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Preface and outline of the thesis

Positron Emission Tomography (PET) is an imaging technique that allows 
visualization and quanti�cation of the distribution of molecules labeled 
with positron-emitting isotopes.13 PET imaging has the advantage of being a 
non-invasive technique that can provide information on the different tumor 
lesions within a patient. For targeted therapies, PET can provide insight in 
target expression throughout the body or whether or not a radiolabeled drug 
reaches its target sites.14-17 Therefore, PET is an interesting technique to aid in 
the prediction and monitoring of targeted therapy effects.

Several promising PET techniques are emerging to visualize targets and targeted 
therapies in oncology, including hormone receptor imaging and imaging with 
radiolabeled drugs such as small molecule protein kinase inhibitors (e.g.  
[11C]erlotinib, [11C]afatinib and [11C]lapatinib PET), and monoclonal antibodies (e.g. 
[89Zr]trastuzumab, [89Zr]rituximab and [89Zr]atezolizumab PET).14,15,17-20 Eventually, 
these techniques could lead to personalized treatment strategies. The amount 
of tracer uptake in tumors may be predictive for treatment effects, guide the 
choice of therapy and provide insight in the optimal treatment dosage for a 
patient.21

Regarding the optimal treatment dosage of targeted anticancer therapies, 
further optimization is urgently needed in order to fully exploit their potential 
antitumor activity. Dose optimization strategies currently under investigation 
include drug monitoring to achieve a target plasma concentration of a drug, 
and alternative dosing schedules such as high-dose pulsatile/intermittent 
dosing of targeted drugs previously given in daily continuous schedules. For 
several small molecule protein kinase inhibitors, such as sunitinib, erlotinib and 
lapatinib, there is accumulating evidence that high-dose pulsatile schedules 
may improve antitumor effects or overcome resistance based on higher tumor 
accumulation and/or enhanced inhibition of drug targets.22-24 In addition, in 
multiple phase I studies, PET imaging is incorporated in the study design to 
determine the optimal drug dose until full target occupancy is reached.25-28 
Therefore, evaluation of the potential and limitations of PET imaging techniques 
is necessary to enable optimal use of targeted anticancer therapies in daily 
clinical practice.

Outline of the thesis
The aim of this thesis was to explore the value of different PET imaging 
techniques visualizing targets and targeted anticancer therapies for future 
treatment tailoring.
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Abstract

Molecular imaging has been de�ned as the visualization, characterization and 
measurement of biological processes at the molecular and cellular level in 
humans and other living systems. In oncology it enables to visualize (part of) 
the functional behaviour of tumour cells, in contrast to anatomical imaging 
that focuses on the size and location of malignant lesions. Available molecular 
imaging techniques include single photon emission computed tomography 
(SPECT), positron emission tomography (PET) and optical imaging. In PET, 
a radiotracer consisting of a positron emitting radionuclide attached to 
the biologically active molecule of interest is administrated to the patient. 
Several approaches have been undertaken to use PET for the improvement 
of personalized cancer care. For example, a variety of radiolabelled ligands 
have been investigated for intratumour target identi�cation and radiolabelled 
drugs have been developed for direct visualization of the biodistribution in 
vivo, including intratumour therapy uptake. First indications of the clinical 
value of PET for target identi�cation and response prediction in oncology 
have been reported. This new imaging approach is rapidly developing, but 
uniformity of scanning processes, standardized methods for outcome 
evaluation and implementation in daily clinical practice are still in progress. 
In this review we discuss the available literature on molecular imaging with 
PET for personalized targeted treatment strategies. In conclusion, molecular 
imaging with radiolabelled targeted anticancer drugs has great potential for the 
improvement of personalized cancer care. The non-invasive quanti�cation of 
drug accumulation in tumours and normal tissues provides understanding of 
the biodistribution in relation to therapeutic and toxic effects.
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1. Introduction

In the last decade the U.S. Food and Drug Administration approved more than 
50 new targeted agents interfering with the underlying biology of the disease, 
especially for the treatment of solid and haematological malignancies [1]. In 
general, these drugs are only effective in a subgroup of patients, but upon 
treatment all patients are exposed to potential toxicity. Therefore, selection 
of patients for treatment with a targeted drug is important to improve cancer 
care. Several methods, including gene and protein pro�ling are in development 
and a few successes of treatment selection have reached daily clinical practice, 
e.g. BRAF mutation in patients with melanoma [2]. However, for many targeted 
agents no predictive biomarkers are available. Molecular imaging may provide an 
attractive alternative method for treatment selection. In this review we discuss 
the development of molecular imaging for personalized treatment strategies.

2. General principles of molecular imaging

Molecular imaging has been de�ned as the visualization, characterization and 
measurement of biological processes at the molecular and cellular level in 
humans and other living systems [3]. In oncology it permits the visualization 
of (part of) the functional behaviour of tumour cells, as opposed to anatomical 
imaging that focuses on the size and location of malignancies.

The development of several molecular imaging techniques has greatly advanced 
this �eld, including single photon emission computed tomography (SPECT), 
positron emission tomography (PET) and optical imaging. In PET a radiotracer 
consisting of a positron emitting radionuclide attached to the biologically 
active molecule of interest is administrated to the patient. As the radionuclide 
decays a positron is emitted in the body, which then annihilates with a nearby 
electron. This results in the production of two gamma-ray photons with 
energies of 511 keV that are ejected in opposite directions (Fig. 1). The PET 
scanner senses this pair of high-energy photons with crystal detectors placed 
in a ring around the patient. Thereby their source along the line of coincidence 
can be identi�ed, enabling a three-dimensional reconstruction of the tracer 
concentration within the body [4]. The positron emitting radionuclides are 
produced in a cyclotron by bombarding target material with accelerated 
protons or deuterons. Each radionuclide will decay according to its own half-
life (Table 1). Radiolabelled ligands and radiolabelled drugs require signi�cant 
biological evaluation before use in clinical trials is possible. This includes the 
determination of both af�nity and selectivity for target proteins as well as 
metabolic stability of the tracer. Furthermore, several quality assessments 

1
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are necessary before each administration, such as radiochemical purity, tracer 
integrity and apyrogenicity [5].

Figure 1. In PET the radiotracer emits a positron that annihilates with a nearby elec-
tron. This results in the production of two gamma ray photons with energies of 511 keV 
that are sensed with crystal detectors placed in a ring around the patient. Thereby, a 
three-dimensional reconstruction of the tracer concentration within the body can be 
made

PET has a superior sensitivity and spatial resolution compared with SPECT, 
in which the radionuclide only emits one single gamma ray photon that has 
to be detected by a gammacamara rotating around a patient [6]. In addition, 
the tissue penetration depth of PET is much higher compared with optical 
imaging, in which emitted light from a �uorescence or bioluminescence tracer 
is detected only up to several centimetres distance from the source [7]. Due to 
the higher sensitivity and superior spatial resolution, as well as the possibility 
to combine PET with CT yielding detailed anatomical information, PET has 
emerged as the preferred technique for clinical applications [8].

3. Radiolabelled ligands

3.1 Radioligands for imaging of cellular processes
In the clinical setting, PET has been most extensively used with the tracer 
[18F]-�uorodeoxyglucose ([18F]FDG), which makes it possible to measure 
glucose metabolism in cells. Due to the high rate of glycolysis in cancer cells,  
[18F]FDG PET is successfully used for detection and staging of malignancies 
and is being evaluated in the clinic as a method for response monitoring of for 
example oesophageal cancer, non-small cell lung cancer (NSCLC) and malignant 
lymphoma. In these malignancies it increased the sensitivity of CT-evaluation 
signi�cantly, but its clinical impact is still under evaluation [9�11]. The most 
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compared to the ER expression in tumour biopsies. An overall sensitivity of 84 
% (95 % CI 73�91 %) and speci�city of 98 % (95 % CI 90�100 %) are promising 
[21]. Its potential clinical value is discussed further on.

In contrast, imaging of the progesterone receptor (PR) is more dif�cult. The use 
of [18F]-FENP as a progesterone analogue in breast cancer was disappointing, 
which may be attributed to low receptor af�nity and rapid metabolism [18, 22]. 
Further investigations with new PR radioligands are ongoing [23].

Evaluation of the androgen receptor (AR) using [18F]FDHT is also feasible [19]. 
[18F]FDHT PET detected 78 % of the lesions established with conventional 
imaging methods in patients with metastasized prostate cancer [24]. After 1 
day of treatment with the AR antagonist �utamide [18F]FDHT uptake decreased 
> 50 % indicating target site occupancy [19]. Expression levels of AR are known 
to be heterogeneous in prostate cancer [25] and [18F]FDHT may be able to 
quantify those levels before and during treatment which may improve response 
prediction and early response monitoring.

3.3 Radioligands for imaging of receptor tyrosine kinases
Inhibitors of receptor tyrosine kinases have been clinically approved for various 
malignancies. Because, in general, only a subgroup of patients will respond to 
these agents, different radiolabelled ligands have been developed for imaging 
receptor tyrosine kinases with PET to be potentially used for treatment 
selection. These include tracers made from natural ligands or their analogues, 
antibody fragments, af�bodies and nanobodies [26�31].

Epidermal growth factor (EGF), the natural ligand of the epidermal growth factor 
receptor (EGFR), has been developed as a tracer, but its use was limited by rapid 
internalization and degradation after receptor binding and by high liver uptake 
[26]. Another drawback was uncertain binding activity associated with random 
radiolabelling of EGF. Based on EGF other compounds have been developed to 
improve image quality such as Cys-tagged EGF (cEGF). It provides site speci�c 
binding for labelling with N-[2-(4-[18F]�uorobenzamido)ethyl]maleimide to form 
the radioligand [18F]FBEM-cEGF, which retained the characteristics of the parent 
compound [27].

Antibody fragments have the advantage of a longer half-life than the natural 
ligand, though a much shorter half-life than the complete antibody. Antibody 
fragments facilitate repetitive PET scans in a short period of time. Also, their 
smaller size may theoretically result in better transport from
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blood to tissue and a higher tumour-to-background ratio [32]. Antibody 
fragments of the anti-HER2 antibody trastuzumab were labelled with 68Ga and 
allowed good sequential imaging of HER2 expression [28].

Af�bodies are a type of scaffold proteins in which the framework of 58 amino 
acids is constant (the scaffold Z-domain), while amino acids in the binding site 
are individualized to the receptor of choice and optimized with a higher receptor 
af�nity [33]. The EGFR based af�bodies [64Cu]ZEGFR:1907 and [18F]ZEGFR:1907 
showed high and rapid tumour accumulation in animal studies. Tumours were 
well visualized 1 to 3 h after injection [29, 30]. In contrast, optimal visualization 
of EGFR-positive tumours with the labelled anti-EGFR-antibody [64Cu]cetuximab 
or [89Zr]cetuximab was achieved later at 24�72 h post injection [34, 35].

Finally, nanobodies are the smallest antigen binding fragments and consist 
of a single monomeric variable domain. The �rst nanobodies were derived 
from heavy-chain only antibodies found in species of Camelidae [36]. 
[68Ga]2Rs15dHis6 is a nanobody directed against the HER2 receptor. Intense 
tracer uptake was shown in HER2 expressing xenografts in comparison with 
nonexpressing tumours. No signi�cant uptake in other tissues was shown, 
except for the kidneys [31]. Nanobodies bind to different epitopes of the 
tyrosine kinase receptor than monoclonal antibodies. Therefore, these may in 
the future be combined with therapy to directly study the effects on receptor 
expression [36]. Although these analogues of receptor ligands are promising 
imaging tracers, use of the original drug as a radiotracer offers the potential 
of direct insight in its biodistribution, including tumour uptake, in relation to 
treatment effects.

4. Radiolabelled drugs

4.1 Technical aspects
The high sensitivity of PET in combination with the high speci�c activity (i.e. the 
radioactivity per unit mass) of a radiolabelled drug make it possible to visualize 
extremely small amounts of the drug in the body, at concentrations in the 
lower femtomole range (10�15 mol) for which only a microdose of radiolabelled 
drug has to be administrated [37, 38]. Microdosing PET permits studying the 
kinetic behaviour of a drug without saturation of transporters and targets as 
well as avoiding toxic effects as long as such a low dose behaves identical to 
a therapeutic dose [39].

The development of clinically meaningful radiolabelled targeted drugs is a 
complex process requiring several considerations. First, attachment of the 
radionuclide should not alter the chemical structure of the drug, because 
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body by moving the scanner bed over multiple positions, but it only captures 
one moment in time [49].

A region of interest (ROI) can be drawn onto the acquired dynamic PET images 
in which the radioactivity is measured over time resulting in a time-activity 
curve (TAC). Kinetic modelling can be applied to describe the tissue uptake of 
a drug within the ROI over time. A directly measured blood curve is used as 
an input function and the output function is the TAC of the tissue of interest 
corrected for the intravascular background contribution to the signal. With 
computer modelling an appropriate compartment model is then chosen to 
accurately describe the kinetic behaviour of the drug over time. The most 
frequently applied compartment models are the single tissue model, the 
reversible two tissue model and the irreversible two tissue model (Fig. 2) [50�52]. 
With an appropriate compartment model several parameters of interest can 
be derived, such as the total volume of distribution (VT), the binding potential 
(BPND) for the receptor or, if irreversible binding is the case, the net rate of drug 
accumulation (Ki) [50, 53].

This type of kinetic analysis is not possible with monoclonal antibodies, since a 
dynamic PET is not feasible due to the long biological half-lifes of up to several 
weeks. As an alternative, serial static scans are made in a period of 1�2 weeks 
from which TACs are derived. The biodistribution of monoclonal antibodies has 
been described using a single tissue compartment model with K1 re�ecting 
extravasation and k2 washout of the large molecules [54]. However, limitations 
are the lack of time points as in practice a maximum of 4�6 static scans can 
be performed. In addition, for monoclonal antibodies it is frequently required 
to co-administer unlabelled antibody for saturation of �sink� tissue, i.e. normal 
tissue in which the relatively low tracer dose sequestrates, which may interfere 
with the accurate quanti�cation of binding to target sites.

Figure 2 (right). Kinetic modelling with radiolabelled drugs. a. The plasma TAC is used 
as an input function derived from the blood sampler. b. The tumour TAC is used as an 
output function measured with PET. c. In the single tissue model the drug concentration 
in a certain tissue (Ctissue) depends on the drug concentration in the plasma (Cplasma), the 
drug transport from plasma to tissue (K1) and the drug transport from tissue to plasma 
(k2). d. In the two tissue model the radiolabelled drug concentrations are divided over 
two tissue compartments: a free and a bound fraction. In this model the kinetics of 
the radiolabelled drug not only depend on Cplasma, K1 and k2, but also on k3 and k4 that 
describe exchange between the free and bound tissue fraction, respectively. e. In the 
irreversible two tissue model k4 is 0
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Once an appropriate compartment model is determined, it can be used as a 
�gold standard� for the validation of simpli�ed outcome measures to facilitate 
clinical use. The simplest tool for identifying tracer uptake is of course visual 
inspection: is there tumour targeting or not? For comparison of results however, 
simpli�ed standardized quanti�cation methods such as the standardized 
uptake value (SUV) have been investigated. The SUV is the tracer uptake within 
a ROI, measured at a certain time after administration and normalized to the 
injected dose and to a factor accounting for body mass (e.g. body weight, 
body surface area or lean body weight). The accumulation of a radiolabelled 
drug within a ROI may be reported as SUVmean, SUVmax or SUVpeak. SUVmean is 
the average SUV of all voxels within a ROI, SUVmax is the highest voxel within 
a ROI and SUVpeak is the average SUV in a small de�ned area surrounding the 
voxel with the highest activity. Each method has its own bene�ts, but an 
unequivocal outcome measure is important for comparison of patients [55]. 
Using methods such as the SUV, a threshold may be de�ned that correlates 
with treatment response or toxicity in normal tissues. In addition, changes in 
SUV after treatment may be useful for early response evaluation. However, the 
SUV needs to be validated as in some instances different results are obtained 
when compared with the gold standard, i.e. full kinetic analysis [56]. Finally, one 
static Pet at a single optimal time point has to be selected from the TAC data 
to make it feasible for daily clinical practice.

5.2 Pharmacokinetic and pharmacodynamic insight with molecular imaging
The insight in drug behaviour has led to the incorporation of microdosing PET 
in early clinical drug development [57]. PET can help to select an appropriate 
starting dose in clinical trials by identifying the lowest dose needed for 
intratumoral target occupancy in a small number of patients. In these dose 
�nding studies reduced radioactivity in the ROI after an increasing amount of 
unlabelled drug indirectly implies target site occupancy [37]. On the contrary, 
an extra unlabelled drug dose may also induce tracer uptake in the ROI, thereby 
suggesting saturation of sink tissue. The accumulation of radiolabelled drugs will 
depend on the af�nity of the drug for its target in the tumour in combination 
with (nonspeci�c) binding in other tissues and pharmacokinetics.

In addition, the biodistribution of a new drug may provide some insight in its 
ef�cacy. For example, it has been demonstrated in brain tumours that PET can 
non-invasively determine the capacity of a drug to cross the blood�brain barrier 
[58]. Prediction of toxicity at sites of drug accumulation, such as the heart and 
bone marrow, is another potential advantage of molecular imaging.
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It should be noted that most tracers are administered intravenously, while many 
targeted agents are available in oral form. Pharmacokinetics may differ between 
oral and intravenous variants of a drug due to factors as absorption and �rst 
pass effect. Although oral tracer administration can be considered, it is often 
cumbersome due to formulation issues and radiation exposure with the need 
for longer-lived isotopes as a result of the slow gastrointestinal absorption. In 
addition, a �rst-pass effect may lead to higher non-speci�c accumulation in 
the liver resulting in less image quality [59].

6. Response prediction

6.1 Tracer uptake in tumours
In order for anticancer agents to be effective, the fundamental hypothesis 
is that adequate concentrations of the drug have to reach the tumour and 
the target has to be biologically active in that particular tumour. PET with 
radiolabelled ligands provides insight in the presence of the target. In addition, 
PET with radiolabelled anticancer drugs provides insight in intratumoral drug 
accumulation as well as target expression (Table 2 shows an overview of targeted 
anticancer drugs used in daily clinical practice that have been investigated as 
PET tracers). Both approaches may potentially predict response.

6.1.1 Uptake of [18F]FES
Several studies investigated the sensitivity and speci�city of [18F]FES PET 
compared to the ER expression in tumour biopsies. Overall, there was a 
correlation with a pooled sensitivity of 84 % (95 % CI 73-91 %) and a speci�city 
of 98 % (95 % CI 90�100 %) [21]. Moreover, [18F]FES uptake in the tumour lesions 
showed predictive value. Tumours of patients with response to endocrine 
therapy revealed signi�cantly more uptake at baseline, with a mean uptake 
about two times higher, compared with non-responders [60, 61]. Quantitative 
thresholds for [18F]FES uptake have been de�ned in small studies resulting in a 
negative predictive value of up to 88 % and a corresponding positive predictive 
value of 65 % [21]. A high negative predictive value is of importance to correctly 
exclude patients from endocrine therapy and select alternative therapies. On 
the other hand, [18F]FES PET may also identify susceptibility for endocrine 
therapy in patients with an ER negative biopsy and yet concurrent lesions 
with [18F]FES uptake. It is well known that ER discrepancy between primary 
breast cancer and its metastases can be found in up to 40 % of patients [62�
64]. With [18F]FES PET non-invasive evaluation of ER expression in all tumour 
localizations can be performed thus identifying patients who potentially 
bene�t from hormonal therapy (Fig. 3). In the future it could be possible that 
heterogeneous [18F]FES uptake may lead to multimodal treatment strategies 
combining endocrine therapy with local modalities (such as radiotherapy) 
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Figure 4. Representative [89Zr]cetuximab PET images of a patient with metastasized 
colorectal cancer. a. The CT scan shows a pulmonary metastatic lesion in the left lower 
lobe. b. The [89Zr]cetuximab PET scan made 1 day post injection (p.i.) shows high vascular 
uptake in for example the arcus aorta (A) and lung vessels (V), sequestration in liver (L) 
and spleen (S), as well as intestinal uptake (I) due to secretion of 89Zr in feces. c. The 
[89Zr]cetuximab PET scan made 3 days p.i. shows less vascular and splenic uptake and 
some tumour uptake in the pulmonary lesion. d. The [89Zr]cetuximab PET scan made 
6 days p.i. shows the best uptake in the pulmonary lesion as is indicated with the color 
code, with a SUVpeak of 3.0

[89Zr]bevacizumab, a radiolabelled monoclonal antibody against the circulating 
growth factor VEGF, has been studied in 23 patients with 26 resectable 
breast tumours before surgery [69]. Patients received ~37MBq per 5 mg  
[89Zr]bevacizumab and a PET scan after 4 days showed a 3-fold higher SUV in 
tumours than in normal breast tissue in 25 out of 26 breast tumours. Expression 
of VEGF-A in breast tumours even exceeded that of normal breast tissue 
10�20 fold, possibly due to the fact that tissue quanti�cation also measured 
intracellular VEGF, whereas [89Zr]bevacizumab only binds to extracellular VEGF.

These studies and other preliminary data indicate that for every new tracer the 
biodistribution has to be investigated and optimal conditions with respect to 
the amount of radiolabelled and unlabelled drug together with imaging time 
point have to be determined. At this moment, several studies have included 
analysis comparing drug uptake predicted with PET to target expression 
con�rmed in tumour tissue. In addition, we are currently performing several trials 
comparing drug uptake predicted with PET with the actual drug concentrations 
measured in tumour biopsies, for radiolabelled monoclonal antibodies and TKIs 
(clinicaltrials.gov; NCT01691391 and NCT02111889). Thereby, the value of PET to 
predict therapeutic concentrations in the tumour will be established directly.



33

Molecular imaging of targeted therapies with positron emission tomography

6.2 Tumour uptake predictive for response
One of the ultimate goals of PET imaging with radiolabelled targeted drugs is 
of course response prediction at the level of the patient as well as the separate 
tumour lesions. Several studies have shown association of tumour uptake and 
response. In the past, different chemotherapy agents have been labelled with 
PET tracers to study tumour uptake in relation to response prediction [70, 71]. 
Before start of therapy, [11C]docetaxel PET revealed a signi�cant correlation 
between tumour uptake and percentage decrease in longest tumour diameter 
in patients with NSCLC [72]. Similarly, in a small group of patients with 
metastasized colorectal cancer the SUVmean of [18F]5-FU PET prior to treatment 
with 5-FU was not only correlated with treatment response, but also with 
survival [73].

Regarding targeted therapy the predictive value of [18F]tamoxifen PET was 
investigated in 10 patients with ER-positive breast cancer with 23 primary or 
metastatic lesions [74]. Three patients, each with a suspected lesion without 
[18F]tamoxifen uptake, appeared to be truly negative for breast cancer based on 
tumour biopsies and clinical course. Six patients were evaluable for the response 
to tamoxifen. Three out of six patients with clinical bene�t of tamoxifen had 
positive lesions on [18F]tamoxifen PET. In contrast, two of the three patients 
with a poor outcome had negative lesions and one showed mixed uptake. 
However, high non-speci�c uptake in lungs, heart and liver have limited the 
further development of [18F]tamoxifen as a tracer, in contrast to [18F]FES.

A study in ten patients with NSCLC investigated the uptake of [11C]erlotinib 
in relation to EGFR mutations such as exon 19 deletion and exon 21 point 
mutations, which are positively correlated with the antitumour activity of 
erlotinib [56]. Compared with wild type EGFR, these mutations result in a 
2�3 fold higher TKI binding activity for both test and retest [11C]erlotinib PET, 
p = 0,009 (Fig. 5). Tumour uptake in patients treated with erlotinib correlated 
well with treatment effect. Interestingly, one patient developed resistance to 
erlotinib shortly before the study. Although this patient demonstrated higher 
[11C]erlotinib uptake than patients with wild type tumours, the uptake was 
the lowest of the mutated group. Eventually, this patient appeared to have a 
T790Mmutation in EGFR, which is known to cause resistance to erlotinib [75]. 
Another study in 13 patients with NSCLC reported uptake of [11C]erlotinib in four 
out of 13 patients prior to start of treatment with erlotinib [76]. Three out of 
four patients with uptake had bene�t of treatment with erlotinib, compared to 
two out of nine patients without uptake.
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Figure 5. Representative [11C]erlotinib PET images of two different patients with NSCLC. 
a. Patient with an EGFR exon 19 deletion, tumour in the right upper lobe (black arrow) 
and mediastinal lymph nodes (black arrowhead). b. Patient with wild-type EGFR, tumour 
located at the left hilum (white arrow). Patient a (with mean tumour VT of 1.30) shows 
higher tumour uptake than patient b (with mean tumour VT of 0.67) as indicated by the 
color code. The liver (#) shows physiologic uptake of metabolized and nonmetabolized 
[11C]erlotinib. Notice artifacts caused by mediastinal blood vessels (*). Coronal images 
are shown of CT-fused parametric [11C]erlotinib uptake (a1 and b1), CT (a2 and b2), and 
[18F]FDG uptake (a3 and a3). High FDG uptake is seen in the heart (H). Reprinted from 
Clinical Cancer Research, volume 19, I. Bahce et al., Development of [11C]erlotinib pos-
itron emission tomography for in vivo evaluation of EGF receptor mutational status, 
183�193, Copyright 2013, with permission from the American Association for Cancer 
Research (AACR) publishers [56]

There are also ongoing studies regarding response prediction using radiolabelled 
therapeutic antibodies. For example, a study in patients with HER2-positive 
breast cancer evaluates the clinical utility of [89Zr]trastuzumab for the 
identi�cation of patients, who are unlikely to respond to TDM-1 (clinicaltrials.
gov; NCT01565200). And yet another study investigates the clinical utility of 
[18F]FES PET and [89Zr]trastuzumab PET for the identi�cation of patients with 
metastasized breast cancer who are likely to respond to �rst-line endocrine 
therapy and/or trastuzumab compared to standard treatment selection based 
on a tumour biopsy (clinicaltrials.gov; NCT01957332). These forthcoming 
studies will help to identify the possibilities and clinical utility of these types 
of imaging for treatment selection, response prediction and understanding 
tumour heterogeneity.
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7. New clinical developments with PET

7.1 Early response evaluation with radiolabelled targeted drugs
Various animal studies have been performed to evaluate the early effects of 
targeted therapies on the expression of HER2, EGFR and VEGF together with 
vessel density using radiolabelled trastuzumab, cetuximab or bevacizumab 
PET, respectively (Table 2). Afatinib, an irreversible TKI of EGFR, HER2 and HER4, 
decreased [89Zr]trastuzumab uptake > 80% after 1 week of treatment in HER2-
positive NCI-N87 gastric cancer xenografted mice compared to mice injected 
with a control vehicle. Tumour biopsies showed HER2 downregulation and 
tumour size was reduced. In contrast, [18F]FDG PET showed no differences in 
tumour uptake during treatment [77].

Another example is the effect of Heat Shock Protein 90 (Hsp90) inhibitors on 
EGFR, HER2 and VEGF expression. Hsp90 is a chaperone protein involved in the 
expression, conformation and activity of various oncological target proteins, 
including protein kinases and steroid hormone receptors. This novel group of 
anticancer drugs inhibits Hsp 90 at the ATP-binding site and they are currently 
being investigated in clinical trials [78]. In mice with various human tumour 
xenografts the Hsp90 inhibitors showed a 40�50 % decrease in tumour uptake 
of [64Cu]cetuximab [79], [64Cu]trastuzumab [80], [89Zr]trastuzumab [81] as well as 
[89Zr]bevacizumab [82] within 1 week of treatment compared to pre-treatment 
uptake and/or controls. This correlated well with the difference in EGFR, HER2 
and VEGF expression and vessel density measured histologically, which was 
signi�cantly decreased in the animals treated with the Hsp90 inhibitors. A 
simultaneously reduced proliferation rate was measured with Ki67 staining in 
mice with reduced PET uptake.

The early effect of everolimus on tumour vascularization was explored with 
radiolabelled bevacizumab in animal models. Everolimus, an inhibitor of 
mammalian target of rapamycin (mTOR), also inhibits the production of VEGF. 
It has shown clinical bene�t in the treatment of patients with metastasized 
renal cell cancer and breast cancer. [64Cu]bevacizumab or [89Zr]bevacizumab 
PET was performed after treatment with everolimus in 786-O renal cancer and 
A2780luc+ ovarian cancer xenografted mice, respectively. Everolimus decreased 
the tumour uptake of radiolabelled bevacizumab about 50 % in comparison 
to mice treated with a control vehicle. This was in accordance with reduced 
VEGF-A levels, mean vascular density and tumour growth in mice treated with 
bevacizumab in contrast to controls [83,84].

Finally, one human study has been performed to study the effect of sunitinib 
and bevacizumab plus interferon on the uptake of [89Zr]bevacizumab before and 
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