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Summary

Rationale
Head and neck cancer is the 7th and 9th most common cancer in men and in women, respectively, 
accounting for approximately 3,000 new cases in The Netherlands each year. Multimodality treatments 
involving surgery, radiotherapy, chemotherapy and molecular targeted therapies have expanded 
the therapeutic options for patients with head and neck cancer. Despite the advances in treatment 
possibilities, the five-years survival is poor and patients often show recurrence shortly after therapy. 
Angiogenesis is considered to play an important role in tumor growth and metastasis in these kind 
of tumors. With recent progress in Positron Emission Tomography Computed Tomography (PET/CT) 
imaging, it is possible to non-invasively image αvβ3 integrin expression, an integrin on endothelial cells 
that is overexpressed during the process of angiogenesis. Tracers targeting angiogenesis might be of 
great value for treatment selection, guidance, and adaptation, aiming to individualize therapeutic 
options and prevent unnecessary side effects due to ineffective treatments. This study investigates the 
feasibility and safety of 68Ga-DOTA-RGD2 PET/CT to image angiogenesis in patients with head and neck 
cancer. 

Objectives
The first objective of this thesis is to determine whether 68Ga-DOTA-RGD2 is a viable radiotracer to 
image αvβ3 integrin expression. The second objective of this thesis is to propose a study design to 
ascertain the feasibility and safety to image tumor angiogenesis in head- and neck cancer patients 
using 68Ga-DOTA-RGD2 PET/CT.

Methods
The αvβ3 integrin targeting characteristics of 68Ga-DOTA-RGD2 are compared with three other promising 
radiotracers (68Ga-TRAP-RGD3, 

68Ga-FSC-RGD3, and 68Ga-THP-RGD3). All four radiotracers are labeled 
with Gallium-68, and the binding affinity of the four radiotracers is determined in vitro, using a solid 
phase competitive binding assay. Subsequently, the in vivo αvβ3 integrin targeting characteristics of the 
four radiotracers are determined, using mice with subcutaneously growing αvβ3 integrin-expressing 
tumors.

A prospective, observational, non-randomized feasibility study is proposed to study the feasibility and 
safety of 68Ga-DOTA-RGD2 PET/CT. 25 patients undergo a 68Ga-DOTA-RGD2 (200 MBq, 70 µg) PET/CT 
scan before their planned surgical treatment. Three static PET/CT scans are acquired at 30, 60 and 90 
minutes post injection in the first five patients. The following five patients undergo a dynamic PET/CT 
scan during 60 minutes. In the remaining 15 patients a static 68Ga-DOTA-RGD2 PET/CT scan is acquired 
starting at the optimal scan time as determined in the first ten patients. Of all patients, histological 
samples are obtained to validate 68Ga-DOTA-RGD2 as an imaging biomarker of angiogenesis.

Results 
All four radiotracers are produced with specific activities ranging from 40-48 MBq/nmol and a 
radiochemical yield of >95%. IC50-values were 3.79 ± 0.65 nM, 10.0 ± 1.81 nM, 9.02 ± 1.61 nM, and 
11.38 ± 1.88 nM, for 68Ga-DOTA-RGD2, 

68Ga-TRAP-RGD3, 
68Ga-FSC-RGD3, and 68Ga-THP-RGD3 respectively. 

Tracer accumulation in the tumors were respectively  5.1 ± 2.7 %ID/g, 4.3 ± 0.8 %ID/g, 8.5 ± 1.4 %ID/g, 
and 5.3 ± 0.6 %ID/g. Mice with  68Ga-FSC-RGD3 showed a significantly higher concentration of the tracer 



in blood. Consequently, tumor-to-blood ratios of 68Ga-DOTA-RGD2 (17.81 ± 9.39), 68Ga-TRAP-RGD3 (31.46 
± 15.79), and 68Ga-THP-RGD3 (13.47 ± 1.54) were higher than those of 68Ga-FSC-RGD3 (4.24 ± 1.83). 

Until now, 68Ga-DOTA-RGD2 was safely injected in two patients, showing no drug-related adverse events 
or changes in blood pressure, heart rate, and body temperature. Blood sampling indicated rapid blood 
clearance of the radiotracer, showing that the tracer is diffused from the blood to surrounding within 5 
minutes. Maximum standardized uptake values (SUVmax), as determined in tumor tissue of one patient, 
were of 5.9, 6.2, and 6.1, 30, 60, and 90 minutes post injection. Tumor-to-blood and tumor-to-muscle 
ratios at 60 minutes after injection were 6.8 ± 1.1 and 5.6 ± 2.0 respectively.

Conclusion and discussion
68Ga-DOTA-RGD2 and 68Ga-TRAP-RGD3 showed optimal in vitro and in vivo αvβ3 integrin targeting 
properties: good tumor-to-blood and tumor-to-muscle ratios, and lower tracer uptake in non-tumor 
tissue, compared to 68Ga-FSC-RGD3 and 68Ga-THP-RGD3. 

68Ga-DOTA-RGD2 and 68Ga-TRAP-RGD3 are 
therefore promising multimeric radiotracers for imaging of αvβ3 integrin expression using PET/CT.

The preliminary findings in the first patients showed the potential of 68Ga-DOTA-RGD2 PET/CT in HNSCC, 
as the tumor clearly showed enhanced tracer uptake compared to surrounding tissues. Furthermore, 
no adverse events related to the study drug were seen, indicating a safe procedure. Imaging of more 
patients is needed to provide further information on the validity of the results and conclusions drawn 
in this thesis. The results so far can be seen as a firm step towards a new non-invasive PET/CT imaging 
technique, that might be used to optimize treatment of head and neck cancer patients in future.

List of abbreviations

%ID/g Percentage injected dose per gram
αvβ3 integrin Alpha-v-beta-three integrin
ALAT Alanine aminotransferase
AIF Arterial Input Function
APTAC Arterial Plasma Time-Activity Curve
ASAT Aspartaan aminotransferase
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CPM Counts Per Minute
CT Computed Tomography
DNA Deoxyribonucleic acid
DOTA 1,4,7,10-tetraazadodecane-N,N’,N’’,N’’’-tetraacetic acid
DOTAGA DOTA derivative analogue of 1,4,7,10-tetraazadodecane-N,N’,N’’,N’’’-tetraacetic acid
ECM Extracellular Matrix
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F-18/18F Fluoride-18
18F-FDG 2-deoxy-2-(18F)fluoro-D-glucose
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TGF-α Transforming Growth Factor-Alpha
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Chapter 1: General introduction and outline of this thesis

Clinical background
Head and neck cancer
Head and neck cancer is the 7th and 9th most common cancer in men and in women, respectively, 
accounting for approximately 3,000 new cases in The Netherlands each year [1]. Cancers of the head 
and neck region are divided into several types and subtypes based on the primary site of the tumor 
(Figure 1 and Table 1). It encompass a diverse group of tumors that are frequently aggressive in their 
biologic behavior. Approximately 95% of all diagnosed head and neck cancer cases are histologically 
referred to as squamous cell carcinomas of the head and neck (HNSCC) [2]. Major risk factors for 
these kind of tumors are tobacco smoking, excessive alcohol consumption, and human papillomavirus 
(HPV) [3]. The choice of treatment of HNSCC depends on tumor size and site, stage of the disease, and 
expected oncological and functional outcomes (Table 1). Whereas early- and locally advanced tumors 
are often treated with surgery or radiotherapy, treatment of advanced HNSCC tumors often includes 
combinations of surgery, radiotherapy and chemotherapy. The quality of life of head and neck cancer 
patients is an important factor to consider in treatment choices of these patients. Quality of life is also 
influenced by side effects. Side effects of patients treated with surgery include swallowing and speech 
impairment, and loss of shoulder function. Patients treated with (chemo)radiotherapy may experience 
mucositis, dermatitis, dysphagia, a dry mouth, thickened saliva, or fatigue. An optimal treatment with 
minimal loss of functional aspects of these important organs needs thorough investigation of the 
therapeutic options.

Due to recent advances in therapeutic options, the survival rates of HNSCC have improved over the 
last two decades. However, the five-year survival rates are still poor. The overall 5-years survival for 
head and neck cancers is approximately 60%: 5-years survival of cancers of the larynx, oral cavity, 
oropharynx, and hypopharynx are respectively 70%, 62%, 48% and 33% [4]. These low survival rates 
are thought to be caused by the occurrence of distant metastases or locoregional recurrence due to 

 

Figure 1. Schematic drawing of the sites and subsites in head and neck region (Figure adapted from Ridge et al. [7])
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Table 1. Type and subtypes in head and neck region with preferred therapeutic approaches for each type, in accordance with 
the Dutch Guidelines for the treatment of HNSCC. Abbreviations; PORT: post-operative radiotherapy.

Subsites Therapeutic approaches

Oral cavity Lip Preferred treatment: Surgery (on indication PORT)
Alternatives: Radiotherapy, Brachytherapy or 
Photodynamic therapy

Buccal mucosa Surgery or radiotherapy (T1-2N0)
Surgery with PORT (T3-4N0- and T1-4N+)

Alveolar ridge and retromolar trigone Preferred treatment: Surgery (on indication PORT)
Alternatives: Radiotherapy, Brachytherapy or 
Photodynamic therapy

Floor of mouth

Hard palate

Anterior two-thirds of the tongue

Nasopharynx - Radiotherapy (T1-2)
Surgery (T3-4)

Oropharynx Base of tongue Preferred treatment: Radiotherapy
Alternatives: surgerySoft palate

Tonsillar pillar and fossa

Hypopharynx - Preferred treatment: Radiotherapy of tumor with elective 
radiotherapy of neck tissue both sides
Alternatives: Total or partial pharyngectomy

Larynx Supraglottis (false cords, arytenoids, 
epiglottis, aryepiglottic fold)

Preferred treatment: Radiotherapy
Alternatives: Laser surgery or total/partial laryngectomy

Glottis

Subglottis

intrinsic or acquired treatment resistance [5, 6]. Early non-invasive monitoring of treatment response 
could allow clinicians to determine whether the treatment should be adjusted. This will consequently 
improve patients’ outcome as well as patients’ quality of life. 

Treatment of head and neck cancer
The detection and staging of head and neck tumors include clinical examination by an experienced 
clinician, which is subsequently followed by further examination using (non)-invasive modalities, such 
as fibre optic endoscopy or examination under general anesthesia. The use of imaging modalities 
such as magnetic resonance imaging (MRI), computed tomography (CT), Ultrasound, and 18F-fluoro-2-
deoxyglucose positron emission tomography imaging (FDG-PET/CT) are used to confirm the malignancy 
and will further reveal the anatomical extent of the disease. Treatment plans are formulated by a 
multidisciplinary team and should result in maximal locoregional and distant control and survival with 
minimal resulting functional damage. In case of advanced disease stages, the aim of treatment is to 
preserve functional outcome and, at the same time, systemic control of the disease.

Treatment of advanced HNSCC tumors include surgery or radiotherapy. Several treatment strategies 
to improve the outcome of advanced HNSCC have been introduced, based on improved insights in 
the molecular interactions involved in cancer. Due to this improved understanding, the addition of 
chemotherapy to radiotherapy was investigated. The development of targeted drugs have led to the 
ability to target tumors more specifically and efficacy by combining pharmacological interventions 
with radiotherapy. It was shown that combination therapy not only improved the overall survival of 

patients with nasopharyngeal carcinomas, but also showed improved locoregional and distant control, 
a higher progression-free survival rate and less cancer mortality [8]. Well known targeting agents 
include cetuximab, a epidermal growth factor receptor monoclonal antibody (EGFR inhibitor), EGFR 
tyrosine kinase inhibitors (Gefitinib), and vascular endothelial growth factor receptor (VEGF) inhibitors 
(Bevacizumab and Sorafenib). The mechanism of these targeting agents are reviewed elsewhere [9, 10].

Whereas clinicians can reduce the morbidity in patients with early- and locally advanced HNSCC, it 
has become clear that other strategies are needed to further improve advanced HNSCC control and 
survival. By characterization of tumors, clinicians are now able to individualize therapeutic options. 
Early non-invasive monitoring of treatment response in these kind of patients may avoid further side 
effects of treatments that are ineffective or prevent overtreatment in patients that do respond to the 
chosen (chemo)-radiotherapy. Monitoring treatment response may also prevent ineffective ongoing 
treatment, which will avoid unnecessary health care costs. Therefore, the identification of biomarkers 
or non-invasive imaging tools that can steer treatment decisions in the early phases of treatment are 
needed.

Molecular pathways involved in (head and neck) cancer 
Hallmarks of cancer
Each specific tumor type that is known to date, has its own unique micro-environment in which 
diverse cell types can interact with each other. The heterogeneity of cancers in different patients and 
even within one patient makes the biology of cancer complex. It is known that most types of cancer 
cannot be seen as a single disease and that tumors are more than only cell masses with the ability 
to proliferate. In 2000, six so called ‘hallmarks of cancer’ were defined by Hanahan and Weinberg, 
characterizing the unique tumor capabilities that could describe the biology of cancer [11]. It led to an 
improved understanding of the functional role of several characteristics of different cells of the tumor, 
indicating that besides the ability to sustain chronic proliferation, tumor cells also release growth 
suppressors to negatively regulate chronic proliferation, can induce angiogenesis, have the capacity 
to resist cell death and that cell-to-cell interaction can result in local invasion and distant metastasis. 
New insights in tumor cell behavior resulted in an expansion of the ‘hallmarks of cancer’ in 2011. The 
ten hallmarks are illustrated in Figure 2 [12]. It goes beyond the scope of this thesis to introduce all 
these different types of interactions, possible targets and molecular pathways. Therefore, we refer to 
the article of Hanahan and Weinberg [12]. Hanahan and Weinberg also discussed the drugs that are 
currently being developed and investigated (or already applied in clinic) to deregulate elevated levels 
of receptor proteins involved in one of the cancer cell characteristics (examples depicted in Figure 2).

Angiogenesis
Angiogenesis is essential for tumor growth and metastasis. It is therefore a promising target for 
targeting agents to inhibit tumor progression. Angiogenesis is defined as the formation of new blood 
vessels from existing blood vessels. Growing tumors have the ability to initiate angiogenesis. In order 
to grow beyond the size of 1-2 mm, the formation of new blood vessels in a tumor is required to 
facilitate the supply of oxygen and nutrients, but also to dispose waste. Angiogenesis is a multi-factorial 
process and many of the factors involved also play a role in wound healing and embryogenesis [13]. 
In this multi-factorial process several events take place controlled by growth factors, cellular receptors 
and adhesion molecules to obtain a complex balance of both pro- and anti-angiogenic signals  [14]. 
When a growing tumor mass results in hypoxia, this angiogenic balance is tipped to pro-angiogenesis 
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and a cascade of events is initiated. This so-called ‘angiogenic switch’ [15] includes the expression of 
hypoxia inducible factor HIF1-α, activation of endothelial cells and release of cytokines and several 
growth factors, such as vascular endothelial growth factor (VEGF-A), carbonic anhydrase IX (CAIX), or 
transforming growth factor-α (TGF-α), into the microenvironment [13, 16]. The cascade of events in 
angiogenesis is illustrated in Figure 3.

Process of angiogenesis
Angiogenesis is regulated by several angiogenic factors, including proteins, cytokines, integrins, and the 
extracellular matrix. Cells themselves also regulate the process of angiogenesis. One of the first steps 
in blood vessel growth is the detachment of activated endothelial cells from their neighboring cells. 
They subsequently sprout towards the pro-angiogenic factors, including cytokines and several growth 
factors, that are released around the site of the tumor [6]. One particular set of growth factors released 
by activated endothelial cells are the matrix metalloproteases (MMP), which are able to degrade the 
basement membrane, a membrane that is part of the vessel extracellular matrix (ECM)). This process is 
then followed by the overexpression of integrins on the activated endothelial cells [16]. The expression 
of several integrins on the endothelial cells allows the endothelial cell to interact with ECM proteins such 
as collagen, vitronectin and fibronectin. This results in  migration of tumor cells by facilitating invasion 
and movement across blood vessels through the release of cytokines [5]. Once the endothelial cells are 
transformed to solid cords and the vessel lumen has been developed, the so-called immature vasculature 

Figure 2. The six ‘hallmarks of cancer’ as defined by Hanahan and Weinberg in 2007 with the addition of the four new hallmarks 
as defined in 2011 (deregulation of cellular energetics, avoiding immune destruction, genome instability and mutation, and 
tumor-promoting inflammation), together with possible drugs that are currently being developed and investigated to target 
one of the defined ‘hallmarks of cancer’. Figure obtained from Hanahan et al. [12].

 

undergoes remodeling and become mature vessels. However, these blood vessels are typically abnormal 
compared to blood vessels formed by vasculogenesis, showing porous basement membranes, resulting 
in a high permeability, erratic blood flow, leaky vessels, and micro hemorrhaging [18].

αvβ3 integrin expression
Integrins are transmembrane proteins with two non-covalently bound subunits. Integrins are involved 
in growth, survival, adhesion, and in motility of cells [19]. They serve as a receptor for interactions 
of the endothelial cells with the ECM. Eighteen α- and eight β-subunits were discovered, forming at 
least twenty four different integrins, which are the result of the combination of one of both subunits 
[20]. One of the integrins that has been discovered and is known to be overexpressed on activated 
endothelial cells is αvβ3 integrin. Normally, integrins present on the surface of the endothelial cells are 
inactive and cannot bind ECM proteins. However, if intracellular signaling pathways are activated, the 
integrins change in active binding sites, allowing the integrin to bind specific ECM molecules. These 
ECM molecules are recognized because they express the arginine-glycine-aspartic acid sequence 
(RGD). The RGD sequence is present on many ECM and some secreted proteins, such as fibronectin, 
vitronectin, fibrinogen, laminin, collagen, Von Willebrand factor, osteoponin, and trombospondin. The 
αvβ3 integrin bind to the RGD sequence of the ECM proteins. Once integrins are activated, they are able 
to activate intracellular signaling pathways that allow gene-expression changes. This will then lead 
to cell growth, survival, adhesion, or cell motility. Since αvβ3 integrin is significantly up-regulated on 
activated endothelial tumor cells and is not expressed on quiescent endothelial cells, it is considered 
to be an important biomarker of angiogenesis.

Figure 3. The cascade of events in angiogenesis. The numbers indicate the different steps in angiogenesis, starting with the 
‘angiogenic switch’. After release of angiogenic factors, endothelial cells are activated and avb3 integrin is expressed on the 
endothelial cells, subsequently followed by the sprouting of new blood vessels towards tumor tissue. Figure obtained from 
[17]. Initial source is The Angiogenesis Foundation (www.angio.org).
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Imaging of αvβ3 integrin expression
With molecular imaging it is feasible to non-invasively visualize, characterize, and quantify biological 
processes at a molecular level. Positron Emission Tomography (PET) and Single-Photon Emission 
Computed Tomography (SPECT) are two molecular imaging techniques that allow the visualization of 
molecular pathways using radiolabeled proteins, protein fragments, or metabolites. Radiotracers are 
intravenously administrated and accumulate in tissue according to the expression of molecular targets, 
metabolism, and corresponding uptake pattern of that protein or protein fragment. 

Different strategies were used to optimize αvβ3 integrin targeting for PET and SPECT imaging. Several 
radiolabeled RGD peptides targeting αvβ3 integrin have been developed and tested in preclinical and 
clinical trials [21, 22]. The RGD-based radiotracers that were used in clinical studies, includes the 
monomers 18F-Galacto-RGD [23-29], 18F-Fluciclatide [30], 18F-RGD-K5 [31], and 68Ga-NOTA-RGD [32], 
and the dimeric compounds 18F-FPPRGD2 [33-36], 18F-FPRGD2 [37, 38], 18F-Alfatide [39], 18F-Alfatide II 
[40, 41], and 68Ga-NOTA-PRGD2 [42]. These RGD-based radiotracers showed similar pharmacokinetics 
and dosimetric profiles (ranging from 10-40 µSv/MBq). The conducted clinical trials focused on the 
feasibility and the evaluation of safety profiles in patients with several types of cancer, including lung 
cancer [27, 32, 33, 35, 39, 42, 43], head and neck cancer [23, 25-27], breast cancer [25-28, 30, 34, 
35, 44], melanomas [24-26], sarcomas [24], renal cell cancer [24, 27, 38], rectal cancers [27, 37], and 
glioblastoma multiforme (GBM) [25, 33, 35, 45, 46]. Furthermore, some studies examined the potential 
role of imaging αvβ3 integrin expression as biomarker of response to therapy [33, 37, 47]. Zhang et al. 
found that 18F-AlF-NOTA-PRGD2 PET/CT was predictive of treatment sensitivity to concurrent chemo-
radiotherapy  [47]. Imaging αvβ3 integrin expression can steer treatment decisions to improve patient 
outcome or minimize side effects, but will need further investigation. 

68Ga-DOTA-RGD2 PET/CT
An attractive radiotracer that has been developed to image αvβ3 integrin is 68Ga-labeled DOTA-E-
[c(RGDfK)]2, further designated as  68Ga-DOTA-RGD2. This is a cyclic dimeric version of RGD where two 
RGD monomers are connected via a glutamic acid residue. Labeling DOTA-RGD2 is a simple and fast 
procedure and can be performed in an automated fashion. With subcutaneously growing SK-RC-52 
renal cell cancer xenografts, the in vitro and in vivo αvβ3 targeting properties of 68Ga- and 111In-labeled 
DOTA-RGD2 were determined in mice [48, 49]. These preclinical studies proved that the tumor uptake 
of dimeric RGD peptides with two binding sites for αvβ3 integrin is higher than the tumor uptake of 
RGD monomers with one binding site for αvβ3 integrin, due to enhanced affinity for αvβ3 integrin [48, 
49]. These experiments proved the in vivo αvβ3 integrin targeting possibilities of 68Ga-DOTA-RGD2, 
making them a potential radiotracer to image angiogenesis in different tumor models. The imaging 
potential of DOTA-RGD2 to visualize αvβ3 integrin expression in HNSCC was investigated in a preclinical 
study using thirteen patient-derived HNSCC xenografts of BALB/c nude mice [50]. The microSPECT/
CT images of mice injected with 111In-DOTA-RGD2 showed clear uptake of the tracer at the periphery 
of the tumors. In vivo blocking of αvβ3 integrin with a blocking dose of DOTA-RGD2 led to decreased 
visualization of 111In-labeled DOTA-RGD2 within the tumor, indicating that the uptake of the tracer in the 
tumor was integrin αvβ3 mediated (Figure 4). Furthermore, tumor and vascular αvβ3 integrin expression 
on the tumor tissue was determined using immunohistochemical staining profiles of the tumor tissue. 
The immunohistochemical staining confirmed the sole expression of αvβ3 integrin on neovascular 
structures within the tumor. This experiment proved that 111In-DOTA-RGD2 allows specific visualization 
of angiogenesis in head and neck tumors. So far, these experiments showed the potential of imaging 

αvβ3 integrin expression using 68Ga and 111In-labeled DOTA-RGD2. In a subsequent experiment, the effect 
of local irradiation on the in vivo uptake of 111In-DOTA-RGD2 in the tumor was determined up to 3 
weeks after irradiation [51]. The tumor models showed a decreased uptake of DOTA-RGD2 after tumor 
irradiation, indicating that 111In-DOTA-RGD2 can be used to monitor responses after radiotherapy. Using 
68Ga-DOTA-RGD2 PET/CT as an imaging biomarker of angiogenesis will be feasible. However, the real 
potential and implementation in clinical practice need to be confirmed. 

Research questions
Preclinical studies showed that 68Ga-DOTA-RGD2 can image αvβ3 integrin expression on newly formed 
endothelial cells in HNSCC. It was also shown that this radiolabeled RGD peptide can serve as a tool to 
monitor angiogenic responses after radiotherapy. The aim of this project is to translate these preclinical 
results into a clinical study in HNSCC patients.

The main question to be answered in this thesis is: is it feasible to use 68Ga-DOTA-RGD2 PET/CT to 
image angiogenesis in head and neck squamous cell carcinomas by targeting αvβ3 integrin expression? 
Therefore, the following sub questions are formulated:

1. Does the 68Ga-labeled radiotracer DOTA-RGD2 show favorable in vitro and in vivo targeting 
characteristics compared to the currently available ‘improved’ RGD-based radiotracers?

2. Evaluate the safety of injection of 68Ga-DOTA-RGD2 in patients;
3. Determine the pharmacokinetic and pharmacodynamic behavior of 68Ga-DOTA-RGD2 in human;
4. Determine the biodistribution pattern of 68Ga-DOTA-RGD2;
5. Determine the correlation between the 68Ga-DOTA-RGD2 PET/CT findings and the αvβ3 integrin 

expression on tumor tissue.

Figure 4. Fused SPECT/CT scans (1 hour post injection) of mice with subcutaneous tumor xenografts on right flank (white 
arrows). A and C: mice injected with 111In-DOTA-RGD2 showing tracer uptake within tumor tissue. B and D: mice injected with 
111In-DOTA-RGD2 and cold excess showing reduced tracer uptake in tumor and non-tumor tissue. Figure obtained from Terry 
et al. [50].
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Outline of this thesis
Chapter 2 provides an overview about the current status of four potential PET tracers to image 
angiogenesis. All four radiotracers are subsequently labeled with Gallium-68, and the affinity of each 
tracer is determined in a solid phase competitive binding assay. Then, the in vivo αvβ3 integrin targeting 
characteristics of the four tracers are determined in mice with subcutaneously growing αvβ3 integrin-
expressing tumors. The aim of these in vitro and in vivo experiments is to describe the αvβ3 integrin 
targeting characteristics of the four radiotracers when a head-to-head comparison under standardized 
conditions is performed.

The dimeric RGD-based radiotracer, 68Ga-DOTA-RGD2, is an attractive RGD-based radiotracer to image 
angiogenesis, because it can be radiolabeled very rapidly, efficiently, in an automated fashion, and 
according to the Good Manufacture Practice Guidelines. In Chapter 3 the methodological set-up to 
study the feasibility of 68Ga-DOTA-RGD2 PET/CT imaging in HNSCC patients is given followed by the 
preliminary results of the ongoing feasibility study. In that clinical study, HNSCC patients undergo three 
static whole body 68Ga-DOTA-RGD2 PET/CT scans prior to their surgical treatment. 

The last chapter of this thesis (Chapter 4) provides a general discussion including future perspectives of 
the potential of 68Ga-DOTA-RGD2 PET/CT in therapy response monitoring in HNSCC patients. 

Chapter 2: A direct comparison of four  68Ga-labeled RGD peptides to image 
αvβ3 integrin expression in mice with tumor xenografts

Introduction
Non-invasive imaging of tumor characteristics using molecular imaging techniques, such as SPECT and 
PET, requires radiolabeled vectors (e.g. peptides or other molecules). In case of radiolabeled peptides, 
the procedure of radiolabeling should not affect the receptor binding affinity of the peptide or affect 
the in vivo behavior of the radiolabeled peptide. Various techniques have been developed that enable 
efficient labeling of peptides with radionuclides such as 99mTc, 123I, 111In, 64Cu, 18F, and 68Ga [21, 52]. 
To be able to conjugate peptides with radiometals, a functional chelator is required. The chemical 
properties of the bond between chelator, peptide and radionuclide is critical for maintaining the 
biological and receptor properties of the peptide. With the availability of GMP-compliant 68Ge/68Ga 
generators, and the excellent physical characteristics of 68Ga (short half-life (68 minutes) and high 
positron yield (89%)), 68Ga-labeled peptides are increasingly considered to be potential tracers for 
PET imaging. A series of chelators for labeling RGD-based peptides with 68Ga have been developed, 
such as 1,4,7,10-tetraazacyclododecane-N’,N’’,N’’’,N’’’’-tetraacetic acid (DOTA), DOTA derivative 
analogs (DOTAGA), 1,4,7-triazacyclononane-triacetic acid (NOTA), a NOTA-derivatized chelating system 
(NODAGA), triazacyclononane-phosphinate (TRAP), and Fusarinine-C (FSC) [53, 54]. Major efforts have 
been made in developing stable 68Ga-labeled targeting peptides that have a high affinity for αvβ3 integrin. 
These targeting agents are produced using different labeling procedures, with varying preparation time, 
radiochemical yield, and radiochemical purity [21]. However, most of the newly developed tracers can 
be radiolabeled very efficiently (>90%), rapidly (<30 minutes) and in a fully automated GMP compliant 
manner, which makes them suitable for clinical studies.

Multimerization of RGD-based peptides was considered as another technique to further improve 
binding affinity for αvβ3 integrin. Multimeric RGD-based radiotracers have more than one RGD binding 
site at the surface. Due to an increased number of binding sites within one molecule, a lower tracer 
concentration is needed to achieve equal tracer uptake. After it was revealed that dimeric, trimeric, 
and tetrameric RGD analogues showed enhanced accumulation in αvβ3 integrin expressing tumors 
compared to their monomeric counterparts [48, 49, 55, 56], several multimeric RGD-based peptides 
have been developed. Although the DOTA-conjugated tetrameric RGD-based peptide showed enhanced 
affinity for αvβ3 integrin, it also showed significantly higher kidney uptake, making it a less attractive 
radiotracer in clinical practice [49]. The dimeric RGD peptide, 68Ga-DOTA-RGD2, showed a favorable 
biodistribution [48], and was therefore introduced in clinical practice.

Today, a large variety of other multimeric radiolabeled RGD peptides with other chelators are described 
in literature and have been studied in a preclinical setting [21]. Some of these radiotracers have been 
introduced in the clinic [22]. The fact that only a few of these tracers have been used for clinical imaging 
is mainly due to the extensive mandatory regulatory requirements needed to introduce radiotracers 
into clinical practice. While these radiotracers all allow imaging of αvβ3 integrin expression using PET/
CT and show sufficient tumor-to-tissue ratios, the results described in literature do not allow direct 
comparison of these tracers due to differences in the tumor models and imaging methods used. To 
be able to compare the in vitro and in vivo image characteristics of different 68Ga-labeled RGD-based 
peptides, the radiolabeled tracers need to be compared in the same animal model and using the same 
experimental set-up. Therefore, the aim of this study was to compare the in vitro and in vivo αvβ3 
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targeting characteristics of 68Ga-DOTA-RGD2 under standardized conditions with three other promising 
multimeric cyclic RGD-based radiotracers: 68Ga-TRAP-RGD3, 

68Ga-FSC-RGD3, and 68Ga-THP-RGD3, [49, 
53, 54, 57-61]. First, the four radiotracers are introduced.

68Ga-DOTA-RGD2

One of the most widely used chelators is DOTA, because it forms a stable complex with 68Ga in vivo. 
Furthermore, it was shown that DOTA is also suitable for a wide range of beta-emitters such as 
Lutetium-177 (177Lu) and yttrium-90 (90Y), making it an attractive chelator for therapeutic applications. 
However, a disadvantage of DOTA is that high labeling efficiencies can only be obtained when the 
radiolabeling procedure is performed at high temperatures (80-120 °C), which may change the structure 
and with this the receptor binding properties of the peptide used.

Radio-labeling of RGD peptides with 68Ga and with DOTA as a chelator is a simple and fast procedure 
(<30 min), and can be performed in an automated fashion. The two RGD monomers of 68Ga-DOTA-RGD2 
are connected via a glutamic acid residue. The chemical structure of the DOTA-conjugated dimeric RGD 
peptide is given in Figure 5. In our preclinical studies, it was shown that this PET-tracer is stable over 
time, is predominantly cleared via the kidneys, and can be used to visualize αvβ3 integrin expression 
with tumor uptake values ranging from 1.37 ± 0.37 %ID/g to 7.11 ± 0.67 %ID/g [49, 50]. 

68Ga-TRAP-RGD3

Advances in labeling strategies have shown that the use of other chelators may show improved 68Ga-
labeling properties when compared to DOTA. In 68Ga-TRAP-RGD3, the chemical phosphinic acid group 
allows direct conjugation of three RGD peptides. This results in a reduced amount of peptide needed 
to achieve equal percentage binding, due to more specific binding of RGD [53, 60]. This makes TRAP 
a suitable multimeric RGD peptide (the chemical structure is given in Figure 5). Another advantage of 
TRAP as a chelator is that the labeling of TRAP-RGD3 to 68Ga, yielding 68Ga-TRAP-RGD3, can be performed 
at room temperature and over a broad pH range. In a study conducted by Notni et al. and Haubner et al. 
[60, 62], the in vivo integrin-targeting properties of 68Ga-TRAP-RGD3 were compared with the clinically 
available radiotracer 18F-Galacto-RGD and a monomeric 68Ga-labeled RGD peptide, 68Ga-NODAGA-RGD. 
68Ga-TRAP-RGD3 showed a 7.6 and 7.3 fold higher affinity to αvβ3 integrin expression compared to the 
18F-labeled and 68Ga-labeled monomers respectively [60]. Furthermore, the in vivo experiments showed 
tracer accumulation in an αvβ3 integrin expressing melanoma tumor model of 6.08 ± 0.63 %ID/g, 1.45 
± 0.11 %ID/g, and 1.35 ± 0.53 %ID/g respectively [60].

68Ga-FSC-RGD3
68Ga-FSC-RGD3 is another radiolabeled RGD-based peptide that shows promising 68Ga labeling properties 
in a labeling procedure of only 15 minutes. FSC is a cyclic hydroxamate siderophore with three primary 
amino groups that allows conjugation of three RGD peptides (see Figure 5). One of the benefits of 
the chelator of this radiotracer is the conjugation and labeling at room temperature, resulting in high 
radiochemical purity [54, 59]. Specific activities ranging from 4 to 200 MBq/nmol were reached. Tumor 
uptake values in a Melanoma M21 xenograft models showed tracer accumulation of 3.69 ± 0.94 [59]. 
Overall, in PET/CT imaging of xenograft models they showed comparable tumor-to-muscle ratios as 
observed in studies with the radiotracers 68Ga-TRAP-RGD3 and 68Ga-NODAGA-RGD: 7.3 ± 0.8, 6.4 ± 1.9, 
and 6.1 ± 3.5 respectively [59].

68Ga-THP-RGD3

Most recently, a radiotracer, 68Ga-THP-RGD3, has been developed in order to simplify the 
radiopharmaceutical preparation of RGD-based radiotracers [61]. This peptide consists of a thiocyanate 
group and three 1,6-dimethyl-3-hydroxypyridin-4-one groups which allows radiolabeling of 68Ga and 
three RGD peptides [57, 58]. This radiotracer allows fast labeling procedures (<5 minutes) at room 
temperature, without acidic conditions (that is required for DOTA conjugation). Tumor uptake values of 
4.3 ± 0.5 %ID/g were seen in glioblastoma tumor xenografts (U87MG) 1 hour after injection.

Figure 5. Chemical structures of 68Ga-DOTA-RGD2 (upper left), 68Ga-TRAP-RGD3 (upper right), 68Ga-FSC-RGD3 (lower left), and 
68Ga-THP-RGD3 (lower right).

 

 
 

Materials and method
Radiolabeling and quality control

Radiolabeling of 68Ga-DOTA-RGD2

DOTA-RGD2 was labeled with 68GaCl3 eluted from a 68Ge/68Ga generator using 0.1 M HCl. Three 1-ml 
fractions were collected. 68Ga-labeled DOTA-RGD2 was prepared by adding 700 μl 68Ga eluted from the 
generator (186 MBq) to 88 µl 1M HEPES solution, pH 3.8. Then, 6 μl (0.5 nmol) of the peptide dissolved 
(1 μg/μl) in 0.25M ammonium acetate, pH 5.5 was added. After 20 minutes at 95°C, the eluate was 
diluted with 200 μl phosphate buffered saline-bovine serum albumin (PBS/BSA), 10 μl phosphate, 5 μl 
5M NaOH, 1000 μl 10x PBS, and 91 μl EDTA. 

For the excess cold experiment, a new labeling procedure has been performed using the same labeling 
procedure as described above. After 20 minutes at 95°C, 68Ga-DOTA-RGD2 was further purified on an 
Oasis® Hydrophilic-Lipophilic-Balanced (HLB) (1 cm3, 30 mg) cartridge. After applying the sample on 
the cartridge, the cartridge was washed three times with 1 ml H2O and eluted with 200 μl 25% EtOH in 
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H2O (v/v). 85.5 μl (5 mg/ml) DOTA-RGD2 excess cold was added, followed by 660.5 μl PBS/BSA, 150 μl 
10x PBS, 4 μl 5M NaOH.

Radiolabeling of 68Ga-TRAP-RGD3

TRAP-RGD3 was labeled with 68GaCl3 eluted from a 68Ge/68Ga generator using 0.1M HCl. Three 1-ml 
fractions were collected and a small amount of the second fraction was used for labeling the peptide. 
68Ga-labeled TRAP-RGD3 was prepared by adding 700 μl 68Ga eluted from the generator (142 MBq) to 
88 µl 1 M HEPES, pH 3.8, solution. Then, 11 μl (0.5 nmol) of the peptide (1 μg/μl) was added. After 5 
minutes at 95°C, the eluate was diluted with 200 μl 10x PBS,  10 μl phosphate, 5 μl 5M NaOH, 1000 μl 
PBS/BSA, 85 μl EDTA. Followed by 5 μl Polysorbate80 (TWEEN). 

For the excess cold experiment, the same labeling method was used, but after 5 minutes at 95°C, 85.5 
μl (5 mg/ml, 50 nmol) unlabeled DOTA-RGD2 was added, followed by 660.5 μl PBS/BSA, 150 μl 10x PBS, 
4 μl 5M NaOH.

Radiolabeling of 68Ga-FSC-RGD3

FSC-RGD3 was labeled with 68GaCl3 eluted from a 68Ge/68Ga generator using 0.1M HCl. 750 μl of the 
second fraction (141 MBq) was used for labeling the peptide. 68Ga-labeled FSC-RGD3 was prepared by 
adding the 68Ga-eluate to a dilution of 150 µl NaOAc solution pH 5 (sodium acetate) and 9.7 μl (0.5 
nmol) of the peptide (1 μg/μl) in an Eppendorf LoBind tube. After 15 minutes at room temperature, 
the eluate was further diluted with 1000 μl PBS, 5 μl 5M NaOH, 200 μl 10x PBS/BSA, 85 μl EDTA, and 5 
μl Polysorbate80 (TWEEN). 

For the excess cold experiment the labeling procedure as described above was followed by adding 86 
μl (5 mg/ml, 50 nmol) DOTA-RGD2 excess cold, 565 μl PBS/BSA, 150 μl 10x PBS, 3 μl 5M NaOH to the 
68Ga-labeled FSC-RGD3 (650 µl).

Radiolabeling of 68Ga-THP-RGD3

For the first labeling, THP-RGD3 was labeled with 68GaCl3 eluated from a 68Ge/68Ga generator using 0.1M 
HCl. Three fractions, each of 1 ml, were collected and measured. The second fraction (750 µl) was used 
for labeling the THP-RGD3 peptide. 150 µl NaOAc pH 5 was added to the 68Ga-eluate. Thereafter, 13 µl 
(0.5 nmol) THP-RGD3 was added. 202 µl 10x PBS, 900 µl PBS, and 85 µl EDTA was added to the solution 
containing 68Ga-THP-RGD3. 

For the excess cold experiment the labeling procedure as described above was followed. 86 µl (50nmol) 
DOTA-RGD2 excess cold, 116 µl 10x PBS, 900 µl PBS, and 85 µl EDTA was added to the solution containing 
68Ga-labeled THP-RGD3.

Quality control
Before the start of the experiment, the radiochemical purity of each labeling was determined by instant 
thin-layer chromatography (ITLC) and reversed-phase high-performance liquid chromatography (RP-
HPLC).

For 68Ga-DOTA-RGD2 and 68Ga-TRAP-RGD3, ITLC analysis was performed using 0.1M CH3COONH4/0.1M 
EDTA (1:1 v/v) as mobile phase I and 0.25M CH3COONH4/MeOH (1:1 v/v) as mobile phase II. For 68Ga-
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FSC-RGD3 mobile phase I was: 0.1M citrate pH5.0 and mobile phase II: 0.1M citrate/MeOH (1:1 v/v). For 
68Ga-THP-RGD3, three mobile phases were performed. Mobile phase I: 0.1M citrate/MeOH (1:1 v/v)), 
mobile phase II: 0.1M CH3COONH4/0.1M EDTA (1:1 v/v), and mobile phase III: 0.25M CH3COONH4/
MeOH (1:1 v/v). The strips were analyzed using a Fujifilm BAS-1800II Scanner (Fuji Photo Film Co., 
Tokyo, Japan) and Aida Software (version 4.21, Raytest GmbH, Straubenhardt, Germany).

The quality control by RP-HPLC was performed using the Agilent 1100 system (Agilent Technologies, 
Palo Alto, CA, USA) with a C18 column (RX-C18, 4.6×250 mm, Zorbax) eluted with a gradient mobile 
phase and two buffers (buffer A: 0.1% trifluoroacetic acid (TFA) in H2O, buffer B: 0.1% TFA in acetonitrile 
at 1 ml/min). The first gradient was 0–5 minutes with 100% to 97% buffer A, 5–15 minutes 97% buffer A 
to 0% buffer A. The radioactivity of the eluate was monitored using an in-line NaI radiodetector. Elution 
profiles were analyzed using Gabi Star software (version 4.8, Raytest GmbH, Straubenhardt, Germany).

Solid-phase αvβ3 integrin binding assay
The affinity of DOTA-RGD2, TRAP-RGD3, FSC-RGD3, and THP-RGD3 for binding αvβ3 integrin was 
determined using a solid-phase competitive binding assay. First, three buffers were made:

1. the coating buffer was a solution of 25mM Tris-HCl, pH7.4, 150mM NaCl, 1mM CaCl2, 0.5mM 
MgCl2 and 1mM MnCl2;

2. the binding buffer was a solution of 0.1% bovine serum albumin (BSA) in coating buffer;
3. the blocking buffer was a solution of 1% BSA in coating buffer.

Each compound was dissolved in binding buffer (10.23 μg/ml DOTA-RGD2, 18.87 μg/ml TRAP-RGD3, 
16.69 μg/ml FSC-RGD3, or 22.32 μg/ml THP-RGD3), followed by preparing a dilution scheme for each 
compound, in which twelve dilutions of every compound (3 μM – 5.08x10-5 μM) were prepared.

The tracer used in this assay was 111In-labeled DOTA-RGD2. 
111In-labeled DOTA-RGD2 was prepared 

by adding 29.9 µl (0.17 MBq) 111InCl3 solution to 1 μl peptide dissolved in 60 µl 0.5M MES buffer 
(2-(N-morpholino)ethanesulfonic acid), pH5.5. After 20 minutes at 95°C, 111In-labeled DOTA-RGD2 was 
further purified using an Oasis® HLB (1 cm3, 30 mg) cartridge (Waters, Milford, MA, USA). The tracer 
was purified on the HLB cartridge: the labeling reaction mixture was subsequently washed with 3 × 1 
ml H2O. The 111In-labeled DOTA-RGD2 was eluted from the cartridge with 200 μl 100% EtOH in H2O (v/v). 

The radiochemical purity of 111In-labeled DOTA-RGD2 was determined using instant thin-layer 
chromatography (ITLC) using TECControl™ chromatography strips (Biodex Medical Systems, Shirley, NY, 
USA). The mobile phases used was 0.1M CH3COONH4/0.1 M EDTA (1:1 v/v). The strip was analyzed 
using a Fujifilm BAS-1800II Scanner (Fuji Photo Film Co., Tokyo, Japan).

Two microtiter 96-well vinyl assay plates (Corning B.V., Schiphol-Rijk, The Netherlands) were coated 
with 100 μl/well of a solution of purified human αvβ3 integrin (150 ng/ml) (Chemicon International, 
Temecula, CA, USA) in coating buffer for 16 hours at 4°C. The plates were then washed twice with 150 
μl/well binding buffer and filled with 200 μl/well blocking buffer. After 2 hours at room temperature, 
the plates were washed twice with 150 μl/well binding buffer. 50 μl/well of the appropriate dilution was 
added to each well, directly followed by 50 μl/well 111In-labeled DOTA-RGD2. The solution incubated at 
37°C for 1 hour. After incubation, the wells were washed for 3 times with binding buffer (150 μl/well). 

The wells were cut out and the amount of radioactivity was counted in the gamma counter, together 
with 1% standards. The experiment was performed in triplicate.

A non-linear regression data fit was performed after plotting the results on a semi-logarithmic scale 
(log of binding concentration on x-axis and response linear on y-axis). The values were normalized for 
the dimeric compound (DOTA-RGD2) as 100%. The half-maximal inhibitory concentration (IC50) values 
were calculated as mean ± standard deviation using non-linear regression model in Graphpad Prism 
version 5.03.

Tumor, animal and cell culture model
Thirty-two 6- to 8-wk-old female BALB/c Nude mice (BALB/c nu/nu/Foxn1nu, Janvier) with 
subcutaneously xenografted SK-RC-52 renal cell carcinomas were used. The SK-RC-52 cells were cultured 
and maintained in RPMI medium supplemented with glutamine and fetal calf serum (RPMI++), at 37°C 
in a humidified atmosphere with 5% CO2. The mice acclimatized for 7 days after transportation to the 
animal facility. The animals (4 mice/cage) were housed in filter-topped cages in a specific pathogen-free 
unit in accordance with institutional guidelines. Subsequently, the mice were injected subcutaneously 
(s.c.) in the left flank with a concentration of 2x106 SK-RC-52 cells in 200 mL of RPMI++ medium per 
mouse. Tumors were allowed to grow for 2 weeks until they reached a diameter of approximately 6 
mm. The Animal Welfare Committee of the Radboud University Nijmegen Medical Centre approved the 
animal experiments.

Biodistribution study
Twenty mice were injected via tail vein with one of the four 68Ga-labeled RGD peptides. Each injection 
contained 0.5 nmol and approximately 10 MBq 68Ga-labeled peptide in a volume of 300 µl per mouse. All 
mice were euthanized by CO2/O2 asphyxiation 60 minutes post injection. Tissue samples (tumor, blood, 
heart, lung, liver, stomach, kidney, spleen, pancreas, duodenum, muscle, bladder, and adrenal glands) 
were dissected. The weights of all tissue samples were measured and their activity was determined 
with a gamma counter simultaneously with 1% standards of the injected dose.

The biodistribution data are expressed as mean percentage injected dose per gram (%ID/g) ± standard 
deviation. Statistical analysis was performed using one-way ANOVA assuming Gaussian distribution. 
Multiple comparison after one-way ANOVA by means of a two tailed t-test was applied using GraphPad 
Prism version 5.03. A p-value of <0.05 was considered as statistically significant difference between the 
radiotracers.

αvβ3 integrin specificity (blocking experiment)
The specificity of the RGD binding of each compound was investigated in a blocking experiment. Twelve 
mice were injected via tail vein with 68Ga-labeled RGD peptide (0.5 nmol, 10 MBq) and an excess 
unlabeled DOTA-RGD2 (50 nmol). The biodistribution data are expressed as mean percentage injected 
dose per gram (%ID/g) ± standard deviation.

PET imaging
For each tracer three mice were scanned using a small-animal PET/CT scanner (Inveon®, Siemens 
Medical Solutions, Knoxville, TN, USA). The mice were placed with head first in a prone position in the 
scanner. The PET images were acquired for 20, 30, or 40 minutes, with an intrinsic spatial resolution 
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of 1.5 mm. A CT scan was performed for anatomical localization and was acquired after PET imaging, 
with a spatial resolution of 113 μm, 80 kV, 500 μA, and exposure time of 300 ms. Immediately after 
scanning, tissues samples of these mice were collected as described above.

PET data were reconstructed using Inveon Acquisition Workplace software version 2.04 (Siemens 
Preclinical Solutions, Knoxville, TN, USA), using Maximum a Posteriori (MAP) algorithm (form of 
Ordered Subset Expectation Maximisation 3-D (OSEM3D)) with a matrix of 256×256×161, pixel size 
of 0.40×0.40×0.796 mm3, 16 OSEM3D subsets and 2 iterations. Post reconstruction filtering was 
performed using 3D Gaussian filter kernel with full width half maximum (FWHM) of 1.5 mm. 

CT data were reconstructed using a modified Feldkamp algorithm at the INVEON CT Recon Software, 
Version 2.04 (Siemens Preclinical Solutions, Knoxville, TN, USA). The resulting matrix was 768x786 pixels 
with 512 transverse slices (voxel size of 110.5 × 110.5 × 110.5 µm3). The 68Ga-PET and CT images were 
fused for anatomical reference using automatic rigid registration software available at the workstation. 
The registration was visually checked. The biodistribution pattern was visualized using the Inveon 
Research Workplace (Siemens, Knoxville, TN, USA).

Results 
Radiolabeling
A radiochemical purity of >95% was obtained for all labeling procedures. The ITLC profiles demonstrated 
a purity ranging from 96.7 – 99.9% and for the ITLC-colloid profiles, the purities ranged from 74.0 – 
100%. RP-HPLC analysis indicated that the purities were >90%, showing single peaks for each labeling 
of each compound. Retention times ranged from 14.5 to 14.9 minutes. 

Solid-phase αvβ3 integrin binding assay
The affinity of the four tracers for αvβ3 integrin was determined in a competitive binding assay. The 
binding 111In-labeled DOTA-RGD2 was competed by all four unlabeled radiotracers in a concentration 
dependent manner. The binding affinity of DOTA-RGD2 (IC50 = 3.79 ± 0.65 nM) was significantly different 
from the of TRAP-RGD3 (IC50 = 10.0 ± 1.81 nM, p = 0.005), FSC-RGD3, (IC50 = 9.02 ± 1.61 nM, p=0.006), 
and THP-RGD3 (IC50 = 11.38 ± 1.88 nM, p=0.003). The results of the αvβ3 integrin binding assay are 
depicted in Figure 6.

Biodistribution
Twenty mice were injected via tail vein. The mean administered activity for the mice were 13.96 MBq 
(12.9-14.8) for 68Ga-DOTA-RGD2, 11.17 MBq (11.10-11.25) for 68Ga-TRAP-RGD3, 13.2 MBq (12.7-13.66) 
for 68Ga-FSC-RGD3, and 13.4 MBq (12.5-13.79) for  68Ga-THP-RGD3.

The mean administered activity for the twelve mice with excess cold were 5.1 MBq (4.8-5.2) for 68Ga-
DOTA-RGD2, 11.8 MBq (11.4-12.1) for 68Ga-TRAP-RGD3, 11.6 MBq (11.3-11.8) for 68Ga-FSC-RGD3, and 
11.9 MBq (11.6-12.2) for 68Ga-THP-RGD3.

The results of the biodistribution study of the 68Ga-labeled peptides, 68Ga-DOTA-RGD2, 
68Ga-TRAP-RGD3, 

68Ga-FSC-RGD3, and 68Ga-THP-RGD3 respectively, are depicted in Figure 7. Tumor uptake values were 
5.1 ± 2.7 %ID/g, 4.3 ± 0.8 %ID/g, 8.5 ± 1.4 %ID/g, and 5.3 ± 0.6 %ID/g, for 68Ga-labeled DOTA-RGD2, 
TRAP-RGD3, FSC-RGD3, and THP-RGD3 respectively. There were significant differences in tumor uptake 

between 68Ga-DOTA-RGD2 and 68Ga-FSC-RGD3 (p=0.0285), between the 68Ga-TRAP-RGD3 and 68Ga-FSC-
RGD3 (p=0.0004), and between 68Ga-FSC-RGD3 and 68Ga-THP-RGD3 (p=0.0018).

All four tracers rapidly cleared from the blood, except for 68Ga-FSC-RGD3, showing 2.37 ± 0.13 %ID/g 
present within the blood after one hour. Blood uptake values were statistically significantly different from 
each other, each showing p-values of p<0.0001, except for 68Ga-DOTA-RGD2 and 68Ga-TRAP-RGD3 where 
p=0.0065. Uptake values of the blood were 0.20 ± 0.05 %ID/g, 0.11 ± 0.02 %ID/g, 2.37 ± 0.13 %ID/g, and 
0.40 ± 0.03 %ID/g, for 68Ga-DOTA-RGD2, 

68Ga-TRAP-RGD3, 
68Ga-FSC-RGD3, and 68Ga-THP-RGD3 respectively.

The uptake values within the muscle were 0.33 ± 0.10 %ID/g, 0.21 ± 0.01 %ID/g, 0.71 ± 0.02 %ID/g, 
and 0.47 ± 0.02 %ID/g for 68Ga-DOTA-RGD2, 

68Ga-TRAP-RGD3, 
68Ga-FSC-RGD3, and 68Ga-THP-RGD3 

respectively. 

The uptake of 68Ga-DOTA-RGD2 in the kidneys (2.67 ± 0.27 %ID/g) was statistically significantly lower 
compared to the uptake of 68Ga-TRAP-RGD3 (4.00 ± 0.44 %ID/g, p=0.0004), 68Ga-FSC-RGD3 (15.65 ± 
0.86, p<0.0001), and 68Ga-THP-RGD3 (8.88 ± 0.81 %ID/g, p<0.0001). The other compounds also differed 
significantly from each other (data is not shown).

Tumor-to-blood (TBR), tumor-to-muscle ratios (TMR), and tumor-to-kidney ratios (TKR) with standard 
deviations were calculated and are summarized in Table 3. The lowest TBR was found for 68Ga-FSC-RGD3, 
mainly due to the higher blood values. The TBR between 68Ga-FSC-RGD3 and the other compounds 
were significant different (68Ga-DOTA-RGD2, p=0.0131, 68Ga-TRAP-RGD3, p=0.005, and 68Ga-THP-RGD3, 
p<0.0001).

Figure 6. Competitive binding curves on semi-logarithmic scale of 111In-labeled DOTA-RGD2 on αvβ3 integrin with added 
unlabeled DOTA-RGD2, TRAP-RGD3, FSC-RGD3. Expressed as percentage of DOTA-RGD2 binding.
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Figure 8 shows the biodistribution results of tracer and tracer with the addition of excess cold of the 
dimeric (a) and three trimeric peptides (b-d). A co-injection of unlabeled excess cold of DOTA-RGD2 
resulted in tumor uptake values less than 1.0 %ID/g (0.36 ± 0.01 %ID/g, 0.34 ± 0.07 %ID/g, 0.84 ± 0.03 
%ID/g, and 0.64 ± 0.11 %ID/g for the 68Ga-labeled DOTA-RGD2, TRAP-RGD3, FSC-RGD3, and THP-RGD3 
compound respectively). The other dissected organs also showed reduced uptake in the RGD-based 
radiotracers, suggesting that at least a part of the uptake of the 68Ga-labeled peptides was αvβ3 integrin 
mediated. It can be seen that the kidney uptake of all tracers is only partly blocked. This is caused by 
αvβ3 integrin targeting on the endothelial cells and on the other hand due to renal excretion.

PET/CT imaging
PET/CT images were made after CO2/O2 asphyxiation. For all tracers, the PET/CT images showed clearly 
visible tumors in the left flank. PET/CT images showed high uptake in the abdominal region (intestines 
and kidneys) for 68Ga-DOTA-RGD2, 

68Ga-FSC-RGD3, and 68Ga-THP-RGD3. The images as shown in Figure 9 
are in line with the biodistribution data. 

Table 3. Tumor-to-Blood Ratio (TBR), Tumor-to-Muscle Ratio (TMR), and Tumor-to-Kidney Ratio (TKR) calculated from 
biodistribution data.

68Ga-DOTA-RGD2
68Ga-TRAP-RGD3

68Ga-FSC-RGD3
68Ga-THP-RGD3

TBR 17.81 ± 9.39 31.46 ± 15.79 4.24 ± 1.83 13.47 ± 1.54

TMR 14.86 ± 4.26 20.90 ± 3.57 12.03 ± 2.14 11.32 ± 1.72

TKR 1.85 ± 0.87 1.09 ± 0.13 0.55 ± 0.10 0.61 ± 0.11

Figure 7. Biodistribution results of the four different 68Ga-labeled RGD-peptides at 1 hour post-injection. Mice with a SK-RC-52 
xenograft tumor in the left flank. The results are expressed as mean percentage of the injected dose per gram (%ID/g) ± 
standard deviation (0.5 nmol, 5 mice/group).

Figure 8. Distribution of radioactivity (black bars) as percentage of injected dose per gram ± standard deviation (%ID/g ± stdev, 
5 mice/group), 1 hour post-injection of 0.5 nmol, 11.1-14.8 MBq/mouse with 68Ga-labeled RGD peptide in SK-RC-52 xenograft 
tumor model. The blocking dose (white bars) was adminstrated simultaneously with 68Ga-labeled RGD peptide in SK-RC-52 
xenograft tumor model (3 mouse/group, 4.8-12.2 MBq/mouse, 0.5 nmol + 50 nmol excess cold of DOTA-RGD2), and the results 
are given as %ID/g ± stdev, 1 hour post-injection.

 

Figure 9. PET/CT 3D image reconstructions of the uptake of an administered peptide dose ranging from 11.1 to 14.8 MBq 68Ga-
DOTA-RGD2 (A), 68Ga-TRAP-RGD3 (B), 68Ga-FSC-RGD3 (C), and 68Ga-THP-RGD3 (D), 1 hour after injection. Scaling was performed 
for each mouse separately, to show a clearly visible tumor in each case (optimal scaling). White arrows indicate tracer uptake 
in tumor tissue.
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Discussion
In this study four multimeric cyclic RGD-based radiotracers were selected: 68Ga-DOTA-RGD2, 

68Ga-
TRAP-RGD3, 

68Ga-FSC-RGD3, and 68Ga-THP-RGD3, to study the in vitro and in vivo αvβ3 integrin targeting 
characteristics of each tracer within a single experiment. These radiopharmaceuticals were developed 
to improve the binding affinity for αvβ3 integrin. 68Ga-DOTA-RGD2 showed optimal in vivo αvβ3 integrin 
targeting properties with slightly better affinity for αvβ3 integrin compared to 68Ga-TRAP-RGD3, 

68Ga-
FSC-RGD3 and 68Ga-THP-RGD3. However, all four radiotracers showed receptor specific imaging of αvβ3 
integrin expression and also showed sufficient tumor targeting. 

During the labeling procedure of the RGD-based peptides, formation of 68Ga-colloid may occur. 
In case of 68Ga-colloid formation, enhanced accumulation of this 68Ga-colloid within the liver and 
spleen will be observed. Tracer uptake in abdominal tumor tissue may interfere with this enhanced 
accumulation, consequently resulting in reduced image quality. The ITLC-colloid method is used to test 
this phenomenon and in case of the formation of colloid, the labeled peptide is purified with an HLB 
cartridge. During the radiolabeling procedure of 68Ga-THP-RGD3, 26% of 68Ga-colloid was observed, 
suggesting that 68Ga-colloid was present. However, tracer uptake within the liver and spleen did not 
differ from the other compounds, making it less likely 68Ga-colloid was indeed present. Accurate 
analysis is only possible when the ITLC-colloid method has been optimized. In case of 68Ga-THP-RGD3, 
it is suggested to determine the correct buffer solution in order to optimize the ITLC-colloid method.

Several groups tried to increase the binding affinity and tried to enhance the tumor targeting 
properties. In this study, the binding of 111In-DOTA-RGD2 to αvβ3 integrin competed by unlabeled DOTA-
RGD2, TRAP-RGD3, FSC-RGD3, and THP-RGD3 compound, was determined in the solid phase binding 
assay. We showed that the dimeric compound has binding affinities in the same nM range as the 
trimeric counterparts, if tested under equal circumstances and using equimolar peptide doses. The 
small variation in binding affinities between the radiotracers may be attributed to the influence of the 
different chemical structures. When the results are compared with the binding affinities as mentioned 
in literature, our results seem to be comparable (in the same nM range). However, this comparison 
and the interpretation should be done carefully, since different experimental set-ups were used to 
determine the IC50 values [49, 59-61]. Another limitation that should be considered when interpreting 
the results is that the detection of the emitted gamma rays were near the detection rate of the gamma-
counter and furthermore binding to αvβ3 integrin was low, suggesting a suboptimal binding assay. 
Therefore, a new binding assay might be considered.

68Ga-FSC-RGD3 showed a remarkable difference in kidney, blood, and tumor uptake. The TBR and 
TKR were significantly lower than that of the other three radiotracers (68Ga-DOTA-RGD2, 

68Ga-TRAP-
RGD3, and 68Ga-THP-RGD3). The differences in TBRs are probably attributed to the much slower blood 
clearance, that was also seen in the study conducted by Zhai et al. (TMR were 6.4 ± 2.5 (1 hour p.i. and 
18.7 ± 2.7 2 hours p.i.) [59]. They stated that the differences in blood clearance compared to 68Ga-TRAP-
RGD3 could be related to the different charge of the FSC chelator or by the longer blood circulation due 
to free Gallium-68 bound to transferrin. Therefore, the 68Ga-FSC-RGD3 peptide is a less attractive choice 
for imaging αvβ3 integrin in clinical practice. 

The uptake in non-tumor tissue are relatively low, as observed by the biodistribution data of the αvβ3 
integrin positive SK-RC-52 tumors at 1 hour post injection for all tracers. In the experiment with the 

excess unlabeled RGD peptide, the uptake in non-tumor tissue was further decreased, suggesting that 
the uptake of the RGD-based radiotracers in these organs is at least partially αvβ3 integrin mediated. This 
conclusion can be supported by the immunohistochemistry study of Wu et al., in which the liver, lung, 
and kidney tissue were positive for the anti β3-antibody [63]. The uptake of 68Ga-FSC-RGD3 and 68Ga-THP-
RGD3 in non-tumor tissue, e.g. blood, kidney, heart, stomach, duodenum, adrenal glands, spleen, liver, 
and lungs are significantly higher than the uptake of 68Ga-DOTA-RGD2 and 68Ga-TRAP-RGD3. The uptake in 
non-tumor tissue should be low to be able to detect lesions in areas close to these organs and to prevent 
unnecessary radiation burden to these tissues. It is therefore suggested to chose 68Ga-DOTA-RGD2 or 
68Ga-TRAP-RGD3 for further in vivo studies instead of 68Ga-FSC-RGD3 and 68Ga-THP-RGD3.

The tracer accumulation in the adrenal glands was investigated because the biodistribution data 
obtained by Notni et al. [60], showed an extremely high uptake in de adrenal gland (27.77 ± 9.97 
%ID/g) which seems to be specific, since the blocking experiment showed low tracer uptake (0.36 
± 0.05 %ID/g). Gladson et al. stated that αvβ3 integrin could be an useful marker of undifferentiated 
neuroblastoma cells present in adrenal glands, since a decrease in expression was observed when 
undifferentiated neuroblastoma cells differentiated into mature ganglion or neuronal cells [64]. This 
suggests that there is at least partly αvβ3 integrin expression present within the adrenal glands. The 
authors did not have an explanation for the high uptake values. Compared with the biodistribution 
data of this study, the mean tracer uptake in the adrenal glands was much lower (< 10 %ID/g for all four 
compounds). Perhaps the difference in tracer uptake is the effect of a different peptide dose used in 
the in vivo experiment.

Because multimeric peptides showed enhanced receptor affinity compared to monomeric analogs in 
previous studies [48, 55, 56, 63, 65], it was thought that the dimeric radiolabeled peptide 68Ga-DOTA-
RGD2 would not be the best option as radiotracer for αvβ3 integrin imaging in clinical practice compared 
to the trimeric RGD-based peptides. For this experiment, equimolar amounts of each radiolabeled 
RGD-based peptide were used. Because of the differences in numbers of RGD units within a molecule, 
trimeric RGD-based peptides provide 1.5 times as much active binding sites as an equimolar amount of 
the dimeric RGD-based peptide. However, based on the results obtained in this study, multimerization 
is not the only factor influencing the receptor binding affinity. The choice of linkers used in multimeric 
RGD-based peptides could also influence the possibility to bind αvβ3 integrins [66]. The chemical 
structure may affect ‘statistical rebinding’, a term that was introduced by Dijkgraaf et al. [49]. Statistical 
rebinding means that the number of RGD peptides present within one molecule can affect the chance 
of (re)binding the receptor, and in this way enhance receptor targeting. On the other hand, the chemical 
structure may prevent rebinding. The chemical structures of the radiolabeled peptides used in this 
study are different and therefore may explain the differences in binding affinities of 68Ga-DOTA-RGD2 
and the trimeric peptides 68Ga-TRAP-RGD3, 

68Ga-FSC-RGD3, and 68Ga-THP-RGD3. 

Conclusion
68Ga-DOTA-RGD2 and 68Ga-TRAP-RGD3 showed optimal in vivo αvβ3 integrin targeting properties 
compared to 68Ga-FSC-RGD3 and 68Ga-THP-RGD3, due to higher TBR and TMR ratios and lower tracer 
uptake in non-tumor tissue (e.g. kidneys), making them more suitable radiotracers for PET/CT imaging 
to image αvβ3 integrin expression. Because of the extensive (clinical) experience using DOTA-conjugated 
radiopharmaceuticals and because of the available equipment present at our department, 68Ga-DOTA-
RGD2 will be chosen for further clinical studies.
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Chapter 3: Imaging of angiogenesis in HNSCC patients using 68Ga-DOTA-RGD2 
PET/CT

Introduction
Angiogenesis is a crucial process for tumor growth and metastasis. Non-invasive methods to monitor 
angiogenesis in tumor lesions could be of great value for treatment selection and adaptation, or for 
response monitoring to steer patient management aiming to improve patient outcome as well as to 
enhance patients’ quality of life. Especially in patients with HNSCC, quality of life is an important factor 
to consider. Treatment induces significant morbidity which include swallowing and speech impairment, 
loss of shoulder function, mucositis, dermatitis, dysphagia, a dry mouth or thickened saliva, or fatigue. 
Optimal treatment while preserving the function of the organs in the head and neck region needs 
thorough investigation of all available treatment options. 

Several imaging biomarkers depict fundamental processes involved in tumor biology. Research on the 
process of angiogenesis resulted in the identification of several biomarkers, that could be used to develop 
tracers for radionuclide imaging of angiogenesis. One of the promising targeted agents for PET/CT is 
68Ga-DOTA-RGD2. During angiogenesis, αvβ3 integrins are expressed on newly formed endothelial cells. 
68Ga-DOTA-RGD2 targeting agent mimics the binding potential of proteins of the extracellular matrix 
(fibronectin, vitronectin, laminin, a.o.) by targeting αvβ3 integrin expression via their RGD sequence. 

The studies in mice with human tumor xenografts showed the feasibility of imaging angiogenesis using 
68Ga-DOTA-RGD2 in HNSCC [49-51]. Furthermore, immunohistochemical staining profiles of the tumor 
tissue confirmed the sole expression of αvβ3 integrin on neovascular structures within the tumor and 
not on tumor cells themselves [50]. The data acquired in these preclinical experiments provided clear 
evidence that 68Ga-labeled DOTA-RGD2 can be used as an imaging biomarker of angiogenesis and that 
it could be an useful tool to monitor therapy responses. The aim of the current study is to test this new 
radiotracer for PET/CT imaging of αvβ3 integrin expression in patients with HNSCC. When successful, 
this non-invasive imaging method may be of great value for selection and adaptation of treatment, or 
as response monitoring tool to steer treatment decisions early after start of treatment.

Study objectives 
This will be the first clinical imaging study using 68Ga-DOTA-RGD2 PET/CT to image αvβ3 integrin 
expression in HNSCC. The primary objectives of this study are to assess the feasibility and safety of 
68Ga-DOTA-RGD2 PET/CT imaging in patients. Secondary objectives are to determine the biodistribution, 
pharmacokinetics, and pharmacodynamics of 68Ga-DOTA-RGD2. Furthermore, we aim to validate 
68Ga-DOTA-RGD2 as an imaging biomarker of angiogenesis, using immunohistochemical analysis: the 
correlation between 68Ga-DOTA-RGD2 uptake in tumor lesions and the expression of αvβ3 integrin on the 
tumor vasculature is determined.

Outcome measures
The primary outcome measures are the quantitative analysis of 68Ga-DOTA-RGD2 tracer uptake in tumor 
tissue, using Standardized Uptake Values (SUV), and the recording of adverse events, changes in vital 
signs, and laboratory measurements before, during, and after radiotracer injection. Secondary outcome 
measures include the quantitative analysis of tracer uptake in other organs, such as the liver, kidneys, 
muscle, a.o. Secondary outcome measures further include the pharmacodynamic analysis of 68Ga-DOTA-
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RGD2 by deducing the arterial plasma time–activity concentration curve (APTAC) and the tissue time–
activity curve (TTAC) from dynamic PET data. With the pharmacokinetic and pharmacodynamic imaging 
data the optimal scan time will be determined. The optimal time point for tumor imaging is defined as the 
time with the highest uptake in tumor tissue and the lowest uptake in non-tumor tissue, resulting in the 
highest tumor-to-background ratio (TBR). The last secondary outcome measure is the semi-quantitative 
analysis of the αvβ3 integrin expression on the tumor vasculature. The tracer uptake (SUV) as determined 
with PET/CT will be correlated with the expression of αvβ3 integrin as determined with immunohistology.

Study design
Study population
The study protocol, written as part of this thesis, was reviewed by the institutional Committee on 
Ethics (see appendix A). Patients presenting in the Radboud University Medical Center are considered 
for recruitment, if they are over the age of 18 years and able to provide written informed consent. We 
prospectively include patients who are scheduled to undergo surgical resection of a proven squamous 
cell carcinoma of the oral cavity, oro- and hypopharynx, or larynx.

The study population for this pilot study exists of 25 evaluable patients. Patients are included consecutively. 
In order to be eligible to participate in this study, a subject meet all of the following criteria.

Inclusion criteria
All patients have at least one proven tumor lesion of the oral cavity, oro- and hypopharynx, or larynx, 
with a diameter of at least 3 cm. The diameter is examined during the clinical examination and according 
to radiologic criteria obtained from either MRI or CT. A diagnostic CT or MRI scan is obtained within 
four weeks prior to the screening visit. A surgery as primary treatment should be planned.

The patient should not have any of the following contra-indications for PET/CT; pregnancy, breast-
feeding, or severe claustrophobia, nor an impaired renal function (Creatinin clearance ≤ 60 mL/min 
according to the ‘The Cockcroft-Gault’ equation), or an impaired liver function (ALAT, ASAT ≥ 3x ULN, 
and total bilirubin ≥ 2x ULN). Patients are excluded if they are diagnosed with other serious illnesses. 

Safety analysis
In ten patients, safety of 68Ga-DOTA-RGD2 administration will be evaluated. Safety monitoring includes 
the recording of adverse events, changes in vital signs, and laboratory measurements before, during 
and after the injection of 68Ga-DOTA-RGD2. Vital signs are evaluated at baseline and 120 minutes after 
injection and include blood pressure, temperature, and heart rate. Changes in liver and kidney function 
(alanine aminotransferase (ALAT), aspartate aminotransferase (ASAT), creatinine clearance, bilirubin, 
and ureum) are studied and therefore two blood samples are obtained. One blood sample is drawn 
before injection of the radioactive tracer (baseline measurement), the second venous puncture is 
performed 24 hours after administration of 68Ga-DOTA-RGD2. Hematology lab values (Hb, Ht, leucocytes, 
and thrombocytes) are also determined at  both time points.

During examination, blood samples of 3 mL are drawn for pharmacokinetic analysis at 5, 30, 60, 90, 
and 120 minutes after administration of 68Ga-DOTA-RGD2. All measurements are written down in the 
subject’s source records. Patients are monitored further if abnormalities in laboratory measurements 
are detected.

PET/CT scan protocol
To determine the feasibility of 68Ga-DOTA-RGD2 PET/CT imaging, and to determine the whole-body 
distribution, pharmacokinetics, and pharmacodynamics of 68Ga-DOTA-RGD2 injection, three scan 
protocols are applied in three patient cohorts. These are briefly described in the next sections. All 
patients are scheduled for a 68Ga-DOTA-RGD2 PET/CT scan one to seven days before the planned surgery.

Study cohort A
In the first five patients three static whole-body PET/CT scans are acquired after 68Ga-DOTA-RGD2 
injection to assess safety of administration and to determine the biodistribution (e.g. uptake in tumor 
tissue, stomach, lungs, heart, blood, kidneys, bladder, liver, spleen, muscle, adrenal glands, thyroid 
tissue, brain, brain ventricles, small and large intestines). From these first five patients, three static 
whole-body scans of approximately 20 minutes will be acquired, starting 30 minutes after injection of 
68Ga-DOTA-RGD2, followed by a scan at 60 minutes, and 90 minutes, respectively. 

Study cohort B
With a dynamic PET/CT scan protocol, the pharmacokinetics and tumor dynamics is further assessed. 
Five patients undergo a 60 minutes dynamic PET/CT scan of the head- and neck region. They are 
positioned within the scanner and the PET/CT scan start immediately after a bolus-injection of 68Ga-
DOTA-RGD2.

Study cohort C
In the third cohort of 15 patients, the feasibility, safety, and tumor imaging characteristics of the tracer 
is further evaluated. Therefore, a 68Ga-DOTA-RGD2 PET/CT scan of the head and neck region is acquired 
at the optimal imaging time point several minutes after injection of 68Ga-DOTA-RGD2.

Immunohistochemistry
Tumor tissue samples are collected directly after tumor removal. Ideally, a section through the center 
of the tumor (through cut) is obtained, together with eight samples/biopsies at four poles of the tumor. 
Multiple samples at both the peripheral side and central part of the tumor and in each quadrant are 
obtained, when a section through the tumor is not feasible. Formalin-fixed and paraffin-embedded 
tissue specimens (FFPE) and frozen tumor tissue samples are taken. The FFPE obtained samples are 
processed in the standard fashion with hematoxylin and eosin (HE) for grading and staging. These 

Diagnosis of
HNSCC

Screening of
inclusion criteria

n = 25

Cohort B
60 minutes dynamic 

PET/CT
n = 5

Surgery
Immunohisto-

chemical analysis
n = 25

Analysis of
PET/CT data and
immunohistology

Cohort C
1 static PET/CT scan of 
head and neck region

n = 15

Cohort A
3 static whole body 

PET/CT scans
n = 5

Figure 10. Flowchart of study design. Blue box indicates the ten patients in which safety of 68Ga-DOTA-RGD2 administration is 
evaluated.
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samples are also prepared to perform immunohistochemical analysis of angiogenic specific markers. 
Microvessel density is determined using anti-human CD34 antibody. The αvβ3 integrin expression is 
determined on the frozen sections using a specific αvβ3 integrin marker, a biotinylated monoclonal anti- 
αvβ3 antibody, LM609 (1:800; Merck Millipore). Immunohistochemistry staining is visually quantified 
by an experienced pathologist and is scored based on staining intensity, using a semi-quantitative four-
point scale (0 = no staining, 1 = weak, 2 = moderate, and 3 = strong positive staining).

Materials and method
Preparation and injection of 68Ga-DOTA-RGD2
68Ga-DOTA-RGD2 is produced according to GMP-compliant procedures, at the laboratory of the 
department of Radiology and Nuclear Medicine (Radboudumc, Nijmegen). The 68Ga-DOTA-RGD2 
radiolabeling procedure is described in detail in the supplementary data of Appendix B. The patients 
receive 70 µg, 200 MBq 68Ga-DOTA-RGD2. No specific subject preparations are requested, e.g. patients 
are able to take their regular medicines according to their normal schedule, and no fasting or hydration 
is needed. The 68Ga-DOTA-RGD2 is injected as a bolus over one minute. After administration, the syringe 
is measured for residual activity in order to correct for the administered activity.

PET/CT imaging protocol
Patients are scanned with a Biograph 40 mCT PET/CT scanner (Siemens Healthcare). PET and CT images 
are acquired according to the scan protocol, which depends on the subjects’ cohort. The PET/CT 
scanning protocol is described in detail in the supplemental data op Appendix B.

The PET images are reconstructed using a 3-dimensional ordered-subset expectation maximization 
algorithm with a spatially varying point-spread function incorporating time-of-flight information 
(UltraHD PET). Image reconstruction is performed with 3 iterations and 21 subsets. The slice of the PET 
reconstructions are matched with the attenuation-corrected low-dose CT. The reconstruction includes 
a three-dimensional Gaussian filter kernel with a full width half maximum of 7.5 mm, a matrix size of 
256x256, and a pixel size of 3.1 mm. 

The CT images are acquired for attenuation correction and anatomical reference. An X-ray tube voltage 
is chosen using CARE kV, with a reference tube voltage of 100 kV. The tube current time product is 
modulated using CARE Dose4D (Siemens), and is set to 30 mA.s. The low-dose CT is reconstructed with 
slice thickness of 3.0 mm, field of view of 600 mm, and an increment of 1.5 mm. An additional low-dose 
CT reconstruction is performed using Sinogram affirmed iterative reconstruction (Safire) strength 3, 
slice thickness of 3.0 mm, an increment of 1.5 mm, and field of view of 500 mm. 

Analysis of non-imaging data
The radioactivity in the blood samples are measured in a gamma-counter. The 3 mL samples taken at 
each time point were divided into three samples of 1 mL. The samples are counted together with an 
internal standard (1% of the injected dose) of the administered dose in triplicate. The activity is decay 
corrected to the injection time and time-activity curves are created. The activity within the blood is 
given as mean percentage of the injected dose per gram ± standard deviation, calculated with the 
formula: 1 × 𝐶𝐶𝐶𝐶𝐶𝐶𝑠𝑠 × 𝑤𝑤𝑠𝑠

𝐶𝐶𝐶𝐶𝐶𝐶𝑠𝑠𝑡𝑡𝑑𝑑
  (with ws = weight of tissue sample, CPMs = counts per minute of the sample, CPMstd 

= counts per minute of the standard). The elimination rate constant (gradient, ke) is determined using 
the curve fitting procedure in Matlab (MATLAB R2014b, The MathWorks Inc., Natick, MA). With this 

gradient, the time that is required to reach half of its original value (t1/2β) was calculated with the 
formula 𝑙𝑙𝑙𝑙(2)

𝑘𝑘𝑒𝑒
 .

PET/CT imaging analysis
Biodistribution

Visual analysis of the fused PET/CT images is performed using HERMES (Hermes Medical Solutions AB, 
Stockholm, Sweden). Quantitative analysis is performed using Inveon Research Workspace Software, 
version 4.1 (Preclinical Solutions, Siemens Medical Solutions USA, Knoxville Tennessee, USA). The mean 
and maximal standardized uptake values (SUVmean and SUVmax) are calculated according to the formula: 
SUV= 𝐴𝐴𝑖𝑖

𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖 𝑤𝑤𝑝𝑝𝑝𝑝⁄  , with Ai = the (mean or max) activity within the VOI (Bq/ml), Ainj = decay corrected amount 
of injected radiolabeled RGD (Bq), and wpt = the body weight of the patient (kg). 

The organs of interest (lungs, heart, kidney, liver, spleen, stomach, bladder, thyroid, brain, brain 
ventricles, and adrenal glands) are delineated in the CT images using a manually drawn volume of 
interest of the whole organ (VOI) in all three planes (sagittal, coronal, and transverse). These VOIs are 
aligned on the PET data and SUVmean and SUVmax within the VOIs is determined. Activity in the muscle 
is obtained by drawing a manually defined VOI of approximately 24 cm3 in the deltoid muscle. Activity 
in the small and large intestines is determined by drawing three VOIs of 4 cm3 that is placed at three 
different places within the body. Activity within the intestines is calculated as mean activity of the three 
regions. For the blood pool value, a ellipsoid VOI is drawn in the brachiocephalic artery, with a volume 
of approximately 4.5 cm3. Background activity was measured using an ellipsoidal VOI in the tongue of 
approximately 12 cm3. SUVmean is presented as mean ± standard deviation.

Tumor delineation
The tumor volume is delineated in the PET images using three methods: (1) a fixed threshold region 
growing segmentation method at 50% (SUV50%), (2) a fixed threshold region growing segmentation 
method at 80% (SUV80%) and (3) a fixed threshold based method representing the eight voxels 
surrounding the SUVmax (SUVpeak). More information regarding these delineation methods is given in the 
supplementary data of Appendix B. The SUV50% and SUV80% are presented as mean ± standard deviation. 
Tumor-to-blood (TBR), tumor-to-kidney (TKR), and tumor-to-muscle (TMR) ratios are calculated and 
given as ratio of the tumor SUV80% and non-tumor SUVmean.

Preliminary results
So far, two patients have been included. Table 4 summarizes the patients characteristics. 68Ga-DOTA-
RGD2 PET/CT scan was performed before surgery (5 days and 4 days before the surgery, respectively). 
Unfortunately, the PET/CT scan of the first patient was interrupted due to severe claustrophobia of the 
patient during the PET/CT scan. 

Non-imaging data
No drug related adverse events were reported after injection of 68Ga-DOTA-RGD2. Vital signs, e.g. blood 
pressure, heart rate, and temperature, were monitored at baseline and 120 minutes after injection. 
No significant changes were observed. The liver parameters  (ASAT, ALAT, total bilirubin) and kidney 
parameters (creatinine clearance) did not show any significant short term changes. These results 
showed that the injection of 68Ga-DOTA-RGD2 did not affect kidney- or liver function of these patients, 
indicating a safe procedure.
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Blood sampling indicated rapid blood clearance of the radiotracer. The blood clearance curves in Figure 
11 showed that after 5 minutes less than 4 %ID/g is present within the blood. Within 30 minutes, the 
tracer is distributed from the blood to surrounding tissue and organs. The tracer is excreted by the 
kidneys. After two hours less than 1 %ID/g remained in the circulation.

The elimination rate constant, ke is 0.01275 min-1 (95% CI: 0.01729; 0.008213) for patient 1 and 0.0112 
min-1 (95% CI: 0.01376; 0.008649) for patient 2. This resulted in an estimated half-life of the elimination 
phase (t1/2β) of 55 minutes for patient 1 and t1/2β = 62 minutes for patient 2.

Imaging data
The tumor of the second patient was described as a HNSCC of the oral cavity, with invasion in the 
right jawbone and tongue. The maximal diameter of the lesion was 4.6 cm. Two pathologic lymph 
node metastases were found, in level II of the left neck side (diameter of 15 and 10 mm respectively). 
However, with the PET/CT images, these nodes could not be identified by 68Ga-DOTA-RGD2, probably 
due to the inability to distinguish these nodes from the tumor lesion or tracer uptake within the 
submandibular gland.

The tumor showed clear, heterogeneous accumulation of 68Ga-DOTA-RGD2 (Figure 13). The SUVmax of 
the tumor tissue were 5.9, 6.2, and 6.1 at 30, 60, and 90 minutes post injection (p.i.), respectively. The 
SUVpeak were respectively 5.5, 5.7, and 6.5. The SUV50% were respectively 3.9 ± 0.7, 4.0 ± 0.7, and 4.0 ± 
0.7, and the SUV80% of tumor uptake 5.2 ± 0.3, 5.3 ± 0.3, and 5.3 ± 0.3, respectively. 

The highest uptake in non-tumor tissue was found in the bladder, in which SUVmean values were 51.9 ± 
24.3, 66.1 ± 22.5, and 69.3 ± 12.7 at 30, 60, and 90 minutes p.i., respectively. The results of both the 
SUVmean and SUVmax measurements for all organs and non-targeted tissues, are given in Table 5. Uptake 
of 68Ga-DOTA-RGD2 in non-targeting organs is illustrated in Figure 14 and was especially seen in the liver 
(SUVmean, 60 min p.i. 1.9 ± 0.5), spleen (SUVmean, 60 min p.i. 2.1 ± 1.0), and kidneys (SUVmean, 60 min p.i. 
4.2 ± 2.3). The large standard deviation of the kidney uptake is considered to be due to the excretion 
of 68Ga-DOTA-RGD2, and due to αvβ3 integrin expression at the vascular endothelium and glomerular 

Table 4. Demographic patient characteristics, injected dose per subject, and mean injected dose per gram ± standard deviation 
(%ID/g ± stdev) of the blood samples.

Subject Gender Age Weight (kg) TNM-stage Location Maximal diameter

Patients characteristics

1 M 68 91 cT2N2aM0
pT4aN1aM0

Oropharynx (left tonsil) 
and metastatic lymph node 
metastases

Lymph node: 5x3 cm

2 M 69 75 cT4N0M0
pT4N2bM0

Anterior oral cavity and 
processus alveolaris 
inferior bilateral

Tumor: 5x2x7 cm

Subject Injected 
dose (MBq)

%ID/g
t=5 min p.i.

%ID/g
t=30 min p.i.

%ID/g
t=60 min p.i.

%ID/g
t=90 min p.i.

%ID/g
t=120 min p.i.

Tracer characteristics

1 218.5 3.9 ± 0.01 1.8 ± 0.03 1.1 ± 0.03 0.7 ± 0.0 0.6 ± 0.1

2 218.3 1.9 ± 0.3 0.7 ± 0.2 0.5 ± 0.1 0.3 ± 0.1 0.2 ± 0.1

Figure 11. Graphic illustration of the time-activity 
concentration of the blood samples as mean percentage 
of the injected dose per gram (%ID/g). Error bars indicate 
standard deviations.

Figure 12. Graphic illustration of linear curve fitting to 
determine the t1/2β. Note the semi-logarithmic y-axis.

epithelial cells of the kidneys [67]. Some focal uptake was seen in the psoriasis of the left arm, and 
dupuytren grade II of the fourth metacarpal bone of the right hand (Figure 15). Note the different 
position of the left arm at the last scan. This was due to irritation of the elbow joint. 

The biodistribution showed only moderate accumulation in non-targeted tissues. Background activity 
close to the tumor was seen in the submandibular glands (SUVmean, 60 min p.i.: 2.4 ± 0.8) and thyroid 
gland (SUVmean, 60 min p.i.: 1.5 ± 0.4). Because background activity close to tumor was low and rapid 
clearance from the blood was seen, sufficient TBR and TMR could be obtained. TBR was calculated to 
be 5.2 ± 0.6, 6.8 ± 1.1, and 8.7 ± 1.3 at 30, 60, and 90 minutes p.i. respectively. The TMR was calculated 
to be 6.4 ± 1.5, 5.6 ± 2.0, and 6.3 ± 2.4 respectively. The TKR was calculated to be 1.1 ± 1.0, 1.3 ± 0.7, 
and 1.5 ± 0.9 respectively.

Immunohistochemistry
Five biopsies were taken from the fresh obtained tumor specimen: (1) left side, peripheral side of 
the tumor, located close to the jawbone, (2) left side, anterior part of the tumor, (3) centre of the 
tumor, (4) anterior right side of the tumor, 1 cm deep, and (5) right side, peripheral close to jawbone. 
A 2D representation of the tumor biopsy places is given in the supplementary data of Appendix B. The 
results of the immunohistochemistry are not yet available.
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Figure 14. Mean SUV ± standard deviation in blood, heart, and muscle, and SUV80% (left) and submandibular glands, liver, 
kidneys, spleen, lungs, and thyroid tissue (right) as obtained from the PET/CT images.

Figure 15. Patient with a HNSCC tumor in the oral cavity (indicated with T). The maximum intensity projections at the three 
imaging time points (left: 30 minutes p.i., middle: 60 minutes p.i., right: 90 minutes p.i.). Non-tumor targeting is seen in (1) liver, 
(2) kidneys, showing enhanced accumulation over time, partly explained by αvβ3 integrin targeting on vascular endothelium 
and glomerular epithelial cells and due to excretion of 68Ga-DOTA-RGD2, (3) spleen, (4) intestines, showing decreased activity 
over time, (5) bladder, (6) psoriasis of the left arm, and (7) fourth metacarpal bone of the right hand.

Discussion
The PET/CT imaging data obtained in the first patient, clearly showed accumulation of 68Ga-DOTA-RGD2 
uptake in the tumor. Furthermore, no adverse events related to the study drug were seen. Although 
only preliminary results of the ongoing study can be presented, the PET/CT images showed favorable 
biodistribution (tracer uptake in non-tumor tissue was low), fast renal excretion (<1% ID/g in blood 
after 90 minutes p.i.), and good TBR and TMR ratios (>2). It cannot be stated that tracer uptake within 
tumor tissue was αvβ3 integrin mediated, since the immunohistochemical findings were not available. 
Nevertheless, the preliminary findings were successfully translated into clinic, indicating 68Ga-DOTA-
RGD2 PET/CT imaging in HNSCC has the potential to image αvβ3 integrin expression.

Comparison with literature
Aim of this ongoing study is to assess the feasibility and safety of 68Ga-DOTA-RGD2 PET/CT imaging in 25 
HNSCC patients. However, in a recent study of López et al., five healthy volunteers underwent a 68Ga-
DOTA-RGD2 PET/CT scan to determine the dosimetry of this tracer [68]. Furthermore, no adverse events 
or clinically detectable pharmacologic effects were observed in their study [68]. The mean effective 
dose of a 68Ga-DOTA-RGD2 injection was estimated to be 20.9 ± 5.2 μSv/MBq in an one-hour-voiding 
model, indicating that for an administered activity of 200 MBq, the mean effective dose would be 4.2 
mSv [68]. These findings are in line with the effective doses of other 68Ga- and 18F-labeled RGD peptides 
that ranged from 10-40 µSv/MBq [22, 26, 31, 32, 41, 69]. Our preliminary data are in line with their 
findings, making it even more conceivable that 68Ga-DOTA-RGD2 PET/CT imaging is a safe procedure.

There are several published studies in which the pharmacokinetics of RGD-based radiotracers were 
determined by evaluating blood samples [36, 44]. Mittra et al. obtained 1-mL blood samples at 10 

Table 5. Mean and maximal SUV ± standard deviation of organs at the three imaging time-points. *Mean of both kidneys, 
#mean of three VOIs.

30 minutes p.i. 60 minutes p.i. 90 minutes p.i.

Organ SUVmax SUVmean SUVmax SUVmean SUVmax SUVmean

Blood 1.3 1.0 ± 0.1 0.9 0.8 ± 0.1 0.8 0.6 ± 0.1

Muscle 0.7 0.4 ± 0.1 0.5 0.4 ± 0.1 0.5 0.3 ± 0.0

Heart 2.0 1.0 ± 0.2 1.5 0.7 ± 0.1 1.7 0.6 ± 0.1

Lungs 2.2 0.2 ± 0.1 0.6 0.2 ± 0.1 0.5 0.1 ± 0.1

Liver 4.0 2.0 ± 0.4 4.0 1.9 ± 0.5 4.0 2.0 ± 0.5

Spleen 4.0 2.8 ± 0.7 3.9 2.1 ± 1.0 4.3 2.8 ± 0.8

Stomach 2.7 0.7 ± 0.5 2.9 1.0 ± 0.5 3.1 0.9 ± 0.7

Kidneys* 36.8 5.2 ± 4.5 12.7 4.2 ± 2.3 7.7 3.5 ± 2.0

Bladder 85.4 51.9 ± 24.3 92.1 66.1 ± 22.5 84.7 69.3 ± 12.7

Large intestines# 2.5 1.6 ± 0.7 1.5 3.2 ± 0.6 2.0 1.2 ± 0.7

Small intestines# 2.9 2.2 ± 0.8 2.5 1.3 ± 0.9 2.6 1.8 ± 4.5

Thyroid gland 2.7 1.7 ± 0.4 2.6 1.5 ± 0.4 2.4 1.4 ± 0.4

Brain tissue 0.6 0.1 ± 0.1 0.5 0.1 ± 0.1 0.5 0.1 ± 0.1

Brain ventricles 2.6 0.4 ± 0.7 2.4 0.4 ± 0.6 2.4 0.5 ± 0.7

Submandibular gland 3.3 2.5 ± 0.6 3.2 2.4 ± 0.8 3.2 2.3 ± 0.7

Tongue 1.8 0.9 ± 0.2 2.6 1.0 ± 0.3 2.5 0.8 ± 0.3

Bone marrow 0.3 0.2 ± 0.04 0.8 0.4 ± 0.1 0.6 0.4 ± 0.1

Figure 13. Transverse view of tumor site of patient with HNSCC of the oral cavity. Images display the three PET/CT imaging 
time points and the diagnostic MRI image (tumor is indicated by white arrow). Tumor showed heterogeneous uptake.
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time points after injection of 18F-FPPRGD2 [36]. The time-activity curves showed that 90 minutes after 
injection only 8 ± 2% of the tracer was present within the blood. Kenny et al. showed that less than 10% 
of the tracers was present within the blood after one hour and a biological half-life of 10 minutes was 
calculated [44]. Our results are in line with both studies.

The metastatic lymph nodes found in our patient were not seen with 68Ga-DOTA-RGD2 PET/CT. One of the 
previous clinical studies using 68Ga-NOTA-PRGD2 PET/CT, studied the accuracy of 68Ga-NOTA-PRGD2 PET/
CT in the detection of lymph nodes metastasis in lung cancer patients [42]. They showed significantly 
better positive and negative predictive values for RGD PET/CT compared to standard 18F-FDG PET/CT 
(90.0% and 93.8% versus 30.2% and 90.5%, respectively) [42]. The lymph node metastasis in our patient 
were not found, probably due to the close location of the lymph nodes to the submandibular glands. 
However, more patients are first needed to determine the positive and negative predictive values of 
68Ga-DOTA-RGD2 in the detecting of metastatic lymph nodes. 

The preliminary results proved that in HNSCC αvβ3 integrin is solely expressed on the neovasculature of 
the tumor, resulting in lower tracer accumulation in HNSCC tumors than tracer uptake in other types 
of tumors. A previous clinical study with 18F-Galacto-RGD PET/CT in HNSCC found a SUVmean of 3.4 ± 1.2 
for tumor, 1.3 ± 0.2 for blood, and 1.6 ± 0.4 for the submandibular glands [23]. Taken the limited data 
of our study into account, differences between the two studies are present (tumor SUV80% of 5.3 ± 0.3, 
SUVmean of 0.8 ± 0.1 for blood, and 2.4 ± 0.8 for the submandibular glands), probably due to the use of 
different radiotracers, e.g. multimerization of the peptide, different used radionuclides, and chemical 
structure differences of both compounds. Another important factor that should be considered by 
comparing these two studies, is related to the different segmentation methods used. Whereas Beer et 
al. used a SUV cut-off value of 3.0, our tumor volume was estimated by SUV80%. To allow comparisons 
between our data and findings mentioned in literature, it is important to use identical reconstruction 
settings and similar quantification methods.

Enhanced uptake of 68Ga-DOTA-RGD2 in non-tumor tissue was seen within the choroid plexus, brain 
ventricles, thyroid gland, and submandibular glands. Tracer accumulation in the brain ventricles is 
explained by the expression of αvβ3 integrin expression on normal brain tissue [70]. Furthermore, 
accumulation was already seen in previous reported studies using RGD-based peptides [36, 39, 68, 
71]. The uptake of 68Ga-DOTA-RGD2 in thyroid gland is explained by the fact that αvβ3 integrin also 
acts as a membrane receptor for thyroid hormones (THs) [72]. The accumulation of 68Ga-DOTA-RGD2 
in the submandibular glands is probably explained by physiological uptake. From other 68Ga-based 
radiotracers, such as 68Ga-PSMA (a biomarker targeting prostate-specific membrane antigens), it 
is known that normal distribution shows enhanced uptake in the salivary glands (parotid gland, 
submandibular, and lacrimal glands), due to physiologic uptake [73]. In case of 68Ga-DOTA-RGD2, only 
moderate uptake within the submandibular gland is seen. It is recommended to determine if this 
uptake is 68Ga mediated or αvβ3 integrin mediated.

Method limitations and recommendations
In this study, segmentation of the tumor volume was performed using three different fixed-threshold 
based methods. These kind of methods can be implemented easily in clinical practice and have already 
been validated in several types of cancers [74, 75]. The effect of this fixed-threshold based segmentation 
is shown in Figure 16. Based on the anatomical information (intact left jawbone), it was suggested 

that the 80% threshold (light blue region) was a reliable threshold based segmentation method. 
However, the pathological findings indicated that the tumor was invaded in the right jawbone. This 
was confirmed by CT, in which a disrupted jawbone was seen. Based on this information, the SUV80% 
does not represent the true tumor volume, because tracer accumulation within the left jawbone may 
represent αvβ3 integrin expression as well. 

If tumor volumes within a patient are measured over time, an adequate estimate of tracer accumulation 
in tumor volume is needed. Because 68Ga-DOTA-RGD2 PET/CT might be used to measure responses to 
therapy in the future clinical studies, reliable segmentation methods should be investigated. Therefore, 
it is recommended to repeat the SUV measures using different segmentation settings during this 
feasibility and safety study. Another segmentation method is an adaptive based threshold method. 
Examples of adaptive threshold based methods are segmentations based on signal-to-background 
ratios (SBR method) or segmentations based on a relative threshold level (RTL method) [76, 77]. Non-
threshold based segmentation methods are often based on a stochastic approach. Examples of these 
kind of methods are fuzzy locally adaptive Bayesian algorithm (FLAB) and gradient-based methods 
using watershed transform algorithms and hierarchical clustering analysis [78, 79]. It goes beyond the 
scope of this thesis to introduce the similarities and differences and to discuss the advantages and 
drawbacks of these kinds of segmentation methods. Research should be conducted to indicate which 
segmentation method will give the most reliable and most accurate value of the tumor volume, but this 
will only be feasible if more patients are scanned.

The pharmacokinetic behavior of 68Ga-DOTA-RGD2 was assessed by drawing blood samples at five 
different time points. With these data points, a biexponential clearance curve of tracer activity from 

Figure 16. Effect of threshold-based segmentation of tumor volume. Blue circle represents the container, green box represents 
the seed point, light blue region is SUV80%, purple is SUV50%.
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correspondence number: NL52649.091.15 (2015-1813)

the blood was seen. The half life of distribution (t1/2α) calculation is strongly depending on the first 
couple of sampling time points. Since only two data points were measured in the first couple of 
minutes after injection, it is recommended to choose three additional time points to determine t1/2α 
adequately. Therefore, in the following patients, additional blood samples at t=2, t=4, and t=10 are 
drawn.

Conclusion
This study is the first clinical imaging study using 68Ga-DOTA-RGD2 PET/CT to image αvβ3 integrin 
expression in HNSCC. The preliminary findings in the first patients showed the potential of 68Ga-DOTA-
RGD2 PET/CT in HNSCC as the tumor clearly showed increased targeting compared to surrounding 
tissues. Imaging of more patients is needed to determine the feasibility and safety of 68Ga-DOTA-RGD2 
as tracer to image αvβ3 integrin in tumor lesions and to validate whether the tracer uptake within tumor 
tissue is αvβ3 integrin mediated. However, it is recommended to optimize the delineation method of the 
tumor volume during the current study.
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Appendix B: Supplementary data

Preparation of 68Ga-DOTA-RGD2

The compound DOTA-RGD2 was synthesized at the Department of Medicinal Chemistry and Chemical 
Biology of Utrecht University, Utrecht, The Netherlands, and was supervised and verified by the 
Department of Clinical Pharmacy of the Radboud University Medical Center, Nijmegen, the Netherlands. 
The product was vialed under GMP conditions to a final concentration of 70 µg/ml in 0.5 ml. 

The radiolabeling of DOTA-RGD2 with 68Ga is performed using an 68Ge/68Ga generator (Eckhardt and 
Ziegler, Berlin, Germany) and an automated Scintomics module (Synthesizer GRP System, typenr. 45585, 
Scintomics, Germany). 68Ga is eluted using 10 mL 0.1N HCl and trapped on a PS-H+ cartridge. Subsequently, 
the 68Ga is eluted from the cartridge with 1.5 mL 5M NaCl into the reaction vial. In the reaction vial 0.5 
mg DOTA-RGD2 and 3.0 mL 1M HEPES buffer are added and the reaction mix will be heated to 100 
°C for 15 minutes. After incubation, the vessel is cooled and 68Ga-DOTA-RGD2 is purified (within the 
module) using a Seppak C18 plus cartridge and eluted from the cartridge using an 5% ethanol solution 
(2 ml). Subsequently, this solution is further diluted with 20 ml phosphate buffered saline solution. After 
synthesis of 68Ga-DOTA-RGD2, quality control of each preparation is performed before release of 68Ga-
DOTA-RGD2. The radiochemical purity is tested using ITLC and RP-HPLC. After labeling, 68Ga-DOTA-RGD2 

is stored at room temperature for patient administration. 68Ga-DOTA-RGD2 is injected after release by the 
Clinical Pharmacy, based on manufacturing data and quality control results.

PET/CT imaging protocol
Study cohort A
All patients receive three static whole-body PET/CT scans, acquired from base of skull to greater 
trochanter. This includes 5 to 6 bed positions per subject. The PET/CT scans are performed according 
to the following clinical protocol: head first, supine position, arms along the body. A low-dose CT scan 
without contrast agent is used for anatomical identification and attenuation correction. This scan is 
acquired before the start of each PET scan. PET images are acquired using 4 minutes per bed position. 
Total scan time of one PET/CT is approximately 20 minutes.

Study cohort B
The CT image for attenuation correction and anatomical reference will be acquired before the PET 
image. A x-ray tube voltage with CARE kV, a reference tube voltage of 120 kV, and tube current 
modulated using CARE Dose4D (Siemens), with a reference tube current of 40 mAs, is acquired. 

The 68Ga-DOTA-RGD2 is administered intravenously with a remote controlled syringe pump during 1 
minute at the start of the PET scan. Afterwards, the system will be flushed with saline 8 mL/s for 5 
seconds. The residual activity within the syringe is measured to correct for the administered activity. A 
venous plasma sample will be obtained at 60 minutes after injection to enable correction of the image 
derived arterial input function. This sample is measured in the gamma-counter together with a sample 
as internal standard (1% standard of the administered activity).

PET data will be acquired in list-mode setting, enabling time framing and image reconstruction. The 
frames sampling should be chosen according to the farmacokinetic behaviour of the tracer. Mostly, this 
results in finer time sampling early after injection and wider time frames at later time points, because 
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the blood and tissue concentration of the radiotracer changes most rapidly early after injection. For RGD-
based radiotracers this was already shown by Beer et al., in which a peak blood plasma concentration of 
18F-Galacto-RGD was seen within 10 minutes [24]. A typical time sequence used in dynamic 18F-FDG PET/CT 
images for an one minute infusion time is 15×5s, 5×15s, 5×30s, 4×1min, 4×3min and 9×5min time frames. 
In a study of Disselhorst et al., the influence of framing schedule on the parameters was investigated [80]. 
They determined that as long as the initial frame durations and number of frames are chosen correctly, the 
method to determine the optimal framing does not influence the parameters significantly. In this study, 
several time framings will be acquired to determine the optimal framing schedule for 68Ga-DOTA-RGD2.

Study cohort C 
PET and CT images are acquired at the optimal time point as determined in the first ten patients. This 
time point need to be obtained first. Patients are scanned in 1-2 bed positions covering the tumor lesion 
area. PET images are acquired using 4 minutes per bed position. The PET/CT scan is performed according 
to the following clinical protocol: head first, supine position, arms along the body. A low-dose CT scan 
without contrast agent is used for anatomical identification and attenuation correction. This scan is 
acquired before the start of the PET scan. Total scan time of the PET/CT is approximately 10 minutes.

Tumor delineation
The tumor volume is delineated in the PET images using the following methods. The fixed threshold 
region growing segmentation method at 50% (SUV50%) and 80% (SUV80%) were obtained with the Inveon 
Research Workspace Software, version 4.1 (Preclinical Solutions, Siemens Medical Solutions USA, Knoxville 
Tennessee, USA). Therefore, a VOI (or container) in the oral cavity was placed including the whole tumor 
volume. The seed-point was defined as the hottest voxel (SUVmax) within this container and expressed in Mq/
mL. The threshold-based segmentations were subsequently applied to obtain a 50% and 80% isocontour 
volume of the tumor. The SUV50% and SUV80% were calculated according to the formula as described before.

The information from the container was subsequently exported to Matlab (MATLAB R2014b, The 
MathWorks Inc., Natick, MA). A manually built Graphic User Interface generated the SUVmax and 
subsequently created a sphere of which the volume represent 1 cm3 (9 voxels) as closely as possible to 
the SUVmax. The calculated SUVmax was checked for conformity with the SUVmax as obtained previously. 
The SUVpeak was calculated according to the formula as described before.

Immunohistochemistry findings
A two dimensional representation of samples taken for 
immunohistochemistry. Biopsy samples were taken at: 
(1) left side, peripheral side of the tumor, located close 
to the jawbone, (2) left side, anterior part of the tumor, 
(3) centre of the tumor, (4) anterior right side of the 
tumor, 1 cm deep, and (5) right side, peripheral close 
to jawbone.

Chapter 4: General conclusion and future perspectives

Potential radiotracers to image αvβ3 integrin expression are often tested in xenograft tumor models that 
express αvβ3 integrin on both tumor endothelial cells as well as on endothelial cells of the neovasculature 
(e.g. SK-RC-52 and Melanoma M21). This results in higher uptake levels of the radiotracer, suggesting 
that the radiotracer has potential to image αvβ3 integrin expression with good tumor-to-background 
ratios. However, in tumors that do not express αvβ3 integrin, like most head and neck cancer xenograft 
models, a four-fold lower tumor uptake value was found, indicating differences in αvβ3 integrin 
expression between tumor types [50]. These αvβ3 integrin negative tumors are particularly interesting 
to study the potential of RGD-based radiotracers to image angiogenesis, as the feasibility for PET/CT 
imaging of angiogenesis can only be shown when tumor cells themselves do not express αvβ3 integrin. 
Therefore, the head and neck cancer cell line, such as  FaDu, is more suitable to study the in vivo 
characteristics and potential for imaging angiogenesis with 68Ga-DOTA-RGD2 PET/CT [50]. 

PET/CT imaging of αvβ3 integrin expression as a non-invasive marker of angiogenesis has been widely 
recognized and is now subject of intensive research. Until now, eight RGD-based PET tracers and two 
RGD-based SPECT tracers have been investigated in clinical trials and dozens of RGD-based radiotracers 
have been investigated in preclinical studies. A successful RGB-based tracer to image angiogenesis should 
at least meet the following criteria: (1) the RGD peptide should be labeled rapidly and sufficiently with 
a radioisotope, (2) the radionuclide should have excellent physical characteristics (short half-life and 
high positron yield in case of PET imaging), (3) the tracer should be kinetically stable, (4) the chemical 
structure of a RGD-based radiotracer should allow αvβ3 integrin targeting, and (5) for clinical practice the 
tracer should have a fast renal or hepatic excretion to reduce radiation burden to non-targeting tissue. 
It has been proven that 68Ga-DOTA-RGD2 meets all criteria, making it an attractive radiotracer to apply in 
humans. The preclinical experiments conducted in this thesis showed that 68Ga-DOTA-RGD2 is a viable 
radiotracer to image αvβ3 integrin expression in animal models and has the potential to be used in clinic.

Much effort was taken to translate 68Ga-DOTA-RGD2 PET/CT to clinical practice. 68Ga-DOTA-RGD2 first 
underwent extensive investigation of the quality, manufacturing process and quality control process, 
of which the results were described in an Investigational Medicinal Product Dossier (IMPD). Second, 
a clinical study protocol to assess the feasibility and safety of 68Ga-DOTA-RGD2 PET/CT imaging 
in HNSCC was realized. Both a dynamic and static PET/CT scan protocol are going to be applied to 
assess biodistribution, kinetics, and dynamics of the αvβ3 integrin targeting characteristics in HNSCC 
patients. The first preliminary results showed that it is feasible and safe to administer 68Ga-DOTA-RGD2 

to HNSCC patients and that the tracer accumulates in tumor tissue. However, whether the PET/CT 
findings correspond with αvβ3 integrin expression as determined by immunochemistry needs to be 
confirmed in subsequent analyses of the tumor tissue samples. Subsequently, the added value of 68Ga-
DOTA-RGD2 PET/CT for HNSCC patients could be determined by assessing its role in the diagnosis, in 
treatment selection or adaptation, in treatment response evaluation, or in case of the assessment of 
tumor recurrence during the follow-up period.

Future prospects
In the current guidelines for treatment of HNSCC, treatment decisions are not based on the images 
of molecular and functional non-invasive techniques, but rely on the immunohistological findings 
of biopsies. The ideal situation and the true benefit of 68Ga-DOTA-RGD2 PET/CT within the field of 
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HNSCC might only realize its role in treatment adaptation in the early phase of therapy or as response 
monitoring tool after treatment.

Treatment response monitoring tool
A possible application of 68Ga-DOTA-RGD2 PET/CT might be its role as a response monitoring tool after 
treatment. Traditional imaging techniques, such as CT and MRI, are often used to image post-treatment 
response, but it is challenging to make true distinctions between post-treatment changes, e.g. edema, 
inflammation, and fibrosis, and tumor recurrence. The role of 18F-FDG PET/CT is also limited for this 
purpose, because of its low specificity in HNSCC [81] and is only used for complement information 
besides standard diagnostics, e.g. physical examination and CT or MRI findings. These limitations have 
led to the development and evaluation of more specific molecular non-invasive imaging methods to 
monitor tumor response to therapy [82], including 18F-MISO and 18F-FASA (markers to bind hypoxic 
cells), and 18F-FLT (marker to measure tumor cell proliferative activity) [83]. These markers all showed 
the potential for use in clinic and a few clinical trials showed its value as predictive and prognostic marker 
in treatment response monitoring [83, 84]. In HNSCC, angiogenic factors reflect the aggressiveness and 
metastatic spread of tumor cells. Targeted drugs showed improved locoregional and distant control, 
a higher progression-free survival rate and less cancer mortality [8], making it an attractive tool for 
response monitoring. RGD-based radiotracers are not yet used for treatment response evaluation in 
HNSCC, but its role in rectal cancer was investigated. Withofs et al. conducted a treatment response 
PET/CT study with the tracer 18F-FPRGD2 [37]. They studied the differences in 18F-FPRGD2 uptake in 
locally advanced rectal cancer patients and found a significant difference (p=0.013) between SUVmax 
measurements for the responders group compared to the non-responders group (SUVmax 6.2±1.1 and 
4.8±1.1 respectively). However, they did not observe a correlation between SUVmax before and after 
treatment. Whereas preclinical findings suggest the feasibility of 68Ga-DOTA-RGD2 PET/CT as imaging 
tool to evaluate response to therapy, more preclinical and clinical studies need to be conducted to 
confirm these findings [51, 85]. Furthermore, the role of RGD-based radiotracers in post-treatment 
evaluation should be investigated for each tumor type separately. Until now, the results of all studies 
are contradictory, mainly because of the small number of patients used within these clinical trials, and 
because of the variation in methodological and analytical set-up of the preclinical studies. 

Early phase response monitoring
Assessment of treatment efficacy in patients with HNSCC is usually measured as disease free survival 
rates (without tumor recurrence). Every patient currently receives the same radiotherapy treatment, 
sometimes in addition to chemotherapy. To prevent unnecessary ineffective therapies, the effect of 
therapy could be measured at an earlier time point. Only two clinical studies are available in which 
the potential of RGD-based radiotracers in early phase response monitoring was studied. Iaguru et al. 
studied the 18F-FPPRGD2 uptake changes in recurrent GBM that were treated with concurrent chemo-
radiotherapy (bevacizumab) [33]. Despite the limited number of patients, the SUVmax measurements 
one week after start of treatment seemed to show that the patients with only a small decrease in 
18F-FPPRGD2 uptake (less than 15% decrease) tend to have a poor prognosis, compared to the patients 
with a higher decrease of 18F-FPPRGD2 uptake (more than 50% decrease). In another study with 
18F-AlF-NOTA-PRGD2 PET/CT it was demonstrated that a correlation between volumetric changes and 
18F-AlF-NOTA-PRGD2 uptake changes was present within the third week of treatment [47]. However, no 
correlation between standard clinical outcome measures (Response Assessment in Neuro-Oncology 
Criteria) and 18F-AlF-NOTA-PRGD2 uptake with patients with newly diagnosed GBM was found [47, 86]. 

Analysis using follow-up data after end of treatment would give additional support of these findings. The 
potential use of 68Ga-DOTA-RGD2 PET/CT imaging in early phase response monitoring or in prediction 
of therapy response needs further investigation. Therefore, adequate and well-defined protocols are 
needed and endpoints should be clearly defined. The full potential of 68Ga-DOTA-RGD2 PET/CT as non-
invasive imaging tool is yet to be determined, but changes in tracer uptake can reflect tumor response 
to several kinds of therapy as observed in preclinical studies [87]. We plan to conduct an observational 
trial to investigate the added value of therapy response monitoring in HNSCC patients, by measuring 
68Ga-DOTA-RGD2 uptake at baseline, 1-2 weeks after therapy initiation, at the end of therapy, and 
measure clinically relevant outcome measures such as volumetric tumor changes, morbidity, and 
mortality. If successful, 68Ga-DOTA-RGD2 PET/CT can be added to standard clinical work-up of HNSCC 
patients. 

Concluding remarks
Effective ways to non-invasively monitor treatment response or predict therapy response of anti-
angiogenic therapies are needed to offer HNSCC patients more individualized therapies. A promising 
non-invasive imaging technique is 68Ga-DOTA-RGD2 PET/CT and the preliminary results of this thesis 
support its feasibility. More patients are needed to fully evaluate the feasibility and safety of 68Ga-
DOTA-RGD2 PET/CT in HNSCC. Then, 68Ga-DOTA-RGD2 PET/CT as tool for treatment adaptation, early 
response monitoring, or treatment response monitoring will be sufficiently validated.
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