinical trials [10]. The 

percentage of elderly enrolled in cancer drug registration trials between 1992 and 2002 was 

36, 20, and nine for patients aged over 65, 70, and 75 years, whereas the corresponding 

estimated percentages of cancer patients in the US were 60, 46, and 31 respectively [11]. Despite 

acknowledging this underrepresentation and recommendations to increase enrollment of 

elderly patients in clinical trials, similar percentages were accrued in more recent registration 

trials between 2007 and 2010 [12]. An important reason for underrepresentation of elderly 

patients in clinical trials is that exclusion criteria often comprise co-morbidity, reduced 

performance status, use of certain medications and impaired functional organ capacity, 

resulting in ineligibility of many elderly patients. Furthermore, physicians’ perception that 

older patients are at higher risk for toxicity and are less likely to benefit from treatment has 

contributed to the low accrual rate for older patients [13]. Physician surveys revealed that 

co-morbid conditions and fear for toxic effects of treatment are the most frequently cited 

barriers to recruitment of older patients [14, 15]. Consequently, the elderly patients who do 

participate in clinical trials do not represent the general elderly patient population and trial 

results cannot be generalized to daily practice without caution. The aim of this review is 

to summarize the available data for efficacy, complication risk and toxicity of surgical and 

approved systemic treatment for elderly mRCC patients. In this era with multiple treatment 

options available, tools to guide treatment decisions are extremely useful. Simultaneously, 

different rating scales for systemic treatments have been developed by NCCN, European 

Society for Medical Oncology (ESMO) and American Society of Clinical Oncology (ASCO) [16-

18]. In this article, we present modified NCCN evidence blocks as an example to visualize the 

available data in elderly and to support treatment choices for this subgroup. In addition, we 

describe the influence of aging on the immune system and discuss the potential implications 

for treatment of elderly patients with novel immune-modulating agents.

Search Strategy

Data for this review consists of reports of phase III clinical trials and expanded access 

programs of approved drugs for mRCC.

In addition, we performed a search in PubMed and used references from relevant articles 

using the search terms “kidney cancer / renal (cell) carcinoma”, “elderly”, “age / aging”, “PD-

1”, “PD-L1”, “CTLA-4” and “immune checkpoint”. Only articles published in English between 

1990 and November 2015 were considered. Applicable abstracts presented in 2014 and 

2015 at ASCO annual, ASCO GU and ESMO meetings concerning CTLA-4, PD-1 and PD-L1 

inhibitors in RCC patients were added. The NCCN guidelines “kidney cancer” (version 2.2016) 

and “Older Adult Oncology” (version 1.2016) and the European Association of Urology (EAU) 

and ESMO guidelines on Renal Cell Carcinoma of respectively 2015 and 2014 were used.

Prognosis of Elderly mRCC Patients 

Large studies from the US, Japan and Europe together comprising almost 13,000 patients 

show that age is an independent prognostic factor of survival in patients with RCC [19-21]. 

However, for mRCC this is only the case for low-grade tumors. The effect of age becomes 

secondary to disease characteristics in patients with stage II-IV or high-grade tumors [22].

The immune system plays a critical role in disease control and activity and has traditionally 

been the target for systemic RCC treatment [23]. With aging, immune senescence and immune 

exhaustion may occur [24]. However, there is little evidence of a causal relation between age-

associated changes of the immune system and development and progression of cancer [25, 26].

Cytoreductive Nephrectomy

mRCC patients with a potentially resectable primary tumor, no brain metastases and an 

excellent performance status, could be candidates for cytoreductive nephrectomy before 

commencing systemic therapy according to the NCCN guidelines [27]. This is based on two 

randomized trials in the pre-targeted therapy era, where patients with mRCC treated with 

cytoreductive nephrectomy followed by interferon-α2b had a median overall survival (OS) 

benefit of 7 months compared to patients treated with interferon-α2b alone [28, 29]. It is still 

unclear whether cytoreductive nephrectomy results in a survival benefit when followed by 

targeted therapy compared to targeted therapy alone.
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According to the EAU, cytoreductive nephrectomy is recommended in appropriately selected 

patients with mRCC [30], based on a meta-analysis of two randomized studies [31]. In the 

ESMO guidelines, similar recommendations are made [32]. In routine practice, cytoreductive 

nephrectomy is recommended in patients with good performance status and large primary 

tumors with limited volumes of metastatic disease and for patients with a symptomatic 

primary tumor. 

  

A population based retrospective analysis of 328 Dutch mRCC patients demonstrated that 

elderly patients were less likely to undergo a cytoreductive nephrectomy (OR 0.95 per 

year increase) [33]. An alarmingly high peri-operative mortality rate (PMR), defined as death 

occurring within the first 30 days after cytoreductive nephrectomy or during the initial hospital 

stay, of 21% for patients 75 years of age or older (n = 24) has been reported for cytoreductive 

nephrectomy compared to 1.1% for younger patients (n = 380) [34]. However, a population-

based analysis of patients treated with a cytoreductive nephrectomy between 1988 and 2004 

(n = 24.535) demonstrated a 30-day PMR of 4.7% in patients aged 70 to 79 years [35]. 

The highest PMR was recorded for patients aged over 80 (8.2%). A retrospective analysis 

compared 504 mRCC patients 75 years or older with 2796 younger counterparts and showed 

a PMR of 4.8 versus 1.9% [36]. There was a higher rate of postoperative complications, blood 

transfusions and prolonged hospitalization in the elderly patient group. Another study in 

180 patients over 80 years of age (range 80-92), undergoing partial (n = 22) or complete (n = 

158) nephrectomy for suspected (m)RCC [37], showed that 38.8% of the patients experienced 

one or more complications, and six patients (3.3%) died as a consequence of post-operative 

complications. Median hospitalization was 13 days (range 4-60). An ECOG performance 

status of 2-4 and a glomerular filtration rate less than 30 mL/minute were independent risk 

factors for post-operative morbidity. 

Recommendations
Taking into account the lack of evidence of benefit of cytoreductive nephrectomy when 

followed by targeted therapy, and the higher mortality and morbidity in elderly patients, 

cytoreductive nephrectomy is not advised for this group. Only in fit elderly mRCC patients with 

a symptomatic primary tumor, limited metastatic burden and a reasonable life expectancy, 

nephrectomy could be considered.

Angiogenesis Inhibitors 

Angiogenesis is a prominent feature of RCC caused by mutation or silencing of the Von Hippel-

Lindau gene which is an early event in the majority of RCC tumors. Lack of functional Von 

Hippel-Lindau protein results in hypoxia inducible factor 1α (HIF-1α) accumulation. HIF-1α 

regulates angiogenesis, tumor growth, cell proliferation and metastatic spread, and glucose 

metabolism by acting as a transcription factor for critical downstream effectors including 

VEGF-A, platelet-derived growth factor (PDGF), epidermal growth factor receptor and insulin-

like growth factor [38]. Inhibition of angiogenesis has become the mainstay of treatment in 

patients with mRCC with clear cell histology. Bevacizumab is a monoclonal antibody targeting 

VEGF-A and several tyrosine kinase inhibitors (TKIs) inhibit the VEGF pathway at the VEGF 

receptor (VEGFR) level.

Bevacizumab
By binding VEGF-A, bevacizumab prevents VEGF-A from activating VEGFR on endothelial 

cells. In a phase III study mRCC patients were randomized to receive bevacizumab (10 mg/

kg intravenously every two weeks plus nine million international units (MIU) interferon-α2a 

subcutaneously three times weekly, n = 327) or interferon-α2a plus placebo (n = 322) [39]. The 

bevacizumab combination overall significantly increased the PFS, with a hazard ratio (HR) of 

0.77 (95% CI: 0.58-1.03) in the subgroup of patients ≥65 years (n = 239). For patients <40 

(n = 26) and 40-64 (n = 384) years of age, HR were 0.65 (0.28-1.52) and 0.54 (0.43-0.68) 

respectively (see Tables 1 and 2). No information on toxicity related to age was reported.

In another phase III trial, in which previously untreated mRCC patients were randomly assigned 

to receive either bevacizumab (10 mg/kg intravenously every two weeks) plus interferon-α2b 

(nine MIU subcutaneously three times weekly) or single agent interferon-α2b, no subgroup 

analyses for PFS and toxicity stratified for age were provided [40, 41]. Separately, efficacy and 

safety data for patients ≥65 years of the AVOREN trial [40] were reported. Efficacy was equal 

for patients <65 (n = 410) and ≥65 (n = 239) years of age. The incidence of adverse events 

was similar, however, the incidence of grade ≥3 adverse events was higher in de elderly. They 

also experienced more fatigue and asthenia [42].

Sunitinib
Sunitinib is an orally administered multiple TKI of VEGFR, PDGF receptors (PDGFR) and other 

receptor tyrosine kinases. A landmark study in treatment-naive mRCC patients demonstrated 

a PFS benefit of six months over interferon-α2a (11 versus five months) with a HR of 0.42 

that was similar for patients <65 years (n = 475) and patients ≥65 years (n = 275) [43]. In an 

expanded access trial, 4371 patients received open-label sunitinib [44]. Thirty-two percent of 

the patients were 65 years or older. Response rate, median PFS and median OS in this elderly 

subgroup were comparable to the outcome of the entire study population. Also frequencies 

of the most common grade 3-4 treatment-related adverse events were similar (see Table 3).
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Table 3. Adverse events of approved systemic treatments for mRCC in elderly patients.

Trial Results

bevacizumab + IFN vs placebo + 
IFN [39]
phase III, 1st line

NR

bevacizumab + IFN vs IFN [40] 
phase III, 1st line

NR

bevacizumab + IFN vs IFN [41] 
phase III, 1st line

NR

bevacizumab + IFN [42] 
subgroup analysis of [40]

AE incidence equal to younger adults, but incidence of grade ≥3 AEs was higher. 
Also more fatigue and asthenia.

sunitinib vs IFN [43] 
phase III, 1st line

NR

sunitinib [44] 
expanded access 

Incidences of most commonly reported grade 3-4 related AEs did not differ in 
elderly patients compared to the total population.

sunitinib [45] 
pooled data, ≥1st line

Overall, the incidence profile of common AEs was broadly similar. However, 
older patients are more likely to have a highest severity AE of grade 3, while 
for younger patients a greater proportion had highest severity of grade 1 or 2. 
There was no difference in the occurrence of highest grade 4 or 5. Significantly 
more frequent related AEs: fatigue, cough, peripheral edema, anemia, de-
creased weight, decreased appetite, thrombocytopenia, dizziness, hypothyroid-
ism, dehydration, UTI. Less hand-foot syndrome (24% vs 32%).

sunitinib [46] 
Compared to [44, 45]

Fatigue/asthenia and mucositis occur more often in elderly compared to the 
whole group, resp. 80.9% vs 37% and mucositis 61.8% vs 28%. Twice as much 
dose reductions occurred (> 2/3). Cardiac events ~13%, compared to estimated 
~3%.

sorafenib vs placebo [47, 48] 
≥2nd line

Grade 3 toxicity in 40.0% vs 29.4% in younger adults. More fatigue and gastro-
intestinal symptoms, but less hypertension, sensory neuropathy and pruritis in 
patients that received sorafenib. 21.4% permanently discontinued treatment vs 
8.1%, dose reductions occurred in 21.4% vs 11.3%.

sorafenib [50]
expanded access, ≥2nd line

Incidence and severity comparable with overall population. 16% drug-related 
SAEs vs 14% in younger patients. Compared to younger patients, more fatigue.

sorafenib [51] 
expanded access, ≥1st line

Compared to younger patients, elderly patients more often discontinued 
treatment due to AE with also slightly more dose reductions. Most common 
grade ≥ 3 AEs were similar, however, drug-related cardiovascular events grade ≥ 
3 occurred more often in elderly. More grade ≥ 3 fatigue. SAEs and proportion 
of deaths were equal.

pazopanib [53] 
phase III, 1st line or post-cytokines

NR

pazopanib vs sunitinib [54] 
phase III, 1st line

NR

axitinib vs sorafenib [55]
phase III, 1st line

NR

axitinib vs sorafenib [56] 
phase III, post sunitinib, bevIFN, 
temsirolimus or cytokines

NR

everolimus vs placebo [58, 59]
phase III, post TKI + subgroup 
analysis 

Similar, with generally consistent grade 3/4 rates between the whole population 
and elderly. Most common grade 3/4 in elderly: anemia, infection, lymphope-
nia, hyperglycemia. Higher rates peripheral edema, cough, rash, diarrhea. Age 
did not affect SAE incidence. Patients ≥ 70 more often dose reductions and/or 
interruptions, resulting in lower mean dose intensity.

temsirolimus [61] 
phase III, 1st line

NR

temsirolimus [63] 
phase III, 1st line

NR

nivolumab vs everolimus [70] 
phase III, post 1 or 2 regimens 
anti-angiogenesis

NR

Abbr. AEs = adverse events; SAEs = serious adverse events; UTI = urinary tract infection.
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Data from six trials were pooled to compare efficacy and toxicity of sunitinib in mRCC patients 

over 70 years of age with that of younger patients [45]. PFS and OS were comparable between the 

groups. Older patients experienced more fatigue, cough, peripheral edema, anemia, decreased 

appetite, weight decrease, dizziness, hypothyroidism, dehydration, urinary tract infection and 

thrombocytopenia. Older patients also had more grade 3 toxicity (68% versus 53%). On the 

other hand, patients younger than 70 years experienced more often hand-foot syndrome, 

chest pain and hair color changes. No difference in grade 4 toxicity or treatment related deaths 

was observed. Retrospectively, 68 patients ≥70 years of age who were treated with sunitinib 

were analyzed for frailty and sunitinib efficacy and toxicity [46]. Although sunitinib was effective, 

early interruptions occurred frequently. The rates of adverse events in this study were higher 

than the rates found in the above mentioned expanded access trial [44] and pooled data analysis 

[45]. No correlation was found between frailty at CGA and toxicity or treatment response.

Sorafenib
Sorafenib is another TKI of VEGFR but also inhibits Raf kinases. A PFS advantage for sorafenib 

over placebo was demonstrated in mRCC patients who had progressive disease after one 

line of systemic treatment (in 81% consisting of prior cytokine treatment) [47]. A retrospective 

subgroup analysis on safety and efficacy in patients ≥70 years (n = 115) compared to patients 

<70 years of age (n = 787) has been published [48]. Median PFS was not affected by age. 

The proportions of patients with a response or stable disease after six weeks of sorafenib 

were also similar for the two age groups (83.5% and 84.3%, respectively) and superior to 

those who received placebo (53.8% and 62.2%, respectively). More grade 3-4 adverse events 

occurred in elderly patients (45.7% versus 36.7%). VEGFR-TKIs are known to be associated 

with cardiac toxicity in up to 33.8% of the patients [49]. Fatal cardiac ischemia occurred in 

two out of 115 older sorafenib treated patients in addition to one patient with grade 3 left 

ventricular systolic dysfunction and one patient with grade 4 cardiac ischemia. In 10 out 

of 787 younger patients cardiac ischemia or infarction was observed, and three patients 

developed left ventricular dysfunction. None of the placebo-treated patients had cardiac 

adverse events. Treatment was permanently discontinued in 8.1% of younger and 21.4% 

older sorafenib-treated patients for toxicity. Most common reasons for the older patients to 

discontinue sorafenib were gastrointestinal (5.7%) and dermatological (4.3%) side effects. 

Additionally, dose reductions were required in 11.3% of the younger and 21.4% of the older 

sorafenib-treated patients. The time to self-reported health status deterioration was delayed 

by sorafenib among both older patients (121 days versus 85 days with placebo) and younger 

patients (90 days versus 52 days with placebo).

In an expanded access study in Europe, 1159 patients received sorafenib for mRCC in what 

the authors reported to be a ‘real-world setting’ [50] and subgroup analyses for 883 patients 

<70 years and 265 patients ≥70 years were performed. Although there was a trend for longer 

PFS in older compared to younger patients (8.0 versus 6.4 months), disease control rates at 

eight and 12 weeks were similar. Sorafenib treatment was generally well tolerated without 

major differences between both age groups, apart from fatigue, which was more common in 

the elderly patients (44% versus 31%).

Of the 2504 patients enrolled in the North American expanded access trial, 736 (29%) were 

aged over 70 years [51]. Treatment efficacy in terms of PFS and OS was similar between the 

age groups. Dose reduction, treatment interruption and treatment discontinuation rate was 

comparable in patients ≥70 and <70 years and the rates of the most common adverse events 

of grade ≥3 were similar, including cardiovascular events, fatigue and fatal toxicity.

Efficacy of first-line systemic treatment with sunitinib, sorafenib and bevacizumab in elderly 

patients with mRCC was evaluated within a database consortium. No difference was found 

between younger and older age groups [52]. 

Pazopanib
Pazopanib is a second generation TKI inhibiting VEGFR and PDGFR. In a phase III trial comparing 

pazopanib with placebo in treatment-naive and cytokine pre-treated mRCC patients, both 

elderly (n = 154 patients ≥65 years) and younger patients (n = 281 patients <65 years) had 

prolonged PFS on pazopanib compared to placebo, with a HR of 0.46 for the whole population 

(95% CI: 0.34-0.62). No difference in toxicity profile between the age groups was reported [53].

  

Pazopanib has been compared with sunitinib as first-line therapy in a randomized trial of 

1,100 mRCC patients and proven non-inferior regarding PFS [54]. Subgroup analysis revealed 

no difference for patients of 65 years and older (n = 434, 39%) compared to younger patients. 

The toxicity profile, and health related quality of life was in favor of pazopanib, however with 

a continuous dosing schedule for pazopanib and a four week on, two week off schedule for 

sunitinib, these data are difficult to interpret. No separate information on toxicity and quality 

of life for elderly was reported.

Axitinib
Axitinib is a second generation TKI that selectively blocks VEGFR-1, -2 and -3 with a high 

potency. A phase III trial randomized treatment-naive mRCC patients between axitinib  

(n = 192) and sorafenib (n = 92) [55]. The median age in this trial was 58 (range 20-83), and for 

both the 219 patients <65 years of age and the 69 patients ≥65, PFS did not differ between 

the treatment arms.
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Another phase III trial compared axitinib with sorafenib as second-line therapy in mRCC [56]. 

The median PFS was 6.7 months for axitinib versus 4.7 months for sorafenib. The HR for PFS 

was similar for patients ≥65 years of age and younger patients. No information was provided 

about toxicity stratified for age.

 

Recommendations
All angiogenesis inhibitors appear to have similar efficacy in elderly and younger patients. 

Available data are summarized in Figure 1. Bevacizumab combined with interferon-α, sunitinib 

and sorafenib have slightly worse toxicity profiles in elderly. For pazopanib and axitinib toxicity 

data in elderly are not available. Therefore, angiogenesis inhibitors can be used in elderly, but 

patients should be followed closely for evaluation of side effects. Most evidence in elderly is 

available for sunitinib as first-line regimen and sorafenib as second-line regimen. 

mTOR Inhibitors

Another important oncogenic pathway that is frequently upregulated in RCC is the mTOR 

pathway [57]. mTOR is involved in cell proliferation, cell growth and survival and angiogenesis.

Everolimus
Everolimus is an orally administered inhibitor of mTOR. A phase III trial comparing everolimus 

with placebo, showed a prolongation of PFS from 1.9 to 4.9 months in mRCC patients [58]. 

There was however no difference in the time to definitive deterioration of patient reported 

outcomes or OS. The efficacy and safety of everolimus in elderly patients who participated 

in the trial was analyzed separately [59]. Analyses were performed both for patients ≥65 years 

and for patients ≥70 years of age. Patients ≥65 years of age had a median PFS of 5.4 months 

in the everolimus arm (n = 111) and 2.2 months in the placebo arm, for patients ≥70 years of 

age this was 5.1 (n = 52) versus 1.9 months. In all everolimus-treated patients (n = 274), only 

1.8% had a partial tumor response and no responses were observed in the placebo group. 

Overall response rates were 2.7% for patients ≥65 and 3.8% for those ≥70 years of age.

 

Consistent with the complete study population, no difference in median OS was observed 

in everolimus-treated patients compared with those receiving placebo in patients aged ≥65 

and ≥70 years.

 

Everolimus was well tolerated by elderly, with low rates of grade 3-4 adverse events. However, 

more dose-interruptions were needed in the elderly patients; in 55.8% of patients ≥70 years 

and in 49.5% of patients ≥65 years of age one or more dose-interruptions were needed 

whereas 46.4% of all patients had treatment interruptions. Some adverse events were more 

frequent in elderly patients, irrespective of treatment, including peripheral edema, cough, 

rash, and diarrhea. Importantly, no increase in everolimus-related pneumonitis was observed 

compared with younger patients.

Between July 2008 and June 2010 1367 mRCC patients with intolerance to or progressive 

disease on VEGFR-TKI therapy were enrolled in an expanded access program with everolimus. 

The study reported that patients ≥65 years of age were less likely to be on treatment for 

more than six months compared to younger patients [60].

Temsirolimus
Temsirolimus is an intravenously administered mTOR inhibitor. In a 3-arm study in patients 

with poor-prognosis mRCC, temsirolimus (25 mg weekly intravenously), was compared 

with interferon-α2a (three MIU increasing to a target dose of 18 MIU three times weekly 

subcutaneously) and the combination (temsirolimus 15 mg weekly plus interferon-α2a six 

MIU three times weekly) [61]. Single agent temsirolimus resulted in a 3.6 months median 

OS prolongation compared to interferon-α2a alone. The combination of temsirolimus 

plus interferon-α2a did not improve OS. For the subgroup of elderly patients treated with 

temsirolimus alone (n = 64) compared to interferon-α2a alone (n = 65) however, the HR for 

death was >1.0. Information about toxicity related to age was not mentioned in this study.

A retrospective analysis showed that serum LDH above the upper limit of normal was a 

negative prognostic but a positive predictive biomarker for survival benefit of temsirolimus 

over interferon-α2a [62]. Patients with a high LDH were more likely to be younger of age than 

patients with a normal LDH, which might have contributed to the lack survival benefit of 

temsirolimus over interferon-α2a in elderly in this study.

No difference in efficacy was found between temsirolimus plus bevacizumab versus interferon 

plus bevacizumab in mRCC patients [63]. 

Recommendations
Everolimus can be prescribed to elderly mRCC patients who progressed on VEGF targeting 

therapy but these patients should be closely followed for toxicity. Elderly patients with poor 

prognosis mRCC do not seem to benefit from temsirolimus, see Figure 1.
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Temsirolimus (1st line)    Temsirolimus (1st line)

Figure 1. Modified NCCN evidence blocks for elderly (left) compared to the official NCCN evidence block 

(right). Column Q was modified for the elderly. The other columns kept the original definition. E = Efficacy 

of Regimen/Agent. S = Safety of Regimen/Agent. Q = Quality of Evidence. C = Consistency of Evidence.  

A = Affordability of Regimen/Agent. Quality and quantity of evidence in elderly: 5 Meta-analysis in elderly, 

4 Separate publication(s) comparing efficacy and toxicity in older adult patients to the overall or younger 

patient population of P1 randomized phase III trial(s) or expanded access trial(s). 3 Separate publication on 

efficacy and toxicity in older adult patients without comparison to the overall or younger patient population. 

2 Subgroup analysis in >1 randomized phase III trials or expanded access trials 1. Subgroup analysis in 1 

randomized phase III trial or expanded access trial.

Elderly:     Official NCCN block:

Bevacizumab + IFN (1st line)   Bevacizumab + IFN (1st line)

Sunitinib (≥1st line)    Sunitinib (1st line)  

Sorafenib (≥1st line)    Sorafenib (1st line)

 

 

Pazopanib (1st line or post cytokine)  Pazopanib (1st line)

 

 

Axitinib (≥1st line)    Axitinib (≥1st line)

 

 

Everolimus (post TKI)    Everolimus (post TKI)
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Aging and Immunity

With ageing, immune senescence and immune exhaustion of T cells occur. Exhaustion is 

characterized by loss of essential functional activity necessary for immune protection and 

senescence is a loss of replicative capacity of antigen-specific T cell populations [24]. These 

processes are considered a consequence of repeated antigenic stimulation during life. The 

resulting declined immune function in elderly might contribute to development and progression 

of cancer. RCC is considered an immunogenic malignancy [64] and boosting immune function is 

clearly of interest to improve the outcome for patients with advanced disease.

Cytokine therapy induces non-specific activation of the immune system resulting in low 

rates but sometimes long lasting tumor responses. To increase the likelihood of anti-tumor 

activity, novel targeted immune checkpoint blockade aims to improve tumor specific T 

cell activity. Recently, the PD-1 antibody nivolumab has been approved by the Food and 

Drug Administration for patients with advanced RCC patients who have received prior 

antiangiogenic therapy. First-line immune checkpoint inhibitor studies are ongoing as well 

as combination studies including antibodies against PD-1 or its ligand PD-L1, cytotoxic 

T-lymphocyte-associated protein 4 (CTLA-4). It would be of interest to evaluate whether 

efficacy of immune checkpoint inhibitors differs between age groups.
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and results are eagerly awaited, especially about the role of immunotherapy as first-line 

treatment. Of special interest are also combination regimens with antiangiogenic agents 

and immunotherapy (clinicaltrials.gov NCT02420821, NCT02348008, NCT002210117, 

NCT02133742, NCT01984242, NCT02014636, NCT01472081). So far, only limited subgroup 

analyses for age were performed in immunotherapy trials, which is clinically highly relevant. 

Below we present some data in other tumor types.

 

CTLA-4 Inhibitors
Ipilimumab is a monoclonal antibody against CTLA-4. Blocking the immune checkpoint 

protein CTLA-4 sustains T cell activation, thereby enhancing autoimmune activity. In a phase 

II study 61 mRCC patients received either three mg/kg ipilimumab intravenously followed 

by one mg/kg or all doses at three mg/kg every three weeks [72]. Thirty-three percent of 

the patients experienced grade 3-4 autoimmune mediated toxicity such as enteritis and 

endocrine deficiencies. Six patients experienced a partial response, and responses were seen 

in patients who had not responded to high-dose IL-2 treatment. Patient age ranged from 31 

to 70 years, with median age under 60. No age related data was described.

 

Efficacy and Toxicity of Immune Checkpoint Inhibitors in Elderly Melanoma and Non 
Small Cell Lung Cancer Patients
In the CheckMate 067 study, comparing nivolumab, ipilimumab and nivolumab + ipilimumab 

in patients with advanced melanoma, a subgroup analysis was done for patients <65 (n = 565), 

≥65 to <75 (n = 262) and ≥75 (n = 118). No meaningful differences were found in the incidence 

of side effects between the groups. The PFS of patients <65 years of age was 11.7 months 

(combination), 5.5 months (nivolumab) and 2.8 months (ipilimumab). For patients ≥65 to <75 

this was 11.1 months, 12.7 months and 2.9 months. Average PFS could not be determined for 

patients ≥75 on the combination treatment because these patients had not progressed yet. PFS 

in this subgroup was 5.3 months (nivolumab) and 4.0 months (ipilimumab) [73]. A subset analysis 

was performed to assess safety and efficacy of nivolumab in elderly with melanoma, in which 

patients <65 and ≥65 years of age were compared. There was neither a difference in immune 

related adverse events, nor in OS. Moreover, a significant OS benefit was seen in patients of all 

ages experiencing any grade of immune related adverse event [74]. In non-squamous non-small-

cell lung cancer, a phase III trial comparing nivolumab to docetaxel showed improved OS for 

nivolumab, with unstratified HR of 0.81 (0.62-1.04) for patients <65 year (n = 339), 0.63 (0.45-

0.89) for patients ≥65 to <75 year (n = 200) and 0.90 (0.43-1.87) for patients ≥75 year (n = 43). 

No toxicity results stratified for age were published [75].

Recommendations
Very limited data suggest that nivolumab might be less effective in patients ≥75 year. Clinicians 

Cytokine Therapy
Interferon-α and interleukin-2 (IL-2) were the standard of treatment for mRCC before the era 

of targeted therapy. Elderly patients appeared to do no worse than younger patients [65-67], 

but with the introduction of angiogenesis inhibitors, there is no role anymore for single agent 

cytokine therapy. 

PD-1 and PD-L1 Inhibitors
To escape auto-immunity, tumor cells can express a PD-1 ligand. Those ligands bind to the 

immune checkpoint protein PD-1 on T cells, resulting in T cell anergy. Reversing immune 

exhaustion of tumor-specific T cells by PD-1 blockade has demonstrated antitumor activity in 

mRCC and several other cancer types.

 

Interestingly, mRCC patients with overexpression of PD-L1 in the primary tumor have a shorter 

median PFS when treated with sunitinib compared to patients without PD-L1 overexpression 

(10 versus 19 months, p = 0.01) [68].

 

In the CheckMate 025 study, a phase III randomized trial comparing nivolumab with everolimus 

in mRCC patients previously treated with a VEGFR-TKIs, 821 patients were randomized [69]. 

They received nivolumab three mg/kg IV every two weeks or everolimus 10 mg/day orally. 

OS was 25.0 months for nivolumab versus 19.6 months for everolimus, with a HR for death of 

0.73 (95% CI: 0.57-0.93). The unstratified HR for death was 0.78 (0.60-1.01) for patients <65 

years (n = 497), 0.64 (0.45-0.91) for patients ≥65 to 75 years (n = 250) and 1.23 (0.66-2.31) 

for patients ≥75 years of age (n = 73). In 79% of patients receiving nivolumab an adverse 

event occurred; the most common adverse events were fatigue, nausea and pruritis. No 

distinction was made between age groups. 

A dose escalation phase I trial assessed safety and activity of BMS-936559, a monoclonal 

antibody directed against PD-L1 [70], included 17 patients with mRCC. All mRCC patients 

received 10 mg/kg, and two objective responses were observed. Seven patients had stable 

disease at 24 weeks, and the PFS rate was 53% at 24 weeks.

A phase I trial with MDPL3280A, another PD-L1 antibody, included 53 mRCC patients 

evaluable for toxicity with a median age of 62 (range 33-79) [71]. Grade 3-4 toxicity caused 

by MDPL3280A was found in 13% of the patients. Thirty-nine patients were evaluable for 

efficacy, showing a 24-week PFS of 50%.

From these studies it can be concluded that immunotherapy is a breakthrough for mRCC. 

Even in heavily pre-treated patients efficacy is documented. More studies are ongoing 
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should take life expectancy and expected ability to cope with side effects into account, when 

deciding whether or not to recommend nivolumab treatment to elderly.

Discussion
 
Approximately 50% of the patients with mRCC are elderly. With multiple systemic treatment 

options available, instruments rating clinical benefit are highly relevant. For this purpose, the 
NCCN developed evidence blocks, ESMO developed a magnitude of clinical benefit scale and 

ASCO introduced a value framework. However, these tools are created for the entire patient 

population and are not necessarily applicable to elderly. We presented modified evidence 

blocks for elderly mRCC patients. This grading for the elderly is neither created by a panel of 

experts nor has it been validated, but it is meant as an illustration and should be interpreted 

with caution. 

Regretfully for several treatment options, solid proof for the use in elderly is lacking. Next 

to underrepresentation of elderly in clinical trials, often results of subgroup analyses for 

elderly that participated in the trials are not published. Over time a transition is warranted 

where collecting and publishing data representing the treatment effects in elderly becomes 

self-evident. The power of building warehouses to retrieve information is increasingly 

appreciated [76]. It might be of interest to stock a warehouse with data of mRCC patients who 

participated in prospective studies. This would allow dedicated research groups to retrieve 

efficacy and safety data of different mRCC regimens in large numbers of the elderly patients 

and accommodate the unmet need of solid proof in elderly. 
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Abstract
 

Molecular imaging with positron emission tomography (PET) is a rapidly emerging technique. 

In breast cancer patients, more than 45 different PET tracers have been or are presently 

being tested. With a good rationale, after development of the tracer and proven feasibility, 

it is of interest to evaluate whether there is a potential meaningful role for the tracer in the 

clinic− such as a in staging, in the (early) prediction of treatment response, or in supporting 

drug choices. So far, only 18F-FDG PET has been incorporated into breast cancer guidelines. 

For proof of the clinical relevance of tracers, especially for analysis in a multicenter setting, 

standardization of the technology and access to the novel PET tracer are required. However, 

resources for PET implementation research are limited. Therefore, next to randomized 

studies, novel approaches are required for proving the clinical value of PET tracers with the 

smallest possible number of patients.

The aim of this review is to describe the process of the development of PET tracers and the 

level of evidence needed for the use of these tracers in breast cancer. Several breast cancer 

trials have been performed with the PET tracers 18F-FDG, 3’-deoxy-3’-18F-fluorothymidine 

(18F-FLT), and 18F-fluoroestradiol (18F-FES). We studied them to learn lessons for the 

implementation of novel tracers. After defining the gap between a good rationale for a tracer 

and implementation to the clinical setting, we propose solutions to fill the gap to try to bring 

more PET tracers to daily clinical practice. 

Introduction

Molecular imaging with PET is a rapidly emerging approach in oncology. This approach offers the 

potential to noninvasively determine tumor staging, make tumor response measurements, and 

characterize relevant drug targets in the tumor. Moreover, the whole-body three-dimensional 

image provides information about all tumor lesions within a patient. This information is 

increasingly of potential interest because of progressively awareness of the existence of tumor 

heterogeneity for several clinical relevant characteristics (1,2). Interestingly, the development 

of tracers for most hallmarks of cancer allows the imaging of key characteristics of tumors 

in the research setting (3). More than 30 different PET tracers have been analyzed for their 

contribution to staging or early response measurements in breast cancer (Table 1). In addition, 

in the past five years, information on 15 different breast cancer tracers has been published. 

Many more are expected. However, at present, only the visualization of glucose uptake with 
18F-FDG PET is part of standard care and has been incorporated in breast cancer guidelines (4, 5). 

New initiatives are attempting to bridge the gap between new chemical entities and a clinical-

grade radiopharmaceuticals, which then must be brought to the clinical setting. This process 

requires proof-of-concept feasibility studies; when sufficient evidence has accumulated, the 

tracer should be implemented in the clinical setting. 

The aims of this review are to summarize the steps from preclinical to first-in-human 

studies and to summarize the current research on PET tracers and level of evidence (LoE) 

(6) concerning their contributions to the breast cancer field. We summarize the literature on 
18F-FDG, 18F-FDG, 3’-deoxy-3’-18F-fluorothymidine (18F-FLT), and 18F-fluoroestradiol (18F-FES) 

PET studies, because several breast cancer trials have been performed. Our goal is to learn 

lessons about the potential steps for implementing more PET tracers in clinical practice. 

Search Strategy

To gain insight into novel PET tracers being tested in breast cancer, PubMed/Medline was 

searched, with special attention to studies involving 18F -FDG, 18F -FLT and 18F -FES tracers. In 

April 2015, ClinicalTrials.gov was searched for ongoing clinical trials with the search terms 

[PET] AND [breast cancer]. In total, 164 ongoing PET studies were found.
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Transition of Tracers from Preclinical Evaluation to First-in-
human Studies 

Bringing tracers from the research-and-development phase to the clinical setting can be a 

major challenge. Several barriers can cause inefficient translation of novel chemical entities 

to clinical-grade radiopharmaceuticals; these include lack of good-manufacturing-practice 

facilities, lack of resources and insufficient knowledge of the translational process and 

regulatory requirements.

Table 1. Ongoing trials with experimental PET tracers in breast cancer.

Tracer type No of ongoing trials Target
18F-FES 11 ER
18F-FLT 6 ENT1/TK1
18F-Fluorocholine 1 ChK-α
18F-Fluorofuranyl norprogesterone 1 PR
18F-Fluoromisonidazole 1 Hypoxia
18F-Fluoroethoxy-5-methylbenzamide 2 Sig-2R
18F-fluorodihydrotestosterone 1 AR
18F-Sodium fluoride 3 Bone formation
18F-Fluciclatide 1 Αvβ3

18F-FMAU 1 DNA synthesis
18F- Fluoroazomycin-arabinoside 1
18F-EF5 1 EF
18F-Fluoride 1
18F-Paclitaxel 2 Tubulin
18F-Fluorocyclobutanecarboxylic acid 3
18F-RGD-K5 /flotegatide 1 Αvβ3

11C-Lapatinib 1 EGFR and HER2
11C-Choline 1 ChK-α
89Zr-Trastuzumab 6 HER2
89Zr-Bevacizumab 3 VEGF-A
111In-Trastuzumab 1 HER2
68Ga-ABY-025 2 HER2
68Ga-IMP-288 1 CEA
68Ga-NOTA-NFB 1 CXCR4
64Cu-DOTA-trastuzumab 3 HER2
64Cu-DOTA-AE105 1 Urokinase plasminogen activator receptor
64CU -AntiCEA 1 CEA
2Deoxy-D-glucose 1 GLUT-1/HKII

ONT-10 1 MUC1 Lipid A
18F-Fluorobenzyl triphenylphosphonium 1 perfusion

Unspecified tracer 17 -

Abbr. AR = androgen receptor; Αvβ3 = vitronectin receptor integrin alpha V and integrin beta 3; CEA = carcinoembryonic 
antigen; ChK-α = choline kinase-alfa; CXCR4 = Chemokine (C-X-C Motif) Receptor 4; EF5 = 2-(2-nitro-1H-imidazol-1-yl)-N-
(2,2,3,3,3-pentafluoropropyl)-acetamide; EGFR = endothelial growth factor receptor; ER = estrogen receptor; GLUT-1/HKII = 
glucose transporter 1/ hexokinase 2; HER2 = human epidermal growth factor receptor 2; RGD-K5 = 2- ((2S,5R,8S,11S)-5-benzyl-
8-(4-((2S,3R,4R,5R,6S)-6-((2-(4-(3-18F-fluoropropyl)-1H-1,2,3-triazol-1-yl)acetamido)methyl)-3,4,5-trihydroxytetrahydro-2H-

pyran-2-carboxamido)butyl)-11-(3-guanidinopropyl)-3,6,9,12,15-pentaoxo-1,4,7,10,13-pentaazacyclopentadecan-2-yl)acetic 
acid; ABY-025 = maleimide-DOTA-Cys61-ZHER2; ENT1/TK1 = Equilibrative nucleoside transporter 1/thymidine kinase-1; MUC1 
Lipid A = mucin 1 lipid A; PR = progesterone receptor; Sig-2R = sigma receptor subtype 2; VEGF-A = vascular endothelial growth 
factor A.

 
An investigational radiopharmaceutical for use in a clinical trial is an investigational medicinal 

product for which an investigational medicinal product dossier (IMPD) is required in Europe. 

In the United States, the procedure is similar; an investigational new drug application is 

submitted instead of an IMPD. The application includes data on product quality and safety. 

The IMPD is submitted together with the clinical trial application to the competent authority. 

The IMPD outlines the quality and safety of the investigational radiopharmaceutical based on 

data gathered during the development process. 

In the first phase, on the basis of a good rationale, the radiochemical synthesis−including 

purification, characterization, initial formulation and stability−is developed. The result of this 

phase is a development report, which describes the critical process steps and forms the 

basis for the subsequent technology transfer step. If tracer development is successful and 

preclinical data are not yet available in literature, the tracer is evaluated with in vitro and 

in vivo models to assess its biodistribution and estimate radiation dosimetry. Information 

from this preclinical evaluation is incorporated into the nonclinical pharmacology, 

pharmacokinetics, and toxicology section and the risk/benefit section of the IMPD. After 

a decision is made to translate the tracer to the clinical setting, the pharmaceutical or 

chemistry, manufacturing, and control phase starts. Techniques are transferred from 

the research-and-development laboratory setting to the good-manufacturing-practice 

environment. The manufacturing process is described, starting materials are defined, master 

batch records and testing procedures are documented, and final release specifications and 

in-process controls are determined and their justification is described. Next, the analytic 

methods and the manufacturing process are validated and the subsequent stability of the 

final drug product is assessed. The results of the pharmaceutical phase are approved master 

batch and testing records and validation and stability reports. This information is included in 

the chemical pharmaceutical section of the IMPD.

 

If necessary, a toxicology study is performed, and the results are described in the nonclinical 

pharmacology, pharmacokinetics and toxicology section. In the last step, all data are 

reviewed, and the final IMPD is authorized and submitted to the competent authority. A 

yearly product quality review and update of the IMPD are mandatory. 

 

Apart from product and process requirements, other essential elements that ensure 

final product quality are premises and equipment (qualified and monitored clean rooms, 
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laminar flow hoods and isolator hot cells); well-trained and qualified personnel; and a good-

manufacturing-practice-quality system, including documentation and proper deviation and 

change in management. 

The next step is a first-in-human trial, a small pilot study, for proof of concept and safety. 

When a tracer is proven safe and considered to be of clinical utility, larger studies with quality 

controls and harmonization steps are required to gain the needed LoE needed to implement 

the tracer into the clinical setting. Most of the knowledge about the application of tracers in 

breast trials concerns 18F -FDG, 18F -FLT and 18F -FES. 

Role of 18F-FDG PET in Standard Breast Cancer Care

Screening and Diagnosis
18F-FDG PET scans are not part of current breast cancer screening, given that the lack of 

spatial resolution and low specificity result in false-positive scans. A better resolution is 

achievable with positron emission mammography (7), which was approved as a medical device 

by the U.S. Food and Drug Administration in 2003. It was introduced as a diagnostic adjunct 

to mammography and breast ultrasound but is still considered investigational according to 

the Blue Cross Blue Shield Association policy (8). A meta-analysis of eight studies comprising 

873 women with suspected breast cancer showed a pooled sensitivity of 85% (95% CI: 83-88) 

and specificity per lesion of 79% (95% CI: 74-83) (9) (LoE: 2). In addition, there are six ongoing 

positron emission mammography trials. 

Staging
Besides standard imaging modalities, there is a possible role for 18F -FDG PET in initial staging. 

National Comprehensive Cancer Network guidelines (4) specify no role for 18F-FDG PET in 

the early stage (I-II) (10-14); European Society for Medical Oncology guidelines (5) suggest the 

use of 18F-FDG PET/CT in early breast cancer when conventional imaging are inconclusive. 

There is limited proof (LoE: 3) that 18F-FDG PET/CT is helpful for identifying unsuspected 

regional nodal disease or distant metastases in stage III breast cancer when used in addition 

to standard staging studies (12, 13, 15-19). Choosing Wisely recommends refraining from PET 

scanning during the staging of early breast cancer in individuals at low risk for metastases and 

in asymptomatic individuals who have been treated for breast cancer with curative intent (20).

  
18F-FDG PET is not recommended for diagnosing inflammatory breast cancer (5, 21) because 
18F-FDG uptake caused by inflammatory processes decreases tumor specificity (22). However, 

limited data suggest a possible role for 18F-FDG PET for initial staging (23-25) and predicting 

survival (26) (LoE: 3).

  

Guideline recommendations for the use of 18F-FDG PET/CT in patients with inoperable breast 

cancer or metastatic breast cancer (mBC) differ slightly. National Comprehensive Cancer 

Network guidelines state that the use of 18F-FDG PET or PET/CT scanning is optional, is 

indicated only for inoperable advanced breast cancer or mBC, and is most helpful when the 

results of standard imaging studies are equivocal or suspect. Limited evidence supports the 

use of 18F-FDG PET to evaluate the extent of disease in selected patients with recurrent or 

metastatic disease (11, 12, 27, 28) (LoE: 3). When 18F-FDG PET/CT clearly shows bone metastases, 

no bone scan is needed, because of high concordance between the modalities for bone 

metastases (29). European Society for Medical Oncology 2014 guidelines (30) state that 18F-FDG 

PET/CT can be used instead of CT and bone scanning for inoperable, locally advanced, 

noninflammatory breast cancer (31) (LoE: 2). Perhaps additional data in future trials can help 

to better define the indications. Current guidelines do not distinguish between differentiated 

and undifferentiated tumors. A retrospective analysis showed that hormone receptor-

negative tumors had higher SUVs on 18F-FDG PET than estrogen receptor (ER)-positive tumors 

and that uptake in lobular breast cancer was lower than that in ductal breast cancer, leading 

to false-negative results (32). 

 

Treatment response in trials is often evaluated according to Response Evaluation Criteria in 

Solid Tumors (RECIST)1.1, these criteria are largely obtained by anatomic measurements (33) 

and are based on a collection of data from more than 6,500 trial patients with more than 

18,000 target lesions treated in chemotherapy trials. 18F-FDG PET has a role in progressive 

disease. Besides progressive disease indicated by progression on, for example, a CT scan, 

progressive disease is also defined as the occurrence of new lesions with positive 18F-FDG 

PETs. According to RECIST 1.1, bone metastases are evaluable only if at least 10 mm soft 

tissue is involved. This information implies that mBC patients, more than 65% of whom 

develop bone metastases, often cannot be evaluated according to RECIST. Whether repeated 
18F-FDG PET/CT scans may play a role has yet to be determined. 

Measurements of a response earlier than with current anatomic measurements (typically 

around ~8-12 weeks), is of interest because it can reduce the time of ineffective treatment, 

side effects and unnecessary costs. In 77 mBC patients receiving neoadjuvant treatment, 

metabolic response on 18F-FDG PET/CT after two and six weeks was related to an increased 

likelihood of pathologic complete response (34). However, the results were not correlated with 

overall survival, and multicenter standardization of 18F-FDG PET techniques at baseline was 

not performed.
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Fifteen ongoing breast cancer trials expected to accrue more than 1,200 patients are listed 

at ClinicalTrials.gov; these trials include repeated 18F-FDG PET for early treatment response 

evaluation. The time frames between the start of treatment and early 18F-FDG response 

measurements vary from one to four weeks. Furthermore, standardization of techniques and 

interpretation is not necessarily being attempted. However, it is certainly worth the effort to 

try to combine the results of these studies as far as the level of standardization allows. 

18F-FLT PET in Breast Cancer

Imaging of cellular proliferation with 18F-FLT once held great promise for tumor imaging and 

quantifying a treatment response. However, the facts that the signal intensity is not always 

high enough and false-negative and false-positive findings occur result in low sensitivity and 

specificity in breast cancer (35). On the basis of 11 studies with 189 patients, 18F-FLT PET is 

not a strong tool for staging or diagnosing breast cancer because of false-negative results 

for small axillary lymph nodes. It may play a role in predicting a therapy response. However, 

the results are equivocal (Table 2). Moreover, it is difficult to pool the individual patient 

data given the different outcome measurements and different imaging methods, labeling 

procedures, and scan protocols used. 

18F-FES PET in Breast Cancer

Therapy selection for breast cancer patients is mainly based on the presence of the 

ER, the progesterone receptor, and human epidermal growth factor receptor 2 (HER2). 

Immunohistochemical (IHC) tumor staining for these receptors is considered to be the 

gold standard (4, 30). In the mBC setting, repeated biopsies are advised because receptor 

expression can change over time. However, a biopsy does not necessarily captures inter- and 

intratumoral heterogeneity (36, 37).

 

More than 70% of the breast cancers overexpress ER. This fact explains the major interest 

in the 16 18F-FES PET studies performed in over 750 breast cancer patients (Table 3). Six 

studies investigated the correlation between ER immunohistochemistry and 18F-FES uptake; 

the correlation in all of them was good. Predicting the response to endocrine therapy has 

been examined in 8 trials comprising 240 patients. Absence of 18F-FES uptake predicted 

the failure of endocrine therapy (38, 39), and a decrease in uptake during therapy indicated a 

response to the antihormonal drugs tamoxifen and fulvestrant (40-43). The results of 11 new 

studies, including an extra 852 patients are expected over the next few years (Table 4). 

Pooling individual patient data may provide more solid evidence for the role of 18F-FES PET 

in the clinical setting. However, pooling of data may be challenging given the various tracer 

dosages, time frames and reconstructions used. 

Table 2. 18F-FLT PET studies in patients with breast cancer.

No of 
patients 

Study aim Results Reference

18 Determine whether early changes in 
18F-FLT PET can predict benefit from 
docetaxel.

Docetaxel decreased 18F-FLT uptake. Early 
reduction in tumor SUV correlated with tumor size 
changes after 3 cycles and predicted midtherapy 
response. 

58 

13 Define objective criteria for 18F-FLT 
response and examine whether 18F-FLT 
PET can be used to quantify early 
response of stage II-IV breast cancer to 
FEC.

Clinical response at day 60 related to reduction 
18F-FLT uptake at 1 week. Decreases in Ki-67 and 
SUV90 at 1 week discriminated between clinical 
response and stable disease.

59

15 Evaluate whether 18F-FLT PET can predict 
final postoperative histopathological 
response in primary locally advanced 
breast cancer after 1 cycle NAC.

Potential utility for early monitoring of response. 60

28 To investigate diagnostic performance 
of 18F-FLT PET in women with suspicious 
breast findings on conventional imaging.

SUV of malignant lesions higher than of benign 
lesions.

61

30 To investigate quantitative methods of 
tumor proliferation using 18F-FLT PET 
before and after single bevacizumab 
administration and correlate 18F-FLT 
uptake with Ki-67. 

18F-FLT uptake decreased after treatment. 62

20 Assess feasibility of 18F-FLT PET/CT to 
predict response to NAC and to compare 
baseline FLT with Ki-67.

No association between baseline, post-
chemotherapy, or change in maximum SUV and 
pathological response to NAC. Pre-chemotherapy 
Ki-67 correlated with SUVmax.

63

15 Validate an approach to quantify 18F-FLT 
PET data in stage II-IV breast cancer 
patients and study if 18F-FLT PET can 
predict early treatment response.

Differences before and after therapy in mean voxel 
uptake in tumor did not allow complete responder 
/ nonresponder classification. 

64

12 Evaluate use of 18F-FLT PET for diagnosis 
of breast cancer

13/14 primary tumors and 7/8 histologically 
proven lymph node metastases showed uptake. 

65

14 Examine side-by-side 18F-FDG and 18F-FLT 
imaging for monitoring and predicting 
chemotherapy response

Mean change 18F-FLT-uptake correlated with late 
changes in CA27.29 and CT response.

66

10 Study feasibility of 18F-FLT PET for breast 
cancer visualization

8/10 primary tumors and 2/7 axillary lymph node 
metastases showed uptake.

67

Abbr. CT = computed tomography; FEC = 5-fluorouracil, epirubicin, cyclophosphamide; Ki-67; cellular marker for proliferation; 
NAC = neoadjuvant chemotherapy; pCR = pathologic complete response; SUV = standardized uptake value.

ER-positive and progesterone receptor-positive tumors show less uptake of 18F-FDG 

compared to hormone receptor-negative tumors (32). The role of 18F-FES-PET imaging in 

staging has not yet been proven, but with the knowledge that 18F-FDG PET often shows lower 
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uptake in hormone-positive tumors, it can be hypothesized that 18F-FES PET may be of help in 

staging for patients with such tumors. A trial comparing immunohistochemically determined 

hormonal status with 18F-FES uptake in mBC patients with hormone receptor-positive or 

-negative disease before to treatment is ongoing (NCT01957332) (44).

Table 3. Studies with 18F-FES PET in breast cancer patients.

No of 
patients

Study aim Results Reference

47 Quantify tumor 18F-FES uptake as predictor of 
endocrine therapy response.

Absence of uptake predicts failure to 
endocrine therapy.

38

19 Investigate utility of 18F-FES PET to predict overall 
response to first-line endocrine therapy in MBC.

Low/absent 18F-FES uptake correlates with 
lack of ER expression.

39

11 Assess serial 18F-FES PET and 18F-FDG PET to predict 
response to tamoxifen.

Increase in 18F-FDG uptake and decrease 
in 18F-FES uptake on start of tamoxifen 
predicted response.

40

30 Measure changes in 18F-FES uptake by aromatase 
inhibitors, tamoxifen or fulvestrant. 

No effect with aromatase inhibitors, 
decreases ~55% with tamoxifen and 
fulvestrant.

41

40 Assess serial 18F-FES and 18F-FDG PET to predict 
response to tamoxifen.

Increase in 18F-FDG uptake and decrease 
in 18F-FES uptake after start of tamoxifen 
predicts response.

42

16 Evaluate whether 500 mg fulvestrant optimally 
abolishes ER availability in the tumor.

18F-FES PET showed residual ER availability 
during fulvestrant therapy in 38% of patients, 
which was associated with early progression.

43

59 Investigate whether 18F-FES PET and serial 18F-FDG 
PET predicts response to endocrine therapy.

Baseline 18F-FES uptake and metabolic flare 
after estradiol challenge predict treatment 
response.

68

17 Assess correlation between 18F-FES uptake and IHC. Good correlation for ER 69

53 Compare 18F-FES PET with 18F-FDG PET and IHC. 18F-FES PET has 88% agreement with IHC 
and provides information not obtained by 
18F-FDG PET.

70

91 Measure variability in 18F-FES uptake between and 
within patients.

Substantial variation in 18F-FES uptake 
between and within patients.

71

13 Assess feasibility of 18F-FES PET to detect primary ER 
positive breast cancer lesions and correlation with 
in vitro status.

Focal uptake seen in all tumors of 18F-FES, 
uptake correlated well with in vitro assays.

72

239 Assess correlation between 18F-FES PET and clinical 
and laboratory data, effects of previous treatments 
and 18F-FES metabolism.

18F-FES uptake correlated positively with 
BMI and inversely with plasma sex hormone 
binding globulin levels and binding capacity.

73

18 Assess clinical value of dual tracers PET/CT 18F-FES 
and 18F-FDG in predicting response to NAC.

18F-FES PET/CT might be feasible to predict 
response of NAC.

74

32 To investigate heterogeneity of ER expression among 
tumor sites using 18F-FES PET.

18F-FES and 18F-FDG uptake varied greatly 
within and among patients. 18F-FES PET/CT 
showed heterogeneous ER expression.

75

48 To correlate 18F-FES PET and ER expression in 
patients with primary, operable BC.

18F-FES PET SUV correlated with ER IHC 
expression. Size of primary tumor was 
associated with 18F-FES PET SUV. 

76

33 To evaluate the clinical value of 18F-FES PET/CT in 
assisting individualized treatment decisions in ER 
positive breast cancer patients.

Based on 18F-FES PET/CT results, in 48.5% 
changed treatment plan.

53

Abbr. ER = estrogen receptor; ICH = immunohistochemistry; mBC = metastatic breast cancer; NAC = neoadjuvant chemotherapy; 
SUV = standardized uptake value.

Table 4. Ongoing trials in ClinicalTrials.gov with 18F-FES PET.
Identifier trial No of 

patients 
Primary outcome measures Secondary outcome measures 

NCT02409316 75 Evaluate 18F-FES PET/CT uptake as predictor 
of PFS in endocrine refractory recurrent 
or MBC patients starting a new therapy 
regimen including endocrine therapy.

Correlate 18F-FES uptake, IHC and experimental 
pathology markers. 
Evaluate utility of combined 18F-FES PET/CT and 
18F-FDG PET/CT in identifying heterogeneity of ER 
expression and functionality in MBC. 
Compare 18F-FES uptake at baseline and 
progression in patients receiving additional 
endocrine therapy. 
Correlate 18F-FES uptake with CTCs and ratio of 
ER+ to ER- CTCs. 

NCT01986569 94 Lesion-level 18F-FES PET interpretation 
and reference IHC testing in stage IV MBC 
patients.

Not provided.

NCT02398773 99 Negative predictive value of 18F-FES uptake 
for clinical benefit in ER+, HER2- MBC 
patients.

Evaluate the relationship between 18F-FES uptake 
and semi-quantitative ER measures. 
18F-FES SUVmax < 1.5 as optimal cutoff point for 
predicting PFS. 
Percent of eligible patients for whom biopsy is not 
feasible, i.e., predictive accuracy of 18F-FES PET/
CT for PFS; Significance of 18F-FES PET measures in 
predicting progressive disease or clinical benefit. 

NCT02149173 80 Change in 18F-FES SUV in ER+ MBC 
undergoing endocrine therapy.
Proportion of patients experienced a 
threshold in percentage change.

Safety profile of 18F-FES PET. 
Correlate 18F-FES PET uptake measures with 
histopathological assays and microenvironment 
studies on biopsy specimens. 

NCT01988324 20 Concordance between PET results and IHC 
on biopsied lesions in ER+ MBC patients.

Number of lesions detected on PET versus CT- and 
bone scan.
Inter- and intra-patient variation.
Inter-observer variation.

NCT01627704 72 Compare response rate after six months of 
endocrine treatment in MBC, according to 
18F-FES uptake in metastatic lesions.

Determine whether 18F-FES PET/CT is able to 
detect metastases that are not visible on 18F-FDG 
PET/CT. 
Precise the nature of discordant 18F-FES/18F-FDG 
foci.
Validate and improve the interpretation criteria 
for 18F-FES PET/CT.
Confirm tolerance.

NCT00816582 100 Clinical benefit rate of fulvestrant in MBC 
patients.

Not provided.

NCT00647790 79 Preoperatively evaluate the ER status of 
breast cancer on PET imaging in primary 
breast cancer patients undergoing surgery.

Correlate ER positivity on PET and conventional 
IHC. 

NCT01153672 8 Determine the rate of clinical benefit 
for patients treated with cycles of two 
weeks vorinostat followed by six weeks 
aromatase inhibitor.

Change in 18F-FES SUV after two and eight weeks.
Change in 18F-FDG SUV after two and eight weeks.

NCT01275859 25 Evaluate pCR rate to lapatinib plus 
letrozole in neoadjuvant setting.

Correlation of 18F-FES PET with biological and 
imaging predictors of response.
Evaluate diagnostic value of SUV for 18F-FES PET 
response to therapy.

NCT01957332 200 Evaluate clinical utility of experimental 
PET scans in the setting of MBC at first 
presentation.

Correlation PET scans and (progression free) 
survival.
Cost effectiveness of molecular imaging. 
Quality of Life.

Abbr. CTCs = circulating tumor cells; ER = estrogen receptor; HER2 = human epidermal growth factor receptor; FES = 
fluoroestradiol; IHC = immunohistochemistry; mBC = metastatic breast cancer; pCR = pathologic complete response; PET = 
positron emission tomography; PFS = progression free survival; SUV = standardized uptake value.
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Multicenter Studies and Reproducibility of Results

When multicenter studies are started, for all steps in the manufacturing process that are 

conducted at more than one center, evidence that the final drug products and manufacturing 

processes are comparable should be provided. This goal could be achieved by cross-validation 

of the manufacturing processes, including quality control. The National Cancer Institute 

Cancer Imaging Program has been creating investigational new drugs for use as imaging 

agents. A subset of the documents filed is being made available to the research community 

to implement the routine synthesis of tracers at various facilities and to assist investigators 

with the filing of their own investigational new drugs (45). 

A prerequisite for a relevant scan or biomarker for the clinical setting is a high degree of test-

retest accordance; in addition, the results of the test should be independent of the hospital at 

which the test is performed. European Association of Nuclear Medicine procedure guidelines 

have set rules for harmonizing data and obtaining better reproducibility. The American College 

of Radiology and the European Association of Nuclear Medicine Research Ltd. accreditation 

programs, the Society of Nuclear Medicine and Molecular Imaging Clinical Trials Network, 

and the Quantitative Imaging Biomarkers Alliance of the Radiologic Society of North America 

are all initiatives to make (molecular) imaging a standardized diagnostic modality in clinical 

medicine and research. Fortunately, interest in and intention to combine European and U.S. 

guidelines for molecular imaging to gain more uniform data are growing (46). A retrospective 

assessment of the compliance of 11 sites with an imaging guideline for 18F-FDG PET, however, 

showed poor compliance, possibly affecting tumor uptake quantification (47). These data show 

the need for prospective quality control during studies.

A protocol to guide upfront performance of 18F-FDG PET/CT studies within the context of 

single- and multicenter clinical trials has been published (48). It provides standards for all phases 

of imaging in oncological trials. This Uniform Protocol for Imaging in Clinical Trials is another 

step toward the larger patient datasets and uniform databases that allow individual patient 

data meta-analysis. In analogy to the database formed for RECIST, data from different trials 

can be combined, providing the large patient groups required for solid evidence. Although 

current guidelines and accreditation programs focus on 18F-FDG PET, similar approaches can 

be used for the new tracers. 

Trial Designs to Prove Roles of New Molecular Imaging Methods in Clinical Settings
Implementing PET imaging as part of standard care requires proven safety and added benefit 

beyond existing care. Benefits can include improved patient outcomes as well as reduced 

costs or physical or emotional burden on patients. Cost savings could be realized by avoiding 

surgeries and reduction of exposure to ineffective treatments (49). 

Implementing PET scanning as a biomarker requires the procedure to score well on criteria 

such as the REMARK criteria (REporting recommendations for tumor MARKer prognostic 

studies) (50). These criteria were drafted to guide researchers in reporting their studies for 

tumor markers in oncology, after it was acknowledged that only a few markers had been 

adopted into clinical practice. Randomized trials are advised to provide the best LoE in 

support of a screenings or predictive biomarker (50) or to show the actual improved patient 

outcome of a new diagnostic or prognostic strategy incorporating PET imaging relative to 

routine care. Unfortunately, standard randomized trials are rarely achievable in the field of 

predictive markers and molecular imaging because of financial boundaries and the limited 

capacity of tracer production facilities. 

Given these constraints, various approaches to prove the clinical value of PET tracers have 

been undertaken and can be postulated. In the United States, the National Oncologic PET 

Registry provided prospective data on the clinical impact in daily practice of over 250,000 
18F-FDG PETs (51). It has paved the path to defining relevant indications and reimbursement 

for 18F-FDG PET. An international registry prospectively collecting data might be able to prove 

the role of 18F -FES PET, with a likely added benefit in cases of clinical dilemmas (52, 53). Such 

observational data, when gathered with rigorous methodology, can provide solid evidence 

for diagnostic and prognostic purposes. With regard to PET tracers for therapy response 

prediction, observational data can also provide important initial evidence. MBC patients may 

be the prime target population for a study of therapy response because of the importance 

of the timely identification of noneffective treatment leading to progressive disease. In 

addition, tracer uptake can be linked to response measurements at a metastasis level instead 

of at a per-patient level to lead to increased statistical efficiency and to allow smaller proof-

of-concept studies.

Ideally, after the standardization of procedures, smaller prospective studies with meaningful 

direct clinical endpoints can be pooled in a database for individual patient data meta-analysis 

and further validation, enabling the data for each patient to contribute to an increasing evidence 

base for PET imaging applications. Next, when evidence is deemed sufficient for a new tracer 

to be implemented as part of standard care, a stepped wedge cluster randomized trial could 

provide final evidence of benefit while actually taking advantage of the logistical challenges of 

implementing novel PET technology (54). In such trial, hospitals are randomized over a certain 

period of time to the start of implementation, and at the end of this period, all hospitals will 

have implemented the PET technology. Patient outcome and cost-effectiveness data for the old 

strategy can then be compared with those for the new strategy in a randomized fashion.
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There may not be a clear “one-size-fits-all” approach to evaluating the benefit of molecular 

imaging (55). A prospective, multicenter observational cohort study is taking place in the 

Netherlands. Its aim is to evaluate the clinical utility of 18F -FES, 89Zr-trastuzumab and baseline 

and early 18F-FDG PETs in 200 mBC patients. Endpoints include the correlation between PET 

scans and (progression free) survival, cost-effectiveness, and quality of life. Apart from PET 

scans, other biomarkers, such as circulating tumor cells and DNA as well as tumor DNA 

and tumor biopsies, are being analyzed (44). These strategies will allow study of the roles 

of 18F -FDG, 18F -FES and 89Zr-trastuzumab PET in relation to those of other potential novel 

biomarkers and will provide information beyond that provided by the standard of care. 

Another trial will evaluate the clinical utility of 18F-FES PET in 99 hormone-positive mBC 

patients and its possible role, relative to that of 18F-FDG PET, in predicting a response to 

therapy (NCT02398773). 

Cost-effectiveness can be assessed in comparison with standard options and costs per life-

year saved. Data on the cost-effectiveness of 18F-FDG PET in breast cancer patients are limited. 

Computer models can be used to conduct cost-effectiveness studies (56). In silico simulation 

studies could help optimize future studies. Such studies assist with the use of the smallest 

number of patients and thus with generating the lowest costs to obtain a meaningful response 

prediction signature. Simulated data not only can provide more information concerning the 

number of patients needed but can also help define thresholds for outcomes as well as 

define the optimal statistical analysis approach. The first attempt to assess the added benefit 

in terms of the cost-effectiveness of 18F-FES PET was made by simulating the follow up for 

five years of women with ER-positive mBC (57). The total costs for the 18F -FES PET/CT strategy 

were higher than those for the standard workup or 18F-FDG PET/CT. Nonetheless, the total 

number of performed diagnostic tests was smaller for each of the PET/CT strategies than for 

the standard workup. 

Conclusion

Important steps have been taken in the field of breast cancer, especially for 18F-FDG PET, leading 

to its role in daily practice. For other potential interesting tracers in the field of breast cancer, 

the path to the clinical setting can be facilitated through multidisciplinary efforts. Information 

on tracer development and investigational new drugs can be shared. Moreover, when data 

collection and scanning procedures are harmonized, measurements are standardized, and all 

procedures are documented carefully, an incremental valuable database can be developed. 

Optimal documentation and standardization can be supported by a standardized scan and 

analysis report form. The analysis of such database can provide guidance regarding the 

optimal application, show what kind of additional evidence is needed (such as by early health 

technology assessment), prioritize studies to provide this evidence, and provide important 

support and sufficient LoE−ultimately focusing and expediting implementation studies. Once 

multiple PET tracers have been incorporated into standard breast cancer care, the use of 

a combination may even provide more complete insight in individuals. Scans will provide 

information about molecular characteristics and heterogeneity across lesions in the body. 

This process may contribute significantly to superior personalized treatment through several 

new potential treatment options for breast cancer. 
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Abstract

Purpose 

Whether assessment of potential bone lesions in metastatic breast cancer (mBC) by means of 
18F-fluorodeoxyglucose (18F-FDG) PET instead of 99mTechnetium (99mTc) bone scintigraphy (BS) 

supports clinically relevant changes in mBC management, is currently unknown. Therefore, 

we retrospectively compared the management recommendations based on bone lesion 

assessment by 18F-FDG PET plus contrast enhanced computed tomography (ceCT) or BS plus 

ceCT, for patients with newly diagnosed mBC.

Methods
Baseline ceCT, BS and 18F-FDG PET of all patients included in the IMPACT-MBC study 

(NCT01957332) at location University Medical Center Groningen (UMCG), were reviewed 

for bone lesions. In case of bone lesions on any imaging modality, virtual mBC management 

recommendations per patient were made by a multidisciplinary expert panel, based on either 
18F-FDG PET plus ceCT, or BS plus ceCT. The panel had access to standard clinicopathological 

information and baseline imaging findings outside the skeleton. Clinically relevant 

management differences between the two recommendations were defined as 1) different 

treatment intent (curative, non-curative or unable to determine) and/or 2) different systemic 

or local treatment. In case of absence of bone lesions with any imaging modality, patients 

were included in the analysis without expert review. 

Results
A total of 3,473 unequivocal bone lesions was identified in 102 evaluated patients (39% by 

ceCT, 26% by BS, 87% by 18F-FDG PET). Additional bone lesions on 18F-FDG PET plus ceCT 

compared to BS plus ceCT led to change of mBC management recommendations in 16% of 

all patients (95% CI: 10-24). BS also changed management compared to 18F-FDG PET in one 

patient (1%, 95% CI: 0-5). In 26% (95% CI: 19-36) of patients, an additional 18F-FDG PET was 

requested, because BS provided insufficient information.

Conclusion
In this exploratory analysis of newly diagnosed mBC patients, 18F-FDG PET versus BS to assess 

bone lesions, resulted in clinically relevant management differences in 16% of all patients. 

BS delivered insufficient information in over one fourth of patients, resulting in additional 

request for 18F-FDG PET. Based on this data, 18F-FDG PET should be considered as primary 

imaging modality for assessment of bone lesions in newly diagnosed mBC. 

Introduction

Breast cancer is the most common malignancy amongst women worldwide, with the second 

highest rate of cancer-related deaths in both developing and developed countries (1). At a 

median of six years after surgery for primary breast cancer, about 15% of patients develop 

distant metastases. The annual hazard of recurrence peaks in the second year after diagnosis, 

but the annual risk remains 2-5% in years 5-20 (2). In half of the patients with a history of breast 

cancer that develop metastases, the first relapse occurs in the bone (3). Diagnostic imaging 

assessments are required to evaluate the presence of bone lesions.  Standard staging frequently 

is performed by means of contrast enhanced (ce)CT, but this is not considered an optimal imaging 

modality for detecting bone lesions. CT is especially helpful for characterizing sclerotic bone 

lesions and lesions with mineralized matrix (4). Currently, European Society of Medical oncology 

(ESMO) guidelines do not specify which type of assessment is preferred for the evaluation 

of bone lesions (5). National Comprehensive Cancer Network (NCCN) guidelines advice either 

Technetium-99m-diphosphonate (99mTc-DP) whole body bone scintigraphy (BS) or 18F-sodium 

fluoride (18F-NaF) PET, and consider 18F-fluorodeoxyglucose (18F-FDG) PET as optional modality 

in addition to standard imaging (6). For this reason, the CT is commonly complemented with a 

planar BS (without technical refinement with single-photon emission computed tomography 

(SPECT)-CT). This imaging technique, however, only visualizes osteoblastic activity, therefore 

osteolytic metastases can be missed, especially when growing rapidly, when bone turnover is 

slow, or when the site is avascular. False positive findings can occur in case of inflammation or 

trauma (7,8). 18F-FDG PET visualizes glucose uptake reflecting metabolically active tissue and is 

therefore capable of imaging a broad spectrum of malignancies, including both osteoblastic 

and osteolytic bone lesions. The clinical relevance of the ability of 18F-FDG-PET to visualize 

more bone lesions is unclear. Many studies have compared BS and 18F-FDG PET but head to 

head comparisons of clinical relevance are lacking (9-17). 

It has been established that 18F-FDG PET changes management for patients with primary breast 

cancer with stage IIA-IIIC (18). We retrospectively compared management recommendations 

based on bone assessment by 18F-FDG PET plus ceCT, versus BS plus ceCT, for patients with 

newly diagnosed metastatic breast cancer (mBC).

Materials and Methods

Patients
Patients with first presentation of non-rapidly progressive mBC, were enrolled in the 

multicentre IMPACT-MBC study (NCT01957332) between August 2013 and November 

130   131

7 7

CHAPTER 7 18F-FDG PET VERSUS BS IN MBC PATIENTS



2017. All patients provided written informed consent for enrolment in the IMPACT-MBC 

study, which was approved by the Medical Ethical Committee of the UMCG and the Central 

Committee on Research Involving Human Subjects. Within IMPACT-MBC, patients underwent 

extensive diagnostic assessment at baseline, including biopsy of a metastasis (the biopsy site 

was dictated by safety assessments) ceCT, BS, and 18F-FDG PET, before treatment initiation 
(19). For the present exploratory, retrospective analysis, baseline BS, ceCT, 18F-FDG PET and 

standard clinicopathological data were used of all patients enrolled in IMPACT-MBC at location 

University Medical Center Groningen (UMCG). Patients did not undergo extra bone biopsies 

to confirm metastatic bone lesions in case imaging modalities were discordant. Actual 

treatment decisions and patient outcome are not included in the present analysis. According 

to Dutch law, for the current retrospective data analysis without medical intervention, no 

additional consent was required.

Patient Imaging
Contrast enhanced full dose CT of the neck to pelvic region was performed with oral and 

intravenous contrast and a slice thickness of 2 mm body, and 1 mm neck on a multi-slice 

Siemens SOMATOM definition CT scanner (at least 64 slice, Siemens/CTI, Knoxville, TN). Planar 

whole body BS was performed 2.5 - 4 hours after iv injection of 500 +/- 10% MBq 99mTc-DP on 

a double-headed gamma camera (either a Symbia S, T2, or T16 (all Siemens/CTI, Knoxville, 

TN)) equipped with a low energy high resolution collimator. 18F-FDG PET/CT was performed 

one hour after the intravenous administration of 3 MBq/kg FDG from head to upper thigh one 

to three minutes per bed position on a Biograph mCT PET/CT system (CT scanner either 40 or 

64 slice) (Siemens/CTI), accredited by the European Association of Nuclear Medicine (EANM) 

Research Limited (EARL). Scan acquisition and reconstructions were performed following the 

recommendations of the EANM guideline for oncology FDG-PET/CT imaging (20). Prior to the 

PET acquisition, patients underwent a low-dose CT (LD-CT) scan during tidal breathing for 

attenuation correction (80–140 kVp, quel. ref. 30 mAs and pitch of 1). 

Assessment of Bone Lesions        
CeCT and 18F-FDG PET were performed within 28 days before treatment initiation, and BS 

within 50 days according to protocol. The methodology of full dose ceCT, BS and 18F-FDG PET 

with low dose CT is described in detail in Supplemental file 1. Two dedicated musculoskeletal 

radiologists (ceCT; TV, TCK) and two dedicated nuclear medicine physicians (BS, 18F-FDG PET; 

AWB, AWJMG) reported all unequivocal metastatic bone lesions as well as equivocal findings 

(bone lesions that could not be merely dismissed as benign) on ceCT, BS and 18F-FDG PET, 

blinded for the other scans. Each scan was assessed by one physician. Window levelling 

to bone setting was used to assess the ceCTs in axial, coronal and sagittal planes, and the 

low dose CT accompanying 18F-FDG PET was not evaluated separately for bone lesions. 

A maximum of one lesion per vertebra was included in the database. For all other bone 

structures, the physicians were asked to count and report every single lesion. 

MBC Management Recommendations by Expert Panel
The expert panel consisted of three medical oncologists (SFO, EGEV, CPS) and two radiation 

oncologists (MW, JHM) with broad experience in mBC management. Patient data were 

anonymized, mixed and discussed twice during 10 expert panel meetings between June 

2017 and March 2018. The dedicated radiologists and nuclear medicine physicians informed 

the expert panel about unequivocal and possible bone lesions on either 18F-FDG PET plus 

ceCT or BS plus ceCT, either in person (in complex cases) or through their reports (in clear 

cases). The expert panel provided mBC management recommendations for two scenarios: 

bone lesion assessment by 18F-FDG PET plus ceCT, or by BS plus ceCT. To isolate the clinical 

relevance of merely the difference in bone lesions detection abilities of BS and 18F-FDG 

PET, the two scenarios differed solely in information on bone lesions, either bone lesions 

detected by BS or bone lesions detected by 18F-FDG PET. All other information needed to 

compose management recommendations, was equal between the two scenarios and 

consisted of standard clinicopathological information including age, tumor receptor status 

of the primary tumor and metastasis, patient performance status and complaints, relapse 

time, visceral involvement on both ceCT and 18F-FDG PET and standard biochemistry results. 

Information on actual administered treatment and patient outcome was not provided to the 

expert panel. Patients without bone lesions on any of the imaging modalities were included 

in the total study population, but not discussed by the expert panel. For these patients it 

was assumed that management recommendations would be concordant between the 

scenarios with 18F-FDG PET plus ceCT and BS plus ceCT and that there would be no requests 

for additional imaging to evaluate bone lesions.

The expert panel reviewed either 18F-FDG PET plus ceCT or BS plus ceCT by reading the reports 

of the unequivocal and possible bone lesions as established by and, if applicable, receiving 

further elucidation from the dedicated radiologists and nuclear physicians and viewing the 

maximum intensity projections of the BS or 18F-FDG PET or all images if requested. Based 

on these two scenarios, and standard clinicopathological information, the expert panel 

gave separate mBC management recommendations for treatment intent, systemic and local 

therapy and the need for additional imaging. Clinically relevant management differences 

between the two scenarios were defined as different treatment intent (curative versus non-

curative or unable to determine) and/or different systemic or local therapy.   

 
Statistical Analysis        
Descriptive statistics were used for bone lesions detection rates on ceCT, BS and 18F-FDG PET 

132   133

7 7

CHAPTER 7 18F-FDG PET VERSUS BS IN MBC PATIENTS



separately. Only unequivocal metastatic bone lesions were used to calculate detection rates. 

Multilevel kappa coefficients were used to describe lesion detection agreement between the 

three modalities (21). Differences between mBC management recommendations of the expert 

panel were described by means of the percentage of patients, in which the management 

recommendation based on 18F-FDG PET plus ceCT and BS plus ceCT differed, accompanied 

by 95% confidence intervals (CI). Whether routine clinical characteristics (histology, receptor 

status and Elston tumor grade of primary tumor, clinical suspicion of bone lesions, time to 

recurrence, number of bone lesions on ceCT) could potentially predict (lack of) added value 

of 18F-FDG PET, was explored with both uni- and multivariable regression (the latter by LASSO 

(least absolute shrinkage and selection operator) (22)), using the area under the under the 

receiver operating characteristic curve (AUC) to evaluate discriminative ability. P value ≤ 0.05 

is considered significant.

Costs were calculated using Dutch national prices for the scans, as established by the Dutch 

Healthcare Authority (23). Other costs, such as travel expenses, were not taken into account. 

Results
 
Patients          
Between August 2013 and November 2017, 116 female mBC patients were enrolled in the 

IMPACT-MBC study at the UMCG (Figure 1. CONSORT diagram). Ten patients were excluded 

from the study and thus from the current analysis due to violation of entry criteria (n = 9) or 

withdrawal of consent (n = 1). Four other patients were excluded from the current analysis 

for analysis-related protocol violation (50+ days between the baseline scans; n = 3) and non-

evaluable 18F-FDG PET (n = 1) due to diffuse malignant uptake consistent with very extensive 

bone involvement. It was not possible to count separate lesions. The remaining 102 mBC 

patients were included in this analysis. In 97 patients, histological proof of mBC was available. 

Fifty-seven out of 97 biopsies (56%) were obtained from bone lesions. In the remaining five 

patients, two had a cytological biopsy proving mBC, two had no tumor cells in the biopsy, 

and one patient refused a biopsy. For these three patients without pathological proof, 

the diagnosis mBC was established based on imaging and laboratory. For all 102 patients, 

baseline ceCT, BS and 18F-FDG PET scans were evaluated for the presence of bone lesions as 

described above. In 93 of 102 patients, equivocal or unequivocal bone lesions were found on 

ceCT, BS and/or 18F-FDG PET, nine patients only had extra-osseous metastases. The median 

timeframe in which all three scans were performed was 12 days (range 0-49). See Table 1 for 

patient characteristics.

Detection of Bone Lesions       
In nine out of 93 mBC patients with bone lesions, only equivocal bone lesions were observed 

on either ceCT, BS or 18F-FDG PET. A total of 3,473 unequivocal bone lesions were identified 

in 84 patients (median per patient: 27; 25th-75th percentile 3-58), of which 1,004 (39.3%) 

on ceCT scan, 655 (26.3%) on BS, and 2,285 (87.4%) on 18F-FDG PET (18F-FDG PET versus 

CT p < 0.0001; 18F-FDG PET versus BS p < 0.0001; CT versus BS p < 0.0001). The agreement 

Figure 1. Flow chart visualizing selection of patients and how they are analyzed.   

Abbr. UMCG = University Medical Center Groningen; 18F-FDG PET = 18F-fluorodeoxyglucose-PET; CAD = calcium, 

vitamin D; MR = magnetic resonance.
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between imaging modalities in identifying patients with and without presence of unequivocal 

bone lesions was weak to moderate, while there was poor agreement at the lesion level 

(Supplemental Figure 1 and Supplemental Table 1). On average, 18F-FDG PET detected 20 

more bone lesions per patient than BS (95%CI 14-27, p < 0.0001) and 16 more lesions than 

ceCT (95% CI 10-22, p < 0.0001). ceCT detected on average four more bone lesions than BS 

(95% CI 1-8, p = 0.022). Nine patients had bone lesions only on the FDG-PET, one patient only 

on the BS and zero patients had bone lesions only on ceCT. 

Table 1. Patient characteristics. 

Number (% of total
n = 102 patients)

Median  
(range)

Breast cancer type Invasive carcinoma NST (fka ductal) 84 (82)

Lobular 13 (13)

Other 5 (5)

Tumor characteristics Primary Elston grade 1 8 (8)

Elston grade 2 59 (58)

Elston grade 3 33 (32)

Elston grade unknown 2 (2)

HR negative 17 (17)

HR positive 85 (83)

HER2 negative 78 (76)

HER2 positive 24 (24)

Triple negative 7 (7)

Metastasis HR negative 16 (16)

HR positive 81 (79)

HER2 negative 77 (75)

HER2 positive 20 (20)

Triple negative 7 (7)

unknown 5 (5)

Time to tumor recurrence (months) 77.5 (0.3-293.5)

Abbr. NST = no special type; fka = formally known as; HR = hormone receptor; HER2 = human epidermal growth factor 
receptor 2; ceCT = contrast enhanced computed tomography; BS = 99mTc-DP whole body bone scintigraphy; 18F-FDG PET = 
18F-fluorodeoxyglucose PET.

   

Bone Lesion Detection by ceCT Alone 

ceCT visualized in total 1,004 bone lesions, of which 299 (29.8%) were not visible on either 

BS or FDG-PET. The 299 bone lesions that were visualized only by ceCT, were located in 

33 patients (median three per patient, range 1-77). In six out of 102 patients, ceCT alone 

detected more bone lesions than BS alone and 18F-FDG PET alone; these patients all had 

extensive disease with palliative treatment intent.  

 

  

Differences in MBC Management Recommendations by Expert Panel when Based on Bone 
Lesions Detected by BS plus ceCT and FDG-PET plus ceCT  
In 16 of 102 patients (16%, 95% CI 10-24) mBC management recommendations differed 

because of additional bone lesions on 18F-FDG PET plus ceCT compared to BS plus ceCT. More 

systemic treatment was recommended and either curative radiotherapy was cancelled or 

palliative radiotherapy added. In nine patients, treatment intent was changed. Furthermore, 

in six patients there was a new indication for bisphosphonate and calcium plus vitamin d and 

for one patient palliative radiotherapy was recommended due to the additional findings on 
18F-FDG PET.  

BS also changed management compared to 18F-FDG PET in one patient (1%, 95%CI 0-5). 

These management differences are shown in Figure 2, and described in Table 2. Figure 3 

shows the images of one of these patients as example.  

 

Individual patient management differences are shown in Supplemental Table 2. According to 

the expert panel, BS plus ceCT provided insufficient information to evaluate bone lesions in 

27 cases, and an additional 18F-FDG PET was requested (Table 2). For all included patients, 

this means that BS plus ceCT was insufficient in 26% (95% CI 19-36) of cases. In one patient, 
18F-FDG PET plus ceCT provided insufficient information to evaluate bone lesions according 

to the expert panel, and an additional BS was requested. 

No different 
treatment 
recommendations

Different treatment intent (n =10)
5: from curative to non-curative (based on 18F-FDG PET)
2: from unknown to curative (based on 18F-FDG PET)
2: from unknown to non-curative (based on 18F-FDG PET)
1: from unknown to non-curative (based on bone scan)

Different local/systemic treatment (n = 7)
5: from no bisphosphonate to bisphosponate
2: from no radiotherapy to radiotherapyn = 85

n = 10

n = 7

Figure 2. Pie chart visualizing the number of patients with clinically relevant difference in management 

recommendations following 18F-FDG PET plus ceCT (n = 6) and BS plus ceCT (n = 1).
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Table 2. Concordance of management recommendations as composed by expert panel based on the evaluation 

of bone lesions either on BS plus ceCT or 18F-FDG PET plus ceCT. 
18F-FDG PET plus 
ceCT n (% of total
n = 102 patients)

BS plus ceCT  
n (% of total
n = 102 patients)

Number of patients with 
concordant management 
recommendation based on 
BS and 18F-FDG PET (% of 
total n = 102 patients)

Treatment intent Curative 7 (6.9) 11 (10.8) 5 (4.9)
Non-curative 83 (81.4) 77 (75.5) 76 (74.5)
Unable to determine 3 (2.9) 5 (4.9) 1 (1.1)
Not evaluated* 9 (8.8) 9 (8.8) 9 (8.8)

Systemic therapy None 0 2 (2.0) 0
Anti-hormonal 57 (55.9) 53 (52.0) 51 (50)
Chemotherapy 14 (13.7) 10 (9.8) 10 (9.8)
Chemotherapy + targeted 
therapy

17 (16.7) 16 (15.7) 16 (15.7)

Unable to determine 5 (4.9) 12 (11.8) 3 (2.9)
Not evaluated * 9 (8.8) 9 (8.8) 9 (8.8)

CAD/ 
bisphosphonate

No 15 (14.7) 27 (26.5) 14 (13.7)

Yes 77 (75.5) 62 (60.8) 62 (60.8)
Unable to determine 1 (1.0) 4 (3.9) 0
Not evaluated * 9 (8.8) 9 (8.8) 9 (8.8)

Radiotherapy None 62 (60.8) 56 (60.2) 39 (38.2)
Curative 10 (9.8) 6 (6.5) 2 (2.0)
Non-curative 20 (19.6) 25 (26.9) 8 (7.8)
Unable to determine 1 (1.0) 6 (6.5) 1 (1.0)
Not evaluated * 9 (8.8) 9 (8.8) 9 (8.8)

X-ray/MR No 63 (61.8) 65 (63.7) 53 (52.0)
Yes 30 (29.4) 28 (27.5) 18 (17.6)
Not evaluated* 9 (8.8) 9 (8.8) 9 (8.8)

Other imaging** No 92 (90.2) 66 (64.7) 39 (38.2)
Yes 1 (1.0) 27 (26.5) 1 (1.0)
Not evaluated * 9 (8.8) 9 (8.8) 9 (8.8)

Abbr. ceCT = contrast enhanced computed tomography; BS = 99mTc-DP whole body bone scintigraphy; 18F-FDG PET = 
18F-fluorodeoxyglucose-PET; CAD = calcium, vit D; MR = magnetic resonance.
* for patients without bone lesions on any of the imaging modalities, it was assumed that management recommendations 
would be concordant between the scenarios with 18F-FDG PET plus ceCT and BS plus ceCT and that there would be no requests 
for additional imaging to evaluate bone lesions, without evaluation of the expert panel. 
** additional 18F-FDG PET in case of available BS and vice versa. 

Added value of 18F-FDG PET in Breast Cancer Subgroups Based on Standard 
Clinicopathological Parameters  
The nine patients in which 18F-FDG PET plus ceCT led to change of treatment intent, had 

rather limited metastatic disease; five had bone only disease, three also had lymph node 

metastases and one patient had both lymph node involvement and pleuritis carcinomatosa 

besides bone lesions. Five out of the seven patients in whom local or systemic treatment 

recommendations were expanded following 18F-FDG PET plus ceCT compared to BS plus ceCT 

had extensive metastatic disease with visceral involvement. 

Figure 3. Example of images of one patient with clinically relevant difference in management recommendation 

following 18F-FDG PET plus ceCT compared to BS plus ceCT (case 14 of Table 3). ceCT visualized one bone 

metastasis in Th5 (A, transversal section of ceCT through Th5) and three equivocal lesions in the iliac bone 

(one left, two right), BS visualized no bone lesions (B) and 18F-FDG PET visualized 13 bone lesions (C, MIP), 

(C3, C5, Th5, L3, L4, sacral bone (2), acetabulum left, right costa seven, left costa five (2), right humerus, sternal 

bone); none of the equivocal lesions on ceCT were detected as metastases on 18F-FDG PET.   

Abbr. ceCT = contrast enhanced computed tomography; BS = 99mTc-DP whole body bone scintigraphy; 18F-FDG 

PET = 18F-fluorodeoxyglucose PET; C = cervical vertebra; Th = thoracic vertebra; L = lumbar vertebra; MIP = 

maximum projection image.

18F-FDG PET plus ceCT resulted most often in a different mBC management recommendation 

in patients with a hormone receptor negative primary breast cancer (five out of 17 patients, 

29%, 95% CI:I 13-53), compared to hormone receptor positive disease (11 out of 85 patients, 

13%, 95% CI: 7-22). A higher number of bone lesions on ceCT was associated with a lower 

chance of added clinical value of 18F-FDG PET (AUC 0.68, 95% CI: 0.58-0.79), see Table 3. The 

patients that showed a clinically relevant management difference between 18F-FDG PET plus 

ceCT and BS plus ceCT, had a maximum of 13 bone lesions on ceCT.

 

A multivariable prediction model based on all candidate routine clinical characteristics did 

not show a promising increase in discriminatory ability between patients with and without 

added clinical value of 18F-FDG PET compared to the number of bone lesions on ceCT alone 

(optimism-corrected AUC 0.70, 95% CI: 0.59-0.81). 

 

Table 3. Routine clinical characteristics as potential predictors for clinically relevant change of management 
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recommendations following evaluation of bone lesions by 18F-FDG PET plus ceCT instead of BS plus ceCT. 
Univariable analysis

No different treatment 
management with 18F-FDG 
PET plus ceCT compared to 

BS plus ceCT

Different treatment 
management 

with 18F-FDG PET plus 
ceCT compared to BS 

plus ceCT*

Predictor n = 86 (84.3%) n = 16 (15.7%) p-value AUC (95% CI)
Ductal histology of primary tumor, n (%)

No 16 (88.9) 2 (11.1) 0.73 0.53 (0.44-0.62)
Yes 70 (83.3) 14 (16.7)

Hormone receptor status of primary tumor, n (%)
Negative 12 (70.6) 5 (29.4) 0.14 0.59 (0.46-0.71)
Positive 74 (87.1) 11 (12.9)

HER2 status of primary tumor, n (%)
Negative 67 (85.9) 11 (14.1) 0.52 0.55 (0.42-0.67)
Positive 19 (79.2) 5 (20.8)

Grade of primary tumor2, n (%)
Grade 1|2 57 (85.1) 10 (14.9) 0.77 0.53 (0.39-0.66)
Grade 3 27 (81.8) 6 (18.2)

Suspicion of bone metastases, n (%)
No 63 (85.1) 11 (14.9) 0.76 0.52 (0.40-0.65)
Yes 23 (82.1) 5 (17.9)

Relapse time (years), median 
(25th-75th percentile) 

6 (2-9) 7 (4-10) 0.70 0.53 (0.37-0.69)

Bone lesions on CT (n), median 
(25th-75th percentile)

4 (0-20) 1 (0-1) 0.018 0.68 (0.58-0.79)

*for this analysis of potential predictors of management recommendations based on 18F-FDG PET, 16 patients were included. 
The patient with changed recommendations based on BS was not included. 

Cost Analysis        

The costs of an 18F-FDG PET were €1,359 versus €570 for a BS (at the time of the IMPACT-

MBC trial). However, with the additional 18F-FDG PET after BS for 27 patients, the mean cost 

per patient would have been €929 when performing BS (apart from additional use hospital 

resources and patient burden due to two separate scan appointments).  

Discussion
 
In this study, we showed that baseline 18F-FDG PET instead of BS would have had clinically 

relevant impact on mBC management in 16 patients (16%), mostly resulting in more palliative 

treatment. In seven out of 16 treatment intent switched from either curative or unable to 

determine to palliative; systemic and/or local management recommendations changed 

according. This study also showed that in 26% of the patients an additional 18F-FDG-PET 

would have been performed to assess bone-metastases as BS was considered to deliver 

insufficient information. 

 

This is the first study to assess clinically relevant management differences based on evaluation 

of bone lesions on 18F-FDG PET or BS in patients with newly diagnosed non-rapidly progressive 

mBC. The strength of the present analysis is that we studied a representative group of newly 

diagnosed non-rapidly progressive mBC patients of all subtypes, with standardized imaging 

procedures and all scans performed shortly before start of first line therapy. In all patients 

but five, mBC was pathologically proven by means of a histological biopsy, mostly from a 

bone metastasis. 

Nine out of 102 mBC patients only had extra-osseous disease; all three imaging modalities 

showed no sign of bone lesions. This is a clear reflection of BC at first presentation of 

metastatic disease. At start of staging procedures, the absence or presence of bone 

metastases is unknown. The clinical impact of choice of a particular staging procedure would 

be of influence on all patients, not just those that later demonstrate bone metastases, 

therefore we have included all 102 patients in this analysis.

Several studies compared 18F-FDG PET to BS. In the literature sensitivity and specificity varied 

from 88.3-100% and 83.8-99.4% for 18F-FDG PET, and 81-98% and 71-100% for BS (9-14). The 

positive predictive value was 91.7-100% and the negative predictive value was 77.8-100% for 
18F-FDG PET, while BS scored respectively 86.6-90% and 80.8-90% (9,12). One study concluded 

that the BS is superior to 18F-FDG PET in determination of BC bone lesions (9). Other studies 

showed that no BS is required in case of bone metastases on 18F-FDG PET (15), as more bone 

metastases are seen on 18F-FDG PET compared to BS (16,17), that in case 18F-FDG PET shows 

no bone involvement, neither does BS with or without SPECT/CT (18) and that BS results 

in significantly more misclassifications than 18F-FDG PET (24). In one study the influence of 

oestrogen receptor (ER) expression was evaluated. A better agreement between 18F-FDG PET 

and BS was seen for ER-positive disease than for ER-negative disease (16). All but one of these 

studies suggest better bone lesion detection of 18F-FDG PET compared to BS, however, no 

firm conclusions can be drawn, as they were performed retrospectively, without consistent 

comparison of imaging modalities and without pathology confirmation. Furthermore, the 

impact on clinical decision-making remained unknown. We confirmed a higher detection rate 

of 18F-FDG PET compared to BS in this current study. Furthermore, we found that 18F-FDG 

PET was more likely to reveal additional findings leading to a clinically relevant change of 

management recommendation in hormone receptor negative patients, which is in line with 

previous work (16).

We focused on bone lesions, but 18F-FDG PET can also visualize distant metastases in other 
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organs, therefore one might speculate that the overall additional value of 18F-FDG PET may 

comprise an even higher percentage of patients. For this analysis, 18F-FDG PET information 

regarding visceral involvement or other non-bone disease was presented to the expert panel 

both when comprising management recommendations based on BS plus ceCT and 18F-FDG 

PET plus ceCT. Change on serial 18F-FDG PET furthermore could be an interesting marker for 

time to progression and time to skeletal related events in patients with bone-dominant mBC 
(25).  

Interestingly, we demonstrated that a thorough revision of the CT by dedicated radiologists 

yielded more bone lesions than the BS (1,004 vs 655). Because bone lesions detected on 

ceCT were presented to the expert panel together with BS and 18F-FDG PET, this also resulted 

in abatement of the difference between BS and 18F-FDG PET. This supports the need for 

imaging expertise in this challenging field of bone lesions. In addition, detailed assessment 

of all bone lesions in mBC at baseline might aid treatment decisions further on in the course 

of the disease, for example in case new bone pains arise. One could argue that ceCT for 

mBC staging is potentially enough, also for bone lesions. However, in our analysis this was 

not the case, as bone-only disease could not be found just by ceCT. In view of the frequent 

occurrence of bone-only disease, particularly in newly diagnosed mBC, obviously additional 

assessment of bone metastases remains warranted besides ceCT. We found that in 26% 

of the patients in our cohort, an additional 18F-FDG PET would be required next to BS and 

ceCT. This would have resulted in additional costs, although the overall costs for all patients 

would still have been lower with the BS versus 18F-FDG PET strategy in this analysis. However, 

patient and hospital burden are smaller for 18F-FDG PET plus ceCT as they can be combined. 

Therefore, even apart from the mBC management implications, performing a 18F-FDG PET is 

a patient friendly alternative for BS as initial assessment of bone lesions in newly diagnosed 

mBC.   

This study has limitations. First, 18F-NaF PET, now regularly used for bone lesion detection in 

staging of mBC, was not considered standard practice in the Netherlands at the time this study 

was conducted. A recent study showed that simultaneous MRI/PET with combined 18F-NaF 

and 18F-FDG showed more bone lesions than BS (26). However, 18F-NaF PET has false-positive 

results (27) and findings are not confirmed with biopsies yet in breast cancer. Furthermore, 

application of BS remains wide spread, so this analysis remains of clinical relevance for daily 

practice. Secondly, the IMPACT-MBC study included patients with non-rapidly progressive 

mBC, because of the extra time that was needed for additional imaging at baseline. This 

limits translation of our findings onto all mBC patients. However, in the group of patients 

with rapidly progressive mBC, for instance those with a visceral crisis who could not wait 

two extra weeks for initiation of chemotherapy, more or less bone lesions would likely not 

be of clinical relevance. Lastly, we did not investigate whether the adopted treatment plans 

following 18F-FDG PET leads to better patient outcomes such as disease free survival, overall 

survival or quality of life, because patients were not treated according to the hypothetical 

regimens composed by the expert panel; their treatment was initiated according to all 

available diagnostics and information.

Conclusion        

This study shows that 18F-FDG PET plus ceCT for assessment of bone lesions in newly metastatic 

mBC has clinically relevant impact on disease management compared to a standard BS plus 

ceCT. Performing 18F-FDG PET upfront may reduce patient- and hospital burden. Therefore, 
18F-FDG PET should be considered as standard imaging assessment of bone lesions in newly 

diagnosed mBC.

 
Disclosure         
This work was supported by the Dutch Cancer Society (RUG 2012-5565). No other potential 

conflict of interest relevant to this article was reported.

Key Points  

What is the clinical relevance of additional bone lesions on 18F-FDG PET compared to BS in 

patients with first presentation of mBC?

  

In this retrospective analysis, we found that in 16% of patients bone lesion assessment 

with 18F-FDG PET plus ceCT led to clinically relevant management differences compared to 

bone lesion assessment with BS plus ceCT. Furthermore, BS plus ceCT provided insufficient 

information in 26% of patients.

 
18F-FDG PET should be considered as primary imaging modality for assessment of bone 

lesions upon suspicion of mBC.
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Supplemental Files

Supplemental Figure 1. Venn diagram of the visualized metastases on ceCT, 99mTc bone scintigraphy (BS), 
18F-fluorodeoxyglucose PET (18F-FDG PET).

Supplemental Table 1. Agreement between ceCT, BS and 18F-FDG PET in detecting suspected bone lesions.

Per patient1 Per lesion2

Kappa (95%CI) Multilevel Kappa (95%CI)

ceCT versus BS 0.67 (0.52;0.82) 0.11 (0.02;0.20)

ceCT versus FDG-PET 0.67 (0.52;0.82) -0.14 (-0.23;-0.04)

BS versus FDG-PET 0.54 (0.37;0.71) -0.05 (-0.09;0.00)

Across modalities (Fleiss’ Kappa) 0.62 (0.51;0.73) -0.17 (-0.21;-0.13)

1102 patients; 23473 unequivocal bone lesions in 84 patients
Abbr. ceCT = contrast enhanced computed tomography; BS = 99mTc-DP whole body bone scintigraphy; 18F-FDG PET = 
18F-fluorodeoxyglucose PET; CI = confidence interval 

Supplemental Table 2. Table reflecting the cases with clinically relevant change of management by 18F-FDG 

PET plus ceCT compared to BS plus ceCT (patient 1-16) and change of management by BS plus ceCT compared 

to 18F-FDG PET plus ceCT (patient 17). 

Patient Number of Bone 
lesions

Setting Systemic 
therapy

Bisphos- 
phonate

Radio- 
therapy

Additional 18F-FDG PET (1) 
or BS (2) needed

1 curative 
non-curative

unknown 
chemo

no 
yes

= 1

2 = = no 
yes

= 0

3 unknown 
curative

unknown 
anti-hormonal

= unknown 
curative

1

4 curative 
non-curative

= no 
yes

curative 
no

1

5 0 
(BS: 10 equivocal 
lesions)

unknown 
non-curative

unknown 
chemo

= = 1

6 = = no 
yes

no 
curative

1

7 curative 
non-curative

= = No 
non-curative

1

8 unknown 
curative

unknown 
anti-hormonal

unknown  
yes

unknown 
curative

1

9 = = no 
yes

= 0
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Supplemental Table 2 continued.

Patient Number of Bone 
lesions

Setting Systemic 
therapy

Bisphos- 
phonate

Radio- 
therapy

Additional 18F-FDG PET (1) 
or BS (2) needed

10 curative 
non-curative

no 
anti-hormonal

no 
yes

curative 
no

0

11 curative 
non-curative

unknown 
chemotherapy

no 
yes

= 1

12 = = no 
yes

= 1

13 = = no 
yes

= 1

14 unknown 
non-curative

= = curative 
no

1

15 = = = no 
non-curative

0

16 = = no 
yes

= 0

17 Unknown 
non-curative

Unknown 
anti-hormonal

= = 2

Venn diagram: the numbers in the circles reflect the number of bone lesions per modality, ceCT is red, BS is baby blue, 
18F-FDG PET is yellow. Overlap between all 3 modalities is grey; ceCT and 18F-FDG PET is dark blue; BS and 18F-FDG PET is green. 
‘=’ means equal management recommendation between BS plus ceCT and 18F-FDG PET plus ceCT; in case of discordance, the 
recommendations based on BS plus ceCT are blue and those based on 18F-FDG PET plus ceCT are red. 
Abbr. BS = 99mTc-DP whole body bone scintigraphy; 18F-FDG PET = 18F-fluorodeoxyglucose PET.
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Abstract

In metastatic breast cancer (mBC), expression of estrogen receptor (ER), progesterone 

receptor (PR) and human epidermal growth factor receptor-2 (HER2) guides treatment 

selection. In case of bone-only metastatic disease, ER, PR and HER2 status assessment may 

be hampered by decalcification. We aimed to determine the optimal decalcification method, 

and to study discordance of receptor expression between paired primary breast tumors 

and optimally decalcified bone metastases. First, decalcification was simulated using acetic 

acid, hydrochloric/formic acid, and EDTA on 12 primary breast carcinomas. ER, PR and HER2 

immunohistochemistry (IHC) and HER2 in situ hybridisation (ISH) were assessed, before and 

after the three decalcification methods. EDTA was considered the optimal method, as it did 

not affect IHC and as ISH failed in only one out of 16 cases. Hydrochloric/formic acid altered 

ER and PR results, and, with acetic acid and hydrochloric/formic acid ISH failed in respectively 

94% and 100%. Second, ER, PR and HER2 IHC was performed in paired primary tumors and 

EDTA decalcified bone metastases obtained from patients with first presentation of mBC. 

Clinically relevant discordance was defined as changed receptor status with treatment 

implications. Paired samples of 77 patients, participating in the IMPACT-MBC trial, were 

evaluable. Hormonal receptor expression change was clinically relevant in six patients (7.9%) 

and HER2 expression change in one patient (1.3%). This study shows that EDTA decalcification 

minimally affects receptor expression results. The incidence of clinically relevant discordance 

between the primary tumor and bone metastases is low. These findings support that bone 

biopsies can reliably be used to assess receptor status.

Introduction

In metastatic breast cancer (mBC), discordance of characteristics such as expression of 

estrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factor 

receptor-2 (HER2) between the primary tumor and metastasis can have therapeutic 

implications.(1) The National Comprehensive Cancer Network guidelines for breast cancer 

state that first recurrence of disease should be biopsied to determine ER, PR and HER2 status 

of the metastasis.(2) False-negative ER and/or PR results occur but there may also be true 

receptor discordance between the primary tumor and metastases due to cause of loss of 

expression, that is, conversion.(2,3) Approximately 70% of all advanced breast cancer patients 

develop bone metastases during the course of their disease,(4) and 51% of patients with a 

history of breast cancer suffer a first relapse with bone-only disease.(5) Patients’ compliance 

with bone biopsy is acceptable and the prevalence of complications is low. Antigenicity of 

the tumor cells, however, may be affected by decalcification methods.(6,7) Decalcification 

is needed to enable sectioning of the specimen. Conflicting results are reported with 

regard to the reliability of pathological assessment in decalcified tissue. A study that used 

immunohistochemistry (IHC) for HER2 and HER2 fluorescent in situ hybridization (FISH) in 

149 breast cancer bone metastases showed an excellent success rate, with interpretable 

FISH analysis in 85% of cases and high concordance between IHC and FISH.(7) In 107 patients 

with mBC, rather high discordance rates in ER, PR and HER2 results between the primary 

tumor and bone metastasis were found (20.5%, 43.9% and 6.9%, respectively). This was in 

line with the results of previous studies in non-osseous metastases.(1) However, several in 

vitro experiments showed a negative effect of decalcification on the immunoreactivity of 

breast cancer biomarkers and HER2 FISH.(8-11) One explanation for the contradictive results 

could be the various decalcification methods that are used, with different decalcification 

agents and decalcification time spans. Currently, there is no gold standard for decalcification. 

As false-negative results may clearly affect treatment decision and patient outcome in mBC, it 

is of great importance to clarify the reliability of IHC of bone metastases after decalcification. 

The aims of this exploratory study were to, first, determine the optimal decalcification 

method by investigating which decalcification method has the least influence on ER, PR and 

HER2 expression and, secondly, to study the discordance rates of ER, PR and HER2 expression 

between paired primary breast tumors and bone metastases decalcified using the optimal 

method. 
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Materials and methods 

Aim 1. Assess the Optimal Decalcification Method  
Tissue Selection  

Redundant material of 20 different primary breast cancers was collected, regardless of IHC 

characteristics. According to Dutch law and institutional guidelines, no informed consent was 

needed. The objection register of the institutions were consulted; none of the patients had 

objected to the use of redundant material for scientific purposes. 

Tumor Histology  

All tumors were fixed in buffered formalin for 24 to 48 hours, and, of each tumor, seven 

blocks were obtained. One was processed according to standard. The other blocks were 

subjected to EDTA (Titriplex III 20 %, phosphate buffered formalin 4% and sodiumhydroxide 

2% in distilled water [pH 7.0-7.2]), hydrochloric/formic acid (sodiumcitrate 0,8 %, formic acid 

2 %, hydrochloric acid 1,5 % in distilled water) or acetic acid  (3,5 - 4 % formaldehyde and 10 

% acetic acid in distilled water) for 24 or 48 hours. 

All samples were embedded in paraffin. From each block three cores were randomly 

included in a tissue microarray (TMA). Three-micrometer sections were cut, and ER (SP1; 

Ventana, Illkirch, France), PR (1E2; Ventana, Illkirch, France) and HER2 (SP3; Ventana, Illkirch, 

France) were stained with a Benchmark Ultra Automated stainer (Ventana) according 

to the manufacturer’s manual. Antibodies were prediluted by the supplementalier. FISH 

(PathVysion HER2 DNA Probe kit, Abbott Molecular, IL) and silver in situ hybridization (ISH) 

(INFORM HER2 Dual ISH DNA Probe Cocktail, Ventana Illkirch, France) assays were performed 

following manufacturer’s recommendations. All samples were scored by an experienced 

breast pathologist who was blinded to the decalcification method and time. ER, PR and HER2 

were scored according to the ASCO/CAP guidelines.(12,13) 

Statistical Analysis  
Descriptive statistics were used to evaluate the results of this decalcification experiment. The 

overall discordance rate (ODR) and the 95% confidence interval (CI), using the Wilson score 

method, were calculated. 

Aim 2. Assess the Discordance Rate between Primary Tumor and Bone Metastasis with 
the Optimal Decalcification Method 
Tissue Selection  

The tumor tissues of patients enrolled in the IMPACT-MBC trial (NCT01957332) between 

September 2013 and May 2018, who had undergone a bone metastasis biopsy (n = 96), were 

selected. Of these, only cases with bone metastases that were decalcified using the optimal 

decalcification method as assessed in the above mentioned experiment, and of which revised 

and paired data were available, were included (n = 77). 

The IMPACT-MBC trial includes newly diagnosed mBC patients, with nonrapidly progressive 

disease, who were eligible for first-line systemic treatment. This multicenter study, conducted 

at the University Medical Center Groningen (UMCG), Amsterdam University Medical Center 

(UMC), location VU Medical Center (VUmc), Radboud University Medical Center (Radboud 

UMC) and Erasmus Medical Center (Erasmus MC), was approved by the Medical Ethical 

Committee of the University Medical Center Groningen and the Central Committee on 

Research Involving Human Subjects. All patients gave written informed consent for central 

evaluation of the primary tumor, biopsy of a metastatic lesion and (central) assessment of 

the molecular characteristics of the metastasis. Here we present an analysis of the standard 

pathologic assessments of the tumor tissue. 

Tumor Histology  

In all centers, bone biopsies were formalin-fixed. In the UMCG and Radboud UMC, the 

specimens (n = 75) were decalcified using EDTA for 24 hours at room temperature, or, if the 

decalcification process was incomplete, for 48 hours. In the Erasmus MC, EDTA decalcification 

was applied, for ~7 hours, at 37˚C (n = 10). In the Amsterdam-UMC location VUmc sakura 

TDE30 (without electrolysis) was used to decalcify the tissue for a duration of at least 60 

minutes and up to a maximum of 90 minutes; therefore, the tissues of these patients  

(n = 11) were excluded. IHC for ER, PR, and HER2, HER2 FISH and HER2 SISH was performed 

according to the protocol described above. Both primary breast tumors and bone biopsies 

were centrally evaluated by a dedicated breast pathologist at the UMCG. 

Statistical Analysis  

The ODR and the 95% CI, using the Wilson score interval, were calculated. McNemar test was 

used to compare the prevalence of ER, PR and HER2 receptor status between the primary 

tumor and bone metastases. The percentage ER and PR expression of paired samples of the 

primary tumor and the bone metastasis were evaluated using the Wilcoxon Signed Rank test. 

p-value <0.05 was considered a statistical significant discordance. In case of multiple primary 

breast tumors, the most recent tumor was used. Clinically relevant discordance was defined 

as a change of receptor status, with treatment implications.

Data were analyzed using IBM SPSS statistics version 23 (SPSS Inc., Chicago, IL).
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Results
 

Aim 1. Optimal Decalcification Method
Of the 20 fresh residual primary breast cancer tissues, eight did not contain any invasive 

tumor. After processing, one out of 12 cases was excluded for IHC analyses, because the 

standard processed (control) sample lacked tumor cells. One other sample was excluded for 

ER and PR analyses because of the same reason; this case was available for HER2 analysis. 

The 10 remaining tumors for all IHC analyses were ER+PR+HER2- (n = 6), ER+PR-HER2- (n = 1), 

ER-PR-HER2+ (n = 1), and ER-PR-HER2- (n = 2). The extra tumor for the HER2 IHC was HER2-. 

For SISH analyses one out of 12 tissues did not contain tumor cells in the control sample, and, 

in three out of 12 SISH failed on the control sample, leaving eight tissues for ISH analysis. For 

FISH analyses, in six out of 12 tissues, FISH failed on the control sample. For both IHC and ISH 

analyses, both blocks, decalcified for 24 hours and 48 hours, were studied.

 

In Table 1 the effects of the three decalcification agents on ER, PR and HER2 IHC are 

summarized. No IHC receptor status result was altered by acetic acid; however, technical 

SISH failure occurred in 15/16 cases with interpretable control ISH, and FISH failed in 12/12 

cases. The use of hydrochloric/formic acid resulted in false-negative ER staining in three of 

seven ER-positive tumors (ODR 30%, 95% CI: 11-60), which showed 60%, 60%, and 70% ER 

staining in the control block. False-negative PR staining occurred in two out of six PR-positive 

tumors (ODR 20%, 95% CI: 6-51), which showed 20% and 40% PR positivity in the control. 

Decalcification for 48 hours with hydrochloric/formic acid decreased HER2 IHC from 3+ into 

2+ (one out of one). Technical SISH and FISH failure was observed in all cases. EDTA altered 

no IHC receptor status result, SISH failed in one out of 16 cases, and FISH showed 100% 

concordance with the control samples.

 

EDTA was, therefore, considered the most optimal decalcification method. 

Table 1. Comparison of the effects of acetic acid, hydrochloric/formic acid and EDTA on immunohistochemistry 

(IHC) and the clinical relevance of the effects, showing that EDTA is the best decalcification method.

Acetic acid
median, mean  
(range)

Hydrochloric/formic acid  
median, mean 
(range)

EDTA  
median, mean 
(range)

ER 0%, 2.5% 
(-30 to 40%)

-5%, -21% 
(-70 to 0%)

0%, -0.5% 
(-40 to 40%)

PR 0%, 0.5% 
(-60 to 60%)

-5%, -14.5% 
(-40 to 5%)

0%, -1.5% 
(-40 to 60%)

HER2 0, -0.3 
(-1 to 0)

-1, -0.8 
(-2 to 0)

0, -0.3 
(-2 to 0)

Abbr. ER = estrogen receptor; PR = progesterone receptor; HER2 = human epidermal growth factor-2.

Aim 2. Discordance Rate between Primary Tumor and Bone Metastasis with the Optimal 
Decalcification Method
Tumor Characteristics  

Figure 1 shows the CONSORT flow diagram, describing the selection process of the tumor tissue 

from the IMPACT-MBC study. All 77 metastatic tissues were obtained from female patients, 

with a median tumor relapse time of 75.8 months (range, 0.6−293.5). For the evaluation of 

percentage of ER and PR staining in paired primary tumors and bone metastases, one extra 

case was excluded, because no exact percentages could be given for ER and PR staining of 

the metastasis. The histological subtype of the primary tumor was invasive carcinoma of no 

special type in 72.7%, lobular carcinoma in 26% and carcinoma with apocrine differentiation 

in 1.3% of cases.

Figure 1. CONSORT diagram reflecting the selection process of the tumor tissue from the IMPACT breast study. 

Of the 217 included patients between September 2013 and May 2018, 96 patients underwent bone biopsy, of 

which 77 were evaluable for this analysis.

Abbr. EDTA = ethylenediaminetetraacetic acid.
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ER Staining  

Table 2 shows the ER status of the primary tumors and metastases. Five of 77 patients had an 

ER-positive primary tumor and an ER-negative bone metastasis and one patient had an ER-

negative primary tumor and ER-positive bone metastasis; ODR 7.8% (95% CI: 4-1) (p = 0.219).

The median ER expression was 100% for both the primary tumors and the bone metastases; 

the mean ER expression was 81% for the primary tumors and 73% for the bone metastases. 

ER expression of paired primary tumor and bone metastasis was discordant in 31 of the 76 

patients (p = 0.044), with a median change in IHC expression of -20% (range -100 to +99). An 

increase in ER expression was seen in 17% of patients (median 20%, range 5 to 99). A decline 

in ER expression was observed in 24% of patients (median 25%, range 20 to 100). In 59% of 

cases, the percentage of ER expression remained the same (Figure 2).

Table 2. Concordance and discordance of estrogen receptor (ER) status of primary breast tumors and bone 

metastases.

Bone metastasis ER- Bone metastasis ER+ Total
Primary ER- 9 (11.7%) 1 (1.3%) 10 (13%)

Primary ER+ 5 (6.5%) 62 (80.5%) 67 (87%)

Total 14 (18.2%) 63 (81.8%) 77 (100%)
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Figure 2. Waterfall plot of the change in estrogen receptor (ER) expression between the primary tumor and 

metastasis in 76 paired cases (one was excluded because no exact ER percentages could be given). 

Abbr. NN = ER-negative primary tumor and ER -negative metastasis; NP = ER-negative primary tumor and ER-

positive metastasis; PN = ER-positive primary tumor and ER-negative metastasis; PP = ER-positive primary 

tumor and ER-positive metastasis.

The horizontal dotted lines are drawn at -20% and 20%. The cases with receptor conversion showed an 

expression difference of at least 60%.

PR Staining 

Table 3 shows the PR status of the primary tumors and metastases; 15.6% (12/77) of patients 

had PR-positive primary tumor and negative bone metastasis biopsy, and 5.2% (four out 

of 77) of patients had PR-negative primary tumor, with positive PR staining of the bone 

metastasis biopsy; ODR 20.8% (95% CI: 13−31) (p = 0.077). 

The median PR expression was 70% for the primary tumors and 40% for the bone metastases; 

the mean expression was respectively 57% and 44%. Paired testing of the percentage PR 

expression of the primary tumor and the bone metastasis (n = 76) was discordant in 50 of 

the 76 patients (p = 0.009), with a median change of IHC expression of -12.5% (range -100 to 

+100). An increase in PR expression was seen in 22% of cases (median 22.5, range 2 to 100), 

a decline in 43% of cases (median 40, range 5 to 100), and, in 34% of cases, the percentage 

of PR staining remained the same (Figure 3).

HER2 Staining 

Table 4 shows the HER2 status of the primary tumors and metastases. One of the 77 patients 

had a HER2-positive primary tumor and HER2-negative bone metastasis (p = 0.500; ODR 

1.3%, 95% CI: 1−7). In this case, the primary tumor had an IHC score of 3+ (therefore, no ISH 

was performed), the bone metastasis was IHC 2+ with no ISH amplification.

Paired testing of the IHC score of the primary tumors and the metastasis (n = 77) showed no 

difference. In 25% of cases, the metastasis had a higher IHC score than the primary tumor; 

in 18%, the score was lower; and, in 57%, the score remained the same. ISH gave equivocal 

results (Figure 4). 

Table 3. Concordance and discordance of progesterone receptor (PR) status of primary breast tumors and 

bone metastases.

Bone metastasis PR- Bone metastasis PR+ Total
Primary PR- 13 (16.9%) 4 (5.2%) 17 (22.1%)

Primary PR+ 12 (15.6%) 48 (62.3%) 60 (77.9%)

Total 25 (32.5%) 52 (67.5%) 77 (100%)
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Figure 3. Waterfall plot of the change in progesterone receptor (PR) staining between the primary tumor and 

metastasis in 76 paired cases (one case was excluded because no exact PR percentages could be given). 

Abbr. NN = PR-negative primary tumor and PR-negative metastasis; NP = PR-negative primary tumor and PR-

positive metastasis; PN = PR-positive primary tumor and PR-negative metastasis; PP = PR-positive primary 

tumor and PR-positive metastasis. 

The horizontal dotted lines are drawn at -20% and 20%. The cases with receptor conversion showed an 

expression difference of 2−100%.

Table 4. Concordance and discordance of human epidermal growth factor-2 (HER2) status of primary breast 

tumors and bone metastases.

Bone metastasis HER2- Bone metastasis HER2+ Total
Primary HER2- 66 (85.7%) 0 (0%) 66 (85.7%)

Primary HER2+ 2 (2.6%) 9 (11.7%) 11 (14.3%)

Total 68 (88.3%) 9 (11.7%) 77 (100%)

Clinical Relevance 

In six of the 77 patients (7.9%), clinically relevant discordance of both ER and PR was observed; 

in five cases, hormonal receptor (HR) status changed from positive to negative; and, in one, 

from negative to positive. One of five patients, in whom HR status converted from positive 

(ER 100%, PR 90%) on the primary tumor to HR negative on the bone metastasis, also 

underwent a nonosseous biopsy three weeks after the bone biopsy; this was ER-negative and 

PR-positive (60%). One of 77 patients (1.3%) had HER2-positive primary breast tumor, while 

the bone metastasis was HER2-negative. This patient is one of the five cases in which HR 

was discordant, with the primary tumor being HR-negative and the metastasis HR-positive. 

Altogether, in 7.9% of mBC patients the discordance affected treatment choices. The disease-

free survival (time between the primary tumor and the metastasis) was not related to the 

presence or absence of clinically relevant discordance with p = 0.82 for the entire group, 

versus patients with change of ER status and p = 0.93 for the entire group, versus patients 

with a change of PR status (Figure 5).
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Figure 4. Visualization of the cases in which a change of human epidermal growth factor-2 immunohistochemistry 

(HER2 IHC) score was observed (33/77). The 33 cases are depicted on the x-axis and the HER2 score can be 

appreciated from de y-axis. For every case the HER2 score for both the primary tumor (blue dot) and metastasis 

(red box) are visualized. In 25 cases the score was 0 on the primary tumor and 1+ on the metastasis or vice versa. 

In the eight remaining cases the score was 3+ on the primary tumor and 2+ on the bone metastases (n = 2), a 

decline was seen from 2+ to either 1+ (n = 2) or to 0 (n = 1) and in three cases HER2 score went up from 0 to 2+. 

Relapse time

0 24 48 72 96 120 144 168 192 216 240 264 288

All patients

ER receptor change

PR receptor change

HER2 receptor change

DFS (months)

 

Figure 5. Dot plot of the time between the diagnosis of the primary breast tumor and the bone biopsy of the 

metastasis (relapse time) in months. The brown dots represent all patients in this study with median and 

interquartile range. Subgroups of patients with change of ER status (patients in red dots), change of PR status 

(green dots) and change of HER2 status (blue dot), the median relapse time of patients with ER or PR change 

is equal to the entire group with overlapping interquartile ranges. 

Abbr. ER = estrogen receptor; PR = progesterone receptor; HER2 = human epidermal growth factor-2.
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Discussion

This exploratory analysis shows that decalcification with EDTA has very little effect on ER, PR 

and HER2 results of breast cancer metastases in bone, measured by IHC or ISH. After EDTA 

decalcification of bone metastases, the clinically relevant discordance rate of these receptors 

at first presentation of mBC is low.

    

To our knowledge, this is the first study investigating the most optimal decalcification method 

and its impact on IHC and ISH results, by translating a methodological experiment to a large 

prospective data set. These findings support the regular use of bone biopsies in clinical 

practice to assess receptor status, if the most optimal decalcification method is used. This is 

clearly of relevance in bone-only disease, which is common in mBC.

ASCO/CAP recognizes that preanalytic variables must be controlled to ensure that assay 

results reflect tumor ER, PR and HER2 status. In this setting, much attention is focused in the 

ASCO/CAP guideline on optimal fixation methods. Although the guideline states that samples 

with decalcification artifacts should be rejected, and that samples that were decalcified using 

a strong acid may be rejected and testing should be repeated on a separate sample, no 

specific recommendations for optimal bone decalcification have been made.(12,13) 

With the optimal decalcification method with EDTA, we showed, in our newly diagnosed 

mBC patients, that discordance between primary breast cancer and bone metastases was 

found for ER, PR and HER2 status in 7.9, 20.8 and 1.3% of cases, respectively. The ER, PR and 

HER2 discordance rate in our population is less than previously reported in other studies, 

namely 20.5, 43.9 and 6.9%(4) and 29.3, 42.7 and 8.5%, respectively.(14) In both studies, EDTA 

was used as decalcification method. Also in recent studies with non-osseous metastases, 

higher discordance rates were reported.(14-16) Our lower discordance rate may be explained 

by the fact that our study included only patients at first presentation of metastatic disease. 

It is clear by now that breast cancer characteristics may change also during the course of 

the metastatic disease and following noncurative treatment. Clonal expansion, particularly 

in case of a heterogenous primary tumor, might explain discordance.(17) Furthermore, we 

only included patients without rapid progression, selecting the more indolent tumor type. In 

addition, true conversion might be in play, or possibly a second primary tumor with distinct 

characteristics as source of the metastases. In any case, and despite the low frequency 

of receptor discordance observed in our study, it can have clear clinical implications. This 

underlines the necessity to evaluate receptor status during the course of the disease. 

In our prospective cohort, only 14.3% of the women had a HER2-positive primary tumor. 

Previously, HR and HER2 of bone metastases were compared to the primary breast cancer 

in a retrospective cohort. In that study, merely 7.3% of 107 patients had an HER2-positive 

primary breast cancer.(18) As these data concern relatively small subsets of patients, it would 

be of interest if results could be confirmed in a larger cohort with HER2-positive disease. In 

only one patient with clinical relevant discordance of receptor status between the primary 

breast tumor and bone metastasis, another nonosseous biopsy of a metastasis was available. 

This additional biopsy confirmed the loss of ER; however, contrary to the bone metastasis, it 

did express PR, which can be explained by either heterogeneity or false-negative results of 

the bone biopsy. For the other six patients with clinically relevant conversion, no other biopsy 

was available to either confirm or reject these findings. 

 

Although the results of our study show that HER2 status can reliably be determined after 

decalcification, separating biopsies into softer and harder fragments to avoid possible 

artefact by decalcification of tumour material may also be considered.

  

 

Conclusion

In this exploratory analysis, we showed that decalcification with EDTA does not interfere 

with ER, PR and HER2 expression in breast cancer bone metastases. The incidence of 

clinically relevant discordance is low at first presentation of mBC. Our findings support that 

bone metastases biopsies can reliably be used to assess receptor status in clinical practice.  
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In this era with an increasing number of new cancer drugs, there is an unmet need for 

predictive biomarkers to support proper decision making. Furthermore, the selection 

of potential biomarkers is complicated by inter- and intratumor heterogeneity of tumor 

characteristics.

We aimed to contribute to the development of biomarkers and optimal diagnostics with a 

focus on renal cell carcinoma (RCC) and breast cancer (BC). The main part of the thesis is 

focused on imaging and its potential role in decision making. Two chapters concentrate on 

diagnostics in bone metastases with imaging-based and pathology-based approaches in BC 

and one chapter is dedicated to the patient factor age in patients with RCC.

The thesis consists of two parts. The first part involves research in the field of RCC while the 

second part focuses on research in the BC field. 

Chapter 1 provides a general introduction of the topic and outlines the thesis. 

PART I
In chapter 2, we evaluated the lesion detection of baseline contrast-enhanced computed 

tomography (ceCT) scan, 89Zr-DFO-girentuximab PET and 18F-fluorodeoxyglucose (18F-FDG)

PET in patients with newly diagnosed metastatic RCC (mRCC) with good or intermediate 

prognosis, eligible for watchful waiting. At baseline, patients underwent ceCT, 18F-FDG PET 

and 89Zr-girentuximab PET scan. All imaging modalities were independently reviewed and 

lesions of ≥10 mm and lymph nodes of ≥15 mm at ceCT scan were analyzed. For all suspect 

tumor lesions on 89Zr-DFO-girentuximab PET and 18F-FDG PET, maximum standardized uptake 

values (SUVmax) were measured. In 42 patients, a total of 449 lesions were identified. Lesion 

detection rates differed across modalities: 56% was visualized by ceCT scan (95% CI: 50-62), 
18F-FDG PET detected 59% (95% CI: 53-65, p = 0.37), 89Zr-DFO-girentuximab PET visualized 

70% (95% CI: 64-75), which was more than ceCT scan alone (p < 0.001) or 18F-FDG PET alone 

(p < 0.005). Combined 89Zr-girentuximab PET scan and ceCT visualizes more lesions than 
18F-FDG PET and ceCT scan, respectively 91% (95% CI: 87-94) and 84% (95% CI: 79-88). 

Tumor SUVmax of 89Zr-DFO-girentuximab varied greatly, ranging from 3.8 to 230.8. 89Zr-DFO-

girentuximab uptake was mainly dependent on lesion location, a little affected by size but not 

related to uptake of the 18F-FDG.

No validated predictive biomarkers for antiangiogenic treatment of mRCC exist. Tumor 

vascular endothelial growth factor A (VEGF-A) level may be useful. In the next two chapters, 

we evaluated the potential role of whole-body VEGF-A imaging and quantification in 

predicting treatment outcome. In chapter 3 a pilot study is described in which we performed 

serial 89Zr-bevacizumab PET scans in patients with mRCC. The primary aim was to quantify 

tumor uptake of this VEGF-A binding tracer before treatment and to determine changes in 

uptake during the early course of antiangiogenic therapy in patients with mRCC. Twenty-

six patients were included, of which 22 were evaluable. Eleven patients were treated with 

bevacizumab 10 mg/kg intravenously every 14 days in combination with interferon-α (IFNα) 

three million IU three times per week, which was increased after two weeks to six and then 

to nine million IU when tolerated. The remaining 11 patients received sunitinib 50 mg daily 

orally during four of every six weeks. Patients underwent PET scans prior to the start of 

treatment, after two weeks and after six weeks of treatment. We demonstrated remarkable 

interpatient and intrapatient heterogeneity of 89Zr-bevacizumab tumor uptake at baseline. 

Bevacizumab/IFNα strongly decreased 89Zr-bevacizumab tumor uptake whereas sunitinib 

resulted in modest reduction after two weeks of treatment with an overshoot after two 

drug-free weeks. High baseline tumor SUVmax was associated with longer time to progression. 

SUVmax was not related to plasma VEGF-A at all scan moments.

 

In chapter 4 we investigated the potential role of 89Zr-bevacizumab PET in predicting the 

efficacy of everolimus in mRCC patients. We performed PET scans at baseline and after two 

and six weeks of treatment on 13 patients. The primary endpoint was change in tumor tracer 

uptake after the start of everolimus. Ninety-four evaluable lesions were visualized at baseline, 

with median SUVmax 7.3 (range, 1.6-59.5). After two weeks of treatment, a mean decrease of 

9.1% (p < 0.0001) was seen. After six weeks of treatment, 10 patients were still on treatment. 

A decrease in SUVmax of 23.4% was seen in 70 evaluable lesions compared with baseline, 

resulting in median SUVmax of 5.4 (range, 1.1-49.4). We could not demonstrate whether 89Zr-

bevacizumab PET can be used for early identification of progressive disease, because all 10 

patients on treatment at the time of the first response evaluation had stable disease. Two out 

of the three patients who discontinued everolimus early did so because of adverse events. 

The third patient had early progressive disease based on clinical signs and symptoms. The 

PET scans of this patient showed no exceptional pattern compared with the other patients. 

However, this was the only patient who showed an increase in plasma VEGF-A level after 

two weeks of treatment. Exploratory analysis showed a correlation between baseline mean 

tumor SUVmax and time on treatment (r = 0.63, p = 0.02).

Approximately 50% of the patients with mRCC are >65 years of age at diagnosis and almost 

a quarter is over 75 years of age. Therefore, in chapter 5 we reviewed the literature for 

RCC treatment in the elderly. There are important differences between elderly and younger 

individuals that can potentially affect tolerance of treatment. A decline in normal organ 

function, such as kidney function, can result in different drug metabolism and clearance. 

Reduced pulmonary or cardiac function can complicate surgical treatment. Multiple drugs 
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for comorbid diseases can interact with cancer treatment and a relative increase of body fat 

and reduced water content and muscle mass can influence drug distribution. There is a very 

small representation of elderly patients in clinical trials and therefore specific information 

on how to treat the elderly is scarce. The aim of this review was to summarize the available 

data for efficacy, complication risk and toxicity of surgical and systemic treatment for 

elderly mRCC patients. Data consists of reports of phase III clinical trials and expanded 

access programs of approved drugs for mRCC. Additionally, PubMed was searched using 

the terms ‘‘kidney cancer/renal (cell) carcinoma”, ‘‘elderly”, ‘‘age/aging”, ‘‘PD-1”, ‘‘PDL1”, 

‘‘CTLA-4” and ‘‘immune checkpoint” and applicable abstracts presented at the recent 

American Society of Clinical Oncology (ASCO) annual meetings, ASCO genitourinary and 

European Society for Medical Oncology (ESMO) congresses were added. Also, the National 

Comprehensive Cancer Network, European Association of Urology and ESMO guidelines 

were reviewed. All angiogenesis inhibitors appear to have similar efficacy in elderly and 

younger patients. Most evidence in elderly is available for sunitinib as first-line regimen 

and sorafenib as second-line regimen. Everolimus has similar efficacy but a higher rate of 

adverse events in the elderly compared to younger patients. Elderly with poor prognosis 

mRCC do not seem to benefit from temsirolimus. Very limited data suggest that nivolumab 

might be less effective in patients ≥75 years. We presented modified evidence blocks for 

elderly patients as an illustration. Regretfully for several treatment options, solid proof for 

the use in elderly is lacking. Next to underrepresentation of the elderly in clinical trials, 

subgroup analyses for elderly that participated in the trials are often not published. A 

transition is warranted where collecting and publishing data representing the treatment 

effects in the elderly becomes self-evident. 

PART II
In chapter 6 we reviewed the current state of the art regarding the 18F-FDG, 3′-deoxy-3′-
18F-fluorothymidine (18F-FLT) and 18F-fluoroestradiol (18F-FES) PET and we summarized all 

ongoing trials with other experimental PET tracers in BC. Despite tremendous efforts, the 

role of molecular imaging in BC is still limited. Randomized trials are advised to provide the 

best level of evidence in support of a screening tool or predictive biomarker, or to show the 

actual improved patient outcome of a new diagnostic or prognostic marker. However, this is 

extremely difficult in the field of molecular imaging because of financial boundaries and the 

limited capacity of tracer production facilities. To achieve the necessary level of evidence, 

data should be standardized and harmonized in order to be able to pool prospective studies 

with meaningful clinical endpoints in a data warehouse and perform meta-analyses. Next, 

when evidence is deemed enough for a new tracer to be implemented as part of standard 

practice, a stepped wedge cluster randomized trial could provide final evidence of benefit 

while taking advantage of the logistical challenges of implementing PET technology. 

In chapter 7, we evaluated whether an assessment of bone metastases with 18F-FDG PET plus 

ceCT scan lead to a clinically relevant change of treatment recommendations for patients 

with newly diagnosed metastatic BC (mBC), compared to BS plus ceCT scan. Clinically 

relevant differences of mBC treatment recommendations were defined as other treatment 

intent (curative versus palliative or unable to determine) and/or choice of systemic or local 

therapy. One-hundred and two patients that were recruited at the UMCG for the IMPACT-

MBC study were studied for this retrospective proof of principle analysis. Baseline ceCT 

scan, BS and 18F-FDG PET were reviewed for bone metastases by dedicated radiologists and 

nuclear physicians. An expert panel, existing of radiation oncologists and medical oncologists 

made treatment recommendations for all patients twice, based on clinical data, pathology 

results, the ceCT scan report and either BS or 18F-FDG PET. In 16% of the patients, mBC 

treatment recommendations by the expert panel differed between 18F-FDG PET plus ceCT 

scan compared to BS plus ceCT. In nine out of 16 patients this difference meant a change of 

treatment intent; in five cases the intent changed from curative following BS plus ceCT to 

palliative following 18F-FDG PET plus ceCT, four patients had unknown intent on BS plus ceCT, 

which became curative in two and palliative in two following 18F-FDG PET plus ceCT. In all nine 

patients, systemic and/or local treatment recommendations also changed. In six patients 

there was a new indication for bisphosphonate and calcium plus vitamin D and for one 

patient palliative radiotherapy was recommended due to the additional findings on 18F-FDG 

PET. Patients with a hormone-receptor negative primary tumor had the highest chance of 
18F-FDG PET resulting in a change of treatment recommendation (29%, 95% CI: 13-53%). In 

26% of patients, when presented with the BS plus ceCT scan, an additional 18F-FDG PET was 

requested by the expert panel for the evaluation of bone metastases. 

In chapter 8, we aimed to determine the optimal decalcification method and to study 

discordance of receptor expression between paired primary breast tumors and optimally 

decalcified bone metastases. First, decalcification was simulated using acetic acid, 

hydrochloric/formic acid, and ethylenediaminetetraacetic acid (EDTA) for 12 primary breast 

carcinomas. ER, PR and HER2 immunohistochemistry (IHC) and HER2 in situ hybridisation 

(ISH) were assessed, prior to- and after the three decalcification methods. EDTA was 

considered the optimal method as it did not affect IHC and ISH failed in only one out of 

16 cases. Hydrochloric/formic acid altered ER and PR results, and with acetic acid and 

hydrochloric/formic acid ISH failed in respectively 94% and 100%. Secondly, ER, PR and 

HER2 IHC was performed in paired primary tumors and EDTA decalcified bone metastases 

obtained from patients with the first presentation of mBC. Clinically relevant discordance 

was defined as changed receptor status with treatment implications. Paired samples of 

77 patients, participating in the IMPACT-MBC trial, were evaluable. Hormonal receptor 

expression change was clinically relevant in six patients (7.9%) and HER2 expression change 
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in one patient (1.3%). These discordance rates in our study population were lower than the 

discordance rates that were described in other cohorts, between primary breast tumors 

and both skeletal and non-skeletal metastases.
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General discussion and
future perspectives

10



PART I  
89Zr-DFO-girentuximab PET and 18F-FDG PET in Newly Diagnosed Metastatic Renal Cell 

Carcinoma Patients

In this thesis, we showed that 89Zr-girentuximab PET combined with contrast-enhanced 

computed tomography (ceCT) scan visualizes more lesions suspect for metastases than 18F-FDG 

PET combined with ceCT scan at first presentation of metastatic renal cell carcinoma (mRCC), 

prior to watchful waiting. These additional findings are only relevant in case they influence 

treatment decisions or patient outcome. The primary aim of the IMPACT-renal cell carcinoma 

study, therefore, is to assess the added value of 18F-FDG PET and 89Zr-girentuximab PET results 

to predict time to progression under watchful waiting in patients with good or intermediate 

prognosis clear cell mRCC who are eligible for watchful waiting. Inclusion is completed and 

follow-up data are currently being collected. The therapeutic options for patients with mRCC are 

rapidly changing, with the recent registration of new drug combinations in the first-line setting. 

Combination immune checkpoint inhibitor (ICI) therapy with the anti-programmed death 1 

(PD-1) antibody nivolumab and the anti-cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) 

antibody ipilumumab has been shown to improve overall survival (OS) compared to sunitinib in 

patients with intermediate and poor prognosis mRCC (1) and has become the standard of care 

for these subgroups. Recently, also the combination of pembrolizumab (anti-PD-1 antibody) 

with the tyrosine kinase inhibitor axitinib has been approved for first-line treatment based 

on better OS and better progression free survival (PFS) across prognostic groups compared 

to sunitinib (2). The combination of the anti-programmed death ligand 1 (PD-L1) antibody 

avelumab and axitinib also resulted in better PFS regardless of prognostic group and regardless 

of PD-L1 expression compared to sunitinib, but OS data are not mature yet (3). This means 

that the role for first-line treatment with sunitinib or with bevacizumab plus interferon-α 

has become very limited to patients with a contraindication for immunotherapy. Also use of 

everolimus is greatly reduced since there are more effective alternatives after angiogenesis 

inhibitors such as cabozantinib and nivolumab (4). With increasing treatment options, it has 

become even more important to find prognostic and predictive biomarkers to guide treatment 

decisions. Immunotherapy combinations can result in complete responses (11% for nivolumab 

plus ipilimumab, 5.8% for pembrolizumab plus axitinib, 3.4% for avelumab plus axitinib and 5% 

for atezolizumab with bevacizumab (5)) with the highest likelihood in patients with low tumor 

load, so watchful waiting has become less self-evident. Watchful waiting would be a good 

option in patients with indolent disease in whom the chance of (complete) response on first-

line immunotherapy is small. If IMPACT-renal cell carcinoma study shows that baseline 18F-FDG 

PET and 89Zr-girentuximab PET can predict the course of the disease, a subsequent biomarker 

for the response on immunotherapy would be useful to decide whether or not to start watchful 

waiting. Currently, molecular imaging studies that visualize the immune microenvironment are 

ongoing (6). 

89Zr-bevacizumab PET Scans in Patients with Metastatic Renal Cell Carcinoma

In this thesis, we performed serial 89Zr-bevacizumab PET scans in patients with mRCC before 

and during treatment with bevacizumab/interferon-α, sunitinib and everolimus with the 

aim of finding a potential predictive marker for therapeutic benefit. We wanted to explore 

if these PET scans could predict progressive disease at first evaluation. However, only one 

patient out of the two study cohorts showed progressive disease on the first response CT 

scan, making it impossible to explore this. Exploratory analyses in both studies did show a 

correlation between findings on the baseline PET scan and time on treatment (Chapter 4) 

and time to progression (Chapter 3). High tumor tracer uptake at baseline correlated with 

longer treatment benefit. But nowadays, sunitinib as well as bevacizumab with interferon, 

has largely been replaced by combination therapy. There is substantial evidence that VEGF-A 

promotes an immunosuppressive microenvironment. Therefore, 89Zr-bevacizumab PET 

imaging might be useful to select patients with high tumor VEGF concentrations who might 

benefit from combination treatment with an ICI and an angiogenesis inhibitor. This could aid 

in the decision between ipilimumab plus nivolumab and axitinib plus pembrolizumab as first-

line treatment in the intermediate and poor prognosis group. The first step to investigate 

this would be a prospective study in which patients who will start with either first-line 

pembrolizumab plus axitinib or ipilimumab plus nivolumab, will undergo 89Zr-bevacizumab 

PET and will be followed for progression free survival and overall survival. Ultimately, a 

randomized controlled trial would be required to investigate whether treatment choices 

based on 89Zr-bevacizumab PET scan improves patient outcome. Furthermore, PET tracers 

for evaluating whole body PD-L1 or PD-1 expressions, such as 89Zr-atezolizumab (7) or 89Zr-

pembrolizumab could be of interest, but there is no data available yet of the feasibility of 

these PET scans in mRCC. Currently, a study assessing the correlation of 89Zr-atezolizumab 

PET with PD-L1 expression and the response to immune checkpoint inhibitor therapy in 

patients with RCC is recruiting patients (NCT04006522). Eventually, the option of subsequent 
89Zr-bevacizumab PET and 89Zr-immuno PET to visualize both treatment targets with the aim 

to optimize patient-tailored cancer therapy could be considered for investigation. 

Evidence-based Cancer Treatment in Elderly Patients

An extensive literature search for data on mRCC treatment in elderly patients resulted in 

limited data. We drafted modified evidence blocks for elderly patients, which illustrated that 

proof is lacking for many treatment options in elderly. Surely, this problem is not exclusively 

present in RCC. Generally, the elderly are underrepresented in clinical trials and data about 

efficacy and toxicity in this subgroup is not presented separately. Because the elderly 

encompass a substantial part of all cancer patients, it is of great importance to gain solid 

proof in elderly patients for the different treatment options. One option is to collect all data 

of elderly that have been treated within prospective studies in a public database. All data 
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from the different trials can be included to gain the unmet need for more evidence. Another 

possibility would be to collect data of elderly treated with standard of care, outside clinical 

trials and to retrospectively compare the efficacy and toxicity they experienced with the 

results from phase III trials and expanded access programs through extensive cooperation 

with cancer registration programs. This is more difficult, but a way to stay closer to daily 

clinical practice because it prevents the bias that occurs in clinical trials where only fit elderly 

are included with little or no comorbidity. Real world data is more difficult to collect and 

the quality will be inferior to data from clinical trials, but it might allow the collection of 

information of large patient numbers, without an extra burden of study participation for 

elderly patients. 

PART II
Imaging of Patients with Breast Cancer

In this thesis, results in chapter 7 illustrate that in 16% of newly diagnosed metastatic breast 

cancer (mBC) patients the 18F-FDG PET plus ceCT scan leads to a clinically relevant change of 

treatment recommendations compared to BS plus ceCT. In 26% of patients when presented 

with the BS, an additional 18F-FDG PET was requested. We advise considering 18F-FDG PET 

instead of BS as a primary imaging modality for assessment of bone metastases upon 

suspicion of mBC. In this study, we focused merely on bone metastases. 

18F-FDG PETs provide information on other tumor locations as well. Two additional studies 

would be very interesting to perform to optimize standard diagnostic procedures. First, the 
18F-FDG PET could be evaluated as a whole for clinical impact on decision making, also taking 

costs into account. This could be done with a very similar retrospective trial, in which the 

expert panel will receive all clinical information and diagnostics with and without 18F-FDG 

PET results. It is possible to do this analysis within the IMPACT-MBC trial. This could indicate 

if 18F-FDG PET should become standard of care in all patients or a specific subgroup of 

patients.  

 

Currently, the 18F-FDG PET is being visually scored. No SUVmax cut-off values for 18F-FDG uptake 

differentiating between physiologic uptake and metastases have been determined in breast 

cancer. This leaves space for inter-observer differences of 18F-FDG PET interpretation. The 

IMPACT trial included complete diagnostic work-up of 200 patients with newly diagnosed mBC 

and allows investigation of 18F-FDG PET SUVmax cut-off values for metastases. The biopsy of the 

metastatic site, but also other imaging modalities such as ceCT scan and 18F-fluoroestradiol 

(18F-FES) and 89Zr-trastuzumab PET could be used to reflect upon the nature of the hotspots 

on 18F-FDG PET. This will lead to an enormous collection of certain metastatic 18F-FDG PET 

hotspots (proven by biopsy), as well as possible/probable metastases (with uptake of 18F-FES 

and/or 89Zr-trastuzumab exceeding background uptake implicating respectively ER and 

HER2 expression) and non-malignant hotspots. This dataset allows an attempt to determine 

cut-off values, possibly per organ site, in order to achieve standardization of 18F-FDG PET 

interpretation.

Another remarkable finding when performing the research for chapter 7 was that more 

bone metastases were found on ceCT scan by a dedicated radiologist compared to what was 

described in the ceCT report made for standard care. More bone metastases were found 

on the ceCT scan than on BS, even though BS comprises total body images, whereas ceCT 

scan covered neck to the pelvis. Extensive ceCT scan evaluation influenced our results. In 

daily practice (with normal ceCT scan evaluation) the percentage of 16% in which 18F-FDG 

PET led to a clinically relevant change of treatment recommendation, could be higher. We 

only compared BS plus ceCT scan to 18F-FDG PET plus ceCT scan. It would be interesting 

to compare the ceCT scan and BS in this patient population, with and without review of a 

dedicated radiologist. I hypothesize that in case the ceCT scan is evaluated extensively for 

bone metastases, during staging, BS could be deleted. This would be in line with the initiative 

of the Advancing Medical Professionalism to Improve Health Care (ABIM) foundation 

“choosing wisely”, that strives to encourage our field to only provide care that is supported 

by evidence, not duplicative of other tests already received and truly necessary. Artificial 

intelligence is upcoming and could potentially be of added value. This approach studies more 

features than just SUVmax or anatomic measurements. Machine learning could detect more 

metastases than radiologists and potentially if either ceCT or 18F-FDG PET would be evaluated 

with deep learning approaches, revealing all subtle abnormalities, one imaging approach 

might be sufficient. This research field is developing fast and radiomics are very likely to hold 

the future for patient tailored treatment (8). 
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In de huidige tijd waarin met grote snelheid nieuwe anti-kanker medicijnen op de markt 

komen, is er een grote behoefte aan voorspellende biomarkers om behandelbeslissingen 

te ondersteunen en te vergemakkelijken. De selectie van potentiële biomarkers wordt 

bemoeilijkt door heterogeniteit van tumorkarakteristieken.

   

Het doel van dit proefschrift is om bij te dragen aan de zoektocht naar biomarkers en optimale 

diagnostiek op het gebied van niercelcarcinoom en borstkanker. Het proefschrift gaat 

hoofdzakelijk over beeldvormende technieken en de potentiële rol van deze technieken in de 

besluitvorming voor behandeling. Twee hoofdstukken concentreren zich op diagnostiek van 

botmetastasen door middel van beeldvormende technieken en pathologisch onderzoek in 

borstkanker en één hoofdstuk staat in het teken van oudere patiënten met niercelcarcinoom.

Het proefschrift bestaat uit twee delen. Het eerste deel gaat over niercelcarcinoom, het 

tweede deel over borstkanker. 

Hoofdstuk 1 geeft een algemene introductie op het onderwerp en schetst de opbouw van 

het proefschrift. 

PART I
In hoofdstuk 2 hebben we de laesiedetectie van baseline CT met contrast, 89Zr-DFO-

girentuximab PET/CT en 18F-FDG PET geëvalueerd in nieuw gediagnosticeerde patiënten 

met gemetastaseerd niercelcarcinoom. In deze multicenter studie werden niercelcarcinoom 

patiënten geïncludeerd met een goede of intermediaire prognose die in aanmerking 

kwamen voor een afwachtend beleid. Bij baseline ondergingen patiënten CT-scan, 89Zr-DFO-

girentuximab en 18F-FDG PET/CT. Alle scans werden onafhankelijk van elkaar beoordeeld. 

Laesies ≥10 mm en lymfeklieren ≥15 mm op CT-scan werden geanalyseerd. Voor alle verdachte 

laesies op 89Zr-DFO-girentuximab en 18F-FDG PET/CT werden maximum standardized uptake 

values (SUVmax) gemeten. In 42 patiënten werd een totaal van 449 laesies geïdentificeerd. 

De laesiedetectie varieerde tussen de verschillende modaliteiten: 56% werd gevisualiseerd 

door de CT-scan (95% CI: 50-62), 18F-FDG PET detecteerde 59% (95% CI: 53-65, p = 0.37), 
89Zr-DFO-girentuximab PET/CT visualiseerde 70% (95% CI: 64-75), wat meer was dan CT-scan  

(p < 0.001) of 18F-FDG PET (p < 0.005). Gecombineerde 89Zr-DFO girentuximab PET/CT en CT-

scan visualiseerde meer laesies dan 18F-FDG PET/CT en CT-scan, respectievelijk 91% (95% CI: 

87-94) en 84% (95% CI 79-88). Tumor SUVmax van 89Zr-DFO-girentuximab PET/CT varieerde fors, 

met een range van 3.8 tot 230.8. 89Zr-DFO-girentuximab opname was voornamelijk afhankelijk 

van de locatie van de laesie en in mindere mate afhankelijk van de grootte van de laesie. Er 

was geen relatie tussen 89Zr-DFO-girentuximab opname en 18F-FDG opname.   

Er bestaan geen gevalideerde biomarkers voor behandeling met angiogeneseremmers van 

gemetastaseerd niercelcarcinoom. Vasculair endotheel groeifactor A (VEGF-A) in de tumor 

zou nuttig kunnen zijn. In de volgende twee hoofdstukken hebben we de potentiële rol van 

VEGF-A scans in het voorspellen van het behandeleffect onderzocht. 

Hoofdstuk 3 beschrijft een pilot studie waarbij we seriële 89Zr-bevacizumab PET scans 

verrichtten in patiënten met gemetastaseerd niercelcarcinoom. Het primaire doel was 

om tumor uptake te kwantificeren van deze aan VEGF-A bindende tracer vooraf aan en 

tijdens behandeling om zo de verandering in opname van de tracer te meten gedurende 

de behandeling met angiogeneseremmers. Zesentwintig patiënten met gemetastaseerd 

niercelcarcinoom werden geïncludeerd, van wie 22 patiënten evalueerbaar waren. De 

helft van hen werd behandeld met Bevacizumab 10 mg/kg intraveneus elke 14 dagen in 

combinatie met interferon-α (IFNα) drie miljoen IU drie keer per week, wat werd opgehoogd 

na twee weken tot zes en daarna tot negen miljoen IU indien dit goed werd verdragen door 

de patiënten. De overige 11 patiënten werden behandeld met sunitinib 50 mg, eenmaal 

per dag oraal gedurende vier van elke zes weken. Patiënten ondergingen PET scans vooraf 

aan start van de behandeling, na twee weken en na zes weken behandeling. We vonden 

opvallende heterogeniteit van 89Zr-bevacizumab opname in tumoren binnen en tussen 

patiënten bij baseline. Bevacizumab/IFNα verminderde de 89Zr-bevacizumab tumor opname 

sterk terwijl sunitinib behandeling leidde tot een geringe afname na twee weken behandeling 

met een overshoot op de laatste scan na twee behandelvrije weken. Hoge baseline tumor 

SUVmax lijkt geassocieerd met een langere tijd tot progressie. Hoge tumor SUVmax bij baseline 

was geassocieerd met langere tijd tot progressie. Er was geen verband tussen SUVmax en 

de hoeveelheid VEGF-A in het plasma ten tijde van de drie scanmomenten.   

 

In hoofdstuk 4 hebben we de potentiële rol van 89Zr-bevacizumab PET onderzocht in 

het voorspellen van de effectiviteit van everolimus in patiënten met gemetastaseerd 

niercelcarcinoom. Bij start, na twee en na zes weken behandeling ondergingen 13 patiënten 

de PET scan. Het primaire eindpunt was verandering in tumor tracer opname na start van 

everolimus. Vierennegentig evalueerbare laesies werden gevisualiseerd bij baseline, met 

een mediane SUVmax van 7.3 (range, 1.6-59.5). Na twee weken behandeling was sprake van 

een gemiddelde afname van 9.1% (p < 0.0001). Na zes weken werden nog 10 patiënten 

behandeld met everolimus. Een afname in SUVmax van 23.4% werd gezien in 70 evalueerbare 

laesies ten opzichte van baseline, wat resulteerde in een mediane SUVmax van 5.4 (range, 

1.1-49.4). We konden niet evalueren of 89Zr-bevacizumab PET gebruikt kan worden voor 

vroege identificatie van progressieve ziekte, omdat alle 10 patiënten die nog de behandeling 

kregen, stabiele ziekte hadden ten tijde van de eerste respons evaluatie. Twee van de drie 

patiënten die vroegtijdig stopten met de behandeling, deden dit vanwege bijwerkingen. De 

derde patient had zeer vroeg klinisch progressie van ziekte. De PET scans van deze patiënt 

lieten geen uitzonderlijk patroon zien in vergelijking met de andere patiënten. Echter, dit 
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was wel de enige patiënt die een toename van plasma VEGF-A liet zien na twee weken 

behandeling. Explorerende analyses lieten een correlatie zien tussen de gemiddelde tumor 

SUVmax bij baseline en behandelduur (r = 0.63, p = 0.02).  

 

Ongeveer 50% van de patiënten met gemetastaseerd niercelcarcinoom is een oudere. 

Daarom hebben we in hoofdstuk 5 een review geschreven over de behandeling van 

ouderen met niercelcarcinoom. Er zijn belangrijke verschillen tussen oudere en jongere 

individuen die potentieel de tolerantie van de behandeling kunnen beïnvloeden. Een 

afname in normale orgaanfunctie, zoals de nierfunctie, kan resulteren in andere medicatie 

metabolisme en klaring. Een afgenomen pulmonale of cardiale functie kan chirurgische 

behandeling compliceren. Medicijnen voor comorbiditeiten kunnen interacteren met de 

anti-kanker behandeling en een relatieve toename van lichaamsvet en verminderde water- 

en spiermassa beïnvloeden de distributie van medicijnen. Er worden maar erg weinig 

oudere patiënten geïncludeerd in klinische onderzoek en daardoor is specifieke informatie 

over de behandeling van ouderen schaars. Het doel van dit review was om de beschikbare 

data samen te vatten over effectiviteit, complicatierisico en toxiciteit van chirurgische en 

systemische behandeling van oudere patiënten met gemetastaseerd niercelcarcinoom. 

De data bestaat uit klinische fase III onderzoeken en expanded access programs voor 

geregistreerde medicijnen. Daarnaast is PubMed geraadpleegd, met de termen ‘‘kidney 

cancer/renal (cell) carcinoma”, ‘‘elderly”, ‘‘age/aging”, ‘‘PD-1”, ‘‘PDL1”, ‘‘CTLA-4” en 

‘‘immune checkpoint”. Gerelateerde abstracts die gepresenteerd zijn op recente congressen 

van de American Society of Clinical Oncology (ASCO), ASCO urogenitaal en de Eruopean 

Society for Medical Oncology (EMSO) werden toegevoegd. Tevens werden richtlijnen van 

de National Comprehensive Cancer Network, European Association of Urology en ESMO 

gebruikt. Alle angiogenese remmers lijken een gelijke effectiviteit te hebben in oudere en 

jongere patiënten. Het meeste wetenschappelijke bewijs in ouderen is beschikbaar voor 

sunitinib als eerstelijns behandeling en sorafenib als tweedelijns behandeling. Everolimus 

heeft ook gelijke effectiviteit tussen oudere en jongere patiënten, maar oudere patiënten 

ervaren wel meer bijwerkingen. Oudere patiënten met slechte prognose lijken geen baat te 

hebben bij temsirolimus. Beperkte data suggereert dat nivolumab mogelijk minder effectief 

is in patiënten ≥75 jaar. We ontwierpen gemodificeerde ‘evidence blocks’ voor oudere 

patiënten ter illustratie. Helaas is bewijs voor het gebruik van verschillende behandelingen in 

ouderen afwezig. Naast onder representatie van ouderen in klinisch onderzoek, worden vaak 

resultaten van subgroep analyses voor ouderen die in het onderzoek hebben meegedaan 

niet gepubliceerd. Een transitie is noodzakelijk waarbij het verzamelen en publiceren 

van data ten aanzien van de behandeling van ouderen vanzelfsprekend wordt.  

PART II
In hoofdstuk 6 hebben we alle beschikbare data over de 18F-FDG, 3’-deoxy-3-18F-

fluorothymidine (18F-FLT) en 18F-fluoroestradiol (18F-FES) PET geanalyseerd en tevens 

alle lopende studies met andere experimentele PET tracers in borstkanker samengevat. 

Ondanks uitzonderlijke inspanning, is de rol van moleculaire beeldvorming in borstkanker 

nog beperkt. Gerandomiseerde onderzoeken leveren het sterkste bewijs ter ondersteuning 

van een nieuw screeningsinstrument of voorspellende biomarker of om te laten zien dat 

de uitkomst voor de patiënt beter is indien er gebruik wordt gemaakt van een nieuwe 

diagnostische of prognostische marker. Echter, dit is extreem moeilijk binnen de moleculaire 

beeldvorming vanwege de hoge kosten en de gelimiteerde capaciteit van tracerproductie. 

Om voldoende betrouwbaar bewijs te kunnen genereren, zouden alle prospectieve studies 

op gestandaardiseerde wijze uitgevoerd moeten worden, zodat alle data samengebracht kan 

worden voor meta-analyses. Vervolgens, wanneer er voldoende bewijs is om een nieuwe PET 

tracer te implementeren in de standaardzorg, kan een ‘stepped wedge cluster’ gerandomiseerd 

onderzoek het definitieve bewijs kunnen leveren van het nut van de nieuwe tracer.   

 

In hoofdstuk 7 hebben we onderzocht of de evaluatie van botmetastasen met 18F-FDG PET 

plus CT-scan leidt tot klinisch relevante verschillen in behandeladviezen voor patiënten 

met nieuw gediagnosticeerd gemetastaseerde borstkanker in vergelijking met botscan (BS) 

plus CT-scan. Klinisch relevante verschillen in behandeladviezen waren gedefinieerd als 

andere behandelopzet (curatief versus palliatief of onduidelijk) en/of andere systemische 

of lokale behandeling. Honderdtwee patiënten die in het UMCG werden gerekruteerd 

voor de IMPACT-borstkankerstudie, werden bestudeerd voor deze retrospectieve analyse. 

De CT-scan, BS en 18F-FDG PET die bij baseline werden gemaakt, werden beoordeeld op 

botmetastasen door gespecialiseerde radiologen en nucleair geneeskundigen. Een panel 

van deskundigen, bestaande uit radiotherapeuten en internist-oncologen met ervaring in 

borstkanker, gaven voor elke patiënt twee maal behandeladviezen, gebaseerd op klinische 

gegevens, pathologisch onderzoek, de CT-scan en ofwel de BS ofwel de 18F-FDG PET. Bij 16% 

van de patiënten was er verschil tussen de behandeladviezen die gebaseerd werden op de 
18F-FDG PET plus CT-scan ten opzichte van de behandeladviezen gebaseerd op de BS plus CT-

scan. Bij negen van de 16 patiënten was er sprake van een verschil in de behandelopzet; in 

vijf patiënten verschoof de opzet van curatief op basis van de BS plus CT-scan naar palliatief 

op basis van de 18F-FDG PET plus CT-scan, bij vier patiënten was de behandelopzet nog 

onduidelijk na BS plus CT-scan, wat curatief bij twee en palliatief bij twee patiënten werd 

op basis van de 18F-FDG PET plus CT-scan. Bij alle negen patiënten waren er ook andere 

adviezen voor systemische en/of lokale behandeling van de kanker. Bij zes patiënten was 

er een nieuwe indicatie voor bisfosfonaat, calcium en vitamine D en voor één patiënt werd 

aanvullende palliatieve radiotherapie geadviseerd op basis van aanvullende bevindingen op 
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de 18F-FDG PET. Patiënten met een hormoon receptor negatieve primaire tumor hadden de 

hoogste kans dat 18F-FDG PET zou leiden tot verandering in behandeladviezen (29%, 95% 

CI: 13-53). Bij 26% van de patiënten, wanneer gepresenteerd met BS plus CT-scan, werd 

een aanvullende 18F-FDG PET gevraagd door het deskundigen panel om de botmetastasen te 

evalueren. 

 

In hoofdstuk 8 hadden we als doel om de optimale ontkalkingsmethode te bepalen en 

vervolgens om de discordantie van de receptor status te bestuderen tussen gepaarde 

primaire borsttumoren en -volgens de optimale methode- ontkalkte botmetastasen. 

Allereerst simuleerden we ontkalking door middel van azijnzuur, zoutzuur/mierenzuur 

en ethyleendiaminetetra-azijnzuur (EDTA) van 12 primaire borsttumoren. Oestrogeen 

receptor (ER), progesteron receptor (PR) en human epidermal growth factor receptor 2 

(HER2) immuunhistochemie (IHC) en HER2 in situ hybridisatie (ISH) werden bepaald voor 

en na blootstelling aan de drie ontkalkingsmethoden. EDTA bleek de optimale methode 

omdat het de IHC niet beïnvloedde en de ISH in maar één van de 16 cases mislukte. 

Zoutzuur/mierenzuur veranderde de ER en PR resultaten en na blootstelling aan azijnzuur 

en zoutzuur/mierenzuur mislukte de ISH in respectievelijk 94% en 100% van de gevallen. 

Vervolgens hebben we gekeken naar ER, PR en HER2 IHC in gepaarde primaire tumoren en 

EDTA ontkalkte botmetastasen van patiënten met eerste presentatie van gemetastaseerde 

borstkanker. Klinisch relevante discordantie was gedefinieerd als een verandering van 

receptor status met gevolgen voor de behandeling. Gepaarde tumoren van 77 patiënten 

die meededen aan de IMPACT-borstkankerstudie, waren evalueerbaar. Verandering van 

hormoon receptor expressie was klinisch relevant bij zes patiënten (7.9%) en HER2 expressie 

was anders bij één patiënt (1.3%). De verschillen in onze studiepopulatie waren lager dan 

de verschillen die beschreven werden in andere cohorten tussen de primaire borsttumor en 

zowel botmetastasen als niet-botmetastasen. 
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Dit proefschrift was nooit tot stand gekomen zonder de drijvende kracht van ‘mijn bazen’, de 

fantastische samenwerking met vele collega’s van binnen en buiten het UMCG en natuurlijk 

de patiënten en hun naasten die bereid waren om mee te doen aan de beschreven studies.

Prof. dr. E.G.E. de Vries, beste Liesbeth. Het was eind 2010 dat ik een mailtje stuurde 

als enthousiaste studente met de vraag of ik onderzoek kon komen doen op de afdeling 

medische oncologie. Tot mijn verbazing volgde snel een afspraak met jou en Sjoukje en rolde 

ik zo het onderzoek in. Na mijn wetenschappelijke stage bleef ik nog wat plakken en tijdens 

mijn coschappen kreeg ik zo nu en dan een mailtje van je wanneer ik nou eindelijk klaar 

was en kon beginnen als promovendus. Ik ben je dankbaar voor de kansen die je me hebt 

gegeven, voor je vertrouwen en voor de uitmuntende begeleiding. Artikelen kwamen per 

ommegaande terug, voorzien van de nodige kritiek, en ondanks je bijzonder drukke agenda 

stond je ook altijd klaar om mee te denken over een patiënt. Dankjewel voor alles.

Dr. C.P. Schröder, beste Carolien. Bedankt voor de goede samenwerking omtrent patiëntenzorg 

en voor het elimineren van ruis uit mijn onderzoek. Ik bewonder jouw patiëntencontact; 

tijdens een uiterst hectische dag van dubbele afspraken en wat al niet meer, zat je gerust 

drie kwartier met een patiënte plaatjes te kijken en twee kantjes beleid uit te tekenen en liet 

je haar denken dat je de hele dag niks anders te doen had dan met haar te praten. Zodra de 

patiënte weg was, stormde jij ook weer weg. Patiëntenzorg voor alles! 

Dr. S.F. Oosting, beste Sjoukje. Bij jou is het allemaal begonnen en ik had me geen betere 

start kunnen indenken! Ik mocht jou helpen met jouw 89Zr-bevacizumab studies in 

niercelcarcinoom, waarna jij met Liesbeth hebt overlegd dat ik mogelijk geschikt zou zijn 

om arts-onderzoeker te worden. Althans, zo denk ik dat het ongeveer zal zijn gegaan. Jouw 

uitzonderlijke nauwkeurigheid maakt het bijzonder prettig om met jou te werken, zowel 

op het gebied van de wetenschap als in de patiëntenzorg. Je was altijd kalm, vriendelijk en 

respectvol waardoor ik na elk overleg ontspannen jouw kamer verliet. Bedankt!

Jullie 3 tezamen wil ik vertellen dat ik tijdens mijn promotietijd onder jullie begeleiding 

bijzonder ben gegroeid en me heb kunnen ontwikkelen op verschillende gebieden. Ik 

ben jullie ontzettend dankbaar hiervoor. Promoveren is echt meer dan alleen een boekje 

schrijven.  

Tevens wil ik graag de leden van de leescommissie, prof. dr. A.K.L. Reijners, prof. dr. R.A.J.O. 

Dierckx en prof. dr. H.M.W. Verheul bedanken voor het beoordelen van mijn proefschrift.

Marc, Ab en Boudewijn, het is nooit te laat om te erkennen en uit te spreken dat iemand een 

bijdragende rol in je leven/ontwikkeling heeft gehad, ook al was het maar heel kort. Ik ben 

blij dat ik jullie ben tegengekomen, jullie hebben mij geraakt. Bedankt. 

Erg dankbaar ben ik alle mede IMPACT’ers: Frederike Bensch, Sarah Verhoeff, Erik van Helden, 

Sophie Gerritse, Eline Boon, Lindsay Angus, Bertha Eisses. Wat hebben we samen een leuk 

project mogen doen! 

 

Clarieke, jarenlang hebben we tegenover elkaar gezeten, lief en leed gedeeld met het 

nodige cynisme en ook zeer efficiënt een review geschreven. Dankjewel! Rob, ook jou wil 

ik bedanken voor het review dat wij samen hebben geschreven. Sarah, bedankt voor de 

fijne samenwerking aan het nierenstuk. Bert, Janna en Erik, jullie waren onmisbaar voor het 

pathologische stuk; bedankt! Ton, jij was een held zoals je de CT revisies oppakte en in een 

paar weken het werk verrichte dat noodzakelijk was voor hoofdstuk 7. Dr. Sjoerd Elias, de 

rode statische draad door mijn boekje. Dankjewel voor je verfrissende blik en input, je steun 

en je magische statistiek en plaatjes.

Dr. Adrienne Brouwers en Prof. dr. Andor Glaudemans, met hoeveel vragen en verzoeken ik 

ook kwam, jullie waren altijd bereid om mee te werken. Ontzettend bedankt voor al jullie hulp, 

al vanaf mijn stage wetenschap. Linda, Johan, Eelco, Paul, MMW’ers en planners: ook jullie 

zijn onmisbaar geweest voor dit proefschrift. Veel hulp heb ik ook gehad van verschillende 

radiologen, in het bijzonder wil ik Dr. Fons Bongaerts noemen, een collega die we ons altijd 

zullen blijven herinneren, maar ook drs. Shekar Mahesh, dr. Christine Zielstra-Dorbritz en dr. 

Thomas Kwee. 

Onmisbaar was ook de ondersteuning van onder andere de research nurses, het secretariaat 

en de dames van de polikliniek. In het bijzonder wil ik Greetje noemen, zonder jou geen 

IMPACT; jij hield echt alle balletjes hoog. Arja, wij hebben veel samengewerkt voor de 

CheckMate en alles kwam altijd goed! Gerry, ja, waar was je eigenlijk niet bij betrokken? 

Ons grootste avontuur samen was de Zephir studie. Martine, dankjewel voor je hulp bij onze 

bewerkelijke fase I patiëntenstudie. Anouk, grote dank voor je brede ondersteuning en je 

hulp met het mooi maken van illustraties. Gretha, Hilda en Bianca, altijd bereikbaar voor raad 

en daad, bedankt!  

Tevens wil ik alle overige stafleden van de afdeling medische oncologie bedanken voor de fijne 

samenwerking, supervisie en bereidheid om mee te denken over patiënten en/of studies.

Collega arts onderzoekers Kirsten, Clarieke, Frederike, Iris, Laura, Gabriëlla, Sjoukje, Niek, 

Kees, Lars, Pieter, Thijs, Johannes, Bertha, Bart, Lotte, Maaike, Jorianne en Harm. Bedankt 

voor de gezelligheid tijdens en na werk. Heel lief hoe jullie altijd rekening met mij en mijn 
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bijzonderheden hielden. 

Lieve Kirsten, verweven als onze levens zijn geraakt, richt ik graag een paar extra woorden 

persoonlijk tot jou. Intussen driemaal collega’s op rij en natuurlijk een fijne vriendschap. We 

hebben veel gedeeld de afgelopen jaren. Fijn te weten dat ik je sowieso nog jaren om me 

heen heb en laten we afspreken dat we onze reünietjes met zowel Groningen als het Spaarne 

blijven organiseren.

Lieve Veera, Kitty en Elyne. Ik vind het bijzonder om te zien hoe we jaren geleden tijdens de 

studie op hetzelfde punt waren, samen studeren in de CMB en lachen om SCORA-grapjes, 

en hoe nu iedereen een andere, maar allemaal een even mooie carrière aan het opzetten 

is. Ik ben niet alleen ontzettend trots op wat jullie binnen het ziekenhuis bereiken, maar nog 

veel meer op hoe goed het met jullie buiten het ziekenhuis gaat. Bedankt voor jullie steun en 

gezelligheid en heel veel geluk met jullie prachtige gezinnen.  

Lieve Jolien en Daisy; vele liters thee en kilo’s zoetigheid hebben we er doorheen gewerkt door 

de jaren heen. Heerlijk. Ik houd van jullie. Lieve Ivonne, Fouzia, Zeynab, Marijke, Rachida’s en 

alle andere sis-dinnetjes, ook jullie kleuren mijn leven! Bibi, mijn vriendin en tweede moeder, 

ik zit naast je bed terwijl ik de laatste hand leg aan mijn proefschrift en deze woorden schrijf. 

Dankjewel voor alles. Here we go, on this roller coaster life we know.   

Lieve Karin, ons onzichtbare lijntje en onze diepgewortelde liefde zal ik nooit goed aan iemand 

kunnen uitleggen. Lieve Marte, ook jij hebt en houdt altijd een bijzondere plek in mijn hart. 

Lieve mama, Eline en Paul. Veel konden jullie niet met mijn verhalen over werk, maar 

jullie waren toch altijd geïnteresseerd. Ik vind het erg fijn om weer in het westen te wonen 

waardoor we meer tijd samen doorbrengen. Mama, dankjewel voor het reviseren van mijn 

Nederlandse hoofdstukken. Eline, als ik je nodig heb, ben je er voor me. Dankjewel voor je 

knuffels, steun en hulp. Het doet me verdriet dat oma Van den Berg het eindresultaat niet 

heeft kunnen zien en dat ze niet bij de verdediging zal zijn, ze keek er zo naar uit. Ook oma 

Van Es had vast en zeker hartstikke ‘groos’ zijn geweest. Ik kan niet anders dan het dankwoord 

af te sluiten met mijn vader, het is helaas dankzij hem dat ik interesse in de oncologie kreeg 

en dat ik vastbesloten was om iets bij te dragen op dit gebied. Lieve papa, jouw gouden hart 

zullen we altijd met ons mee dragen.
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