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INTRODUCTION 

Cancer 

Cancer is one of the leading causes of death worldwide. The number of new cancer cases 
is expected to increase from 14 million in 2012 to 22 million within the next 20 years (1). 
Cancer originates from normal cells that undergo several genetic alterations, leading to a 
malignant, uncontrolled cell growth. There are more than 100 distinct types of cancer, 
which have various essential alterations in common. These so-called hallmarks of cancer 
are (i) independence in the production of growth signals, (ii) insensitivity to signals that 
inhibit growth, (iii) escape from programmed cell death, (iv) unlimited replicative poten-
tial, (v) sustained angiogenesis (vi) the ability to invade other tissues and metastasize, (vii) 
reprogramming of cellular energy metabolism and (viii) avoiding immune destruction. Due 
to the combination of these hallmarks, cancer cells are able to circumvent the anticancer 
defense mechanism of normal cells (2, 3). 
The ultimate aim of anti-cancer therapy is to provide a personalized treatment based on 
patient-specific tumor characteristics. The three main cancer treatment modalities are 
surgery, radiotherapy and chemotherapy. Where surgery physically removes the malig-
nant lesions, radiotherapy will deposit a high local dose of radiation to the tumor with the 
aim to kill all present tumor cells. Systemic chemotherapy on the other hand, targets the 
cancer cells based on their high proliferative characteristics. Frequently these methods are 
combined to provide the optimal anti-cancer treatment for each specific tumor site, taking 
into account the effects on healthy tissues and potential morbidity. 

Tumor hypoxia 

The tumor microvasculature is characterized by an impaired and chaotic blood vessel 
network. These blood vessels are known to be highly irregular, tortuous, have arterio-
venous shunts and blind ends. In addition these vessels might collapse, causing a (tempo-
rary) occlusion. As a result, the supply of oxygen to tumor cells can be impaired, leading to 
regions of hypoxia (Figure 1.1) (4). The presence of hypoxic tumor cells has a negative 
impact on cancer treatment effectiveness, irrespective of the chosen treatment modality 
(5). It increases the metastatic potential, promotes resistance to treatment and is there-
fore related to a poor prognosis (5-8).  
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Figure 1.1: Schematic representation of the vasculature in normal and malignant tissues. [Reproduced from 
Brown and Giaccia (4)]  
 
Tumor hypoxia influences malignancy through several mechanisms. The tumors adapt to a 
low oxygen concentration by the activation of several physiological responses, for exam-
ple an increased anaerobic glycolysis and angiogenesis. Also, a natural selection takes 
place, since only cells that are able to cope with the low oxygen concentration will survive 
and proliferate, causing a more malignant phenotype. In addition hypoxia can alter the 
DNA repair capacity, which promotes genomic instability and can accelerate the cancer 
development (9). 
For radiotherapy, the presence of oxygen has a beneficial value. DNA damage is induced 
directly or indirectly by the formation of free radicals after irradiation. These radicals are 
unstable and will react rapidly with oxygen to produce a stable chemical composition. The 
damage to the DNA is chemically ‘fixed’ (5, 9). This reaction cannot take place in the 
absence of oxygen, since the ionized target molecules are able to repair themselves. The 
extent of the DNA damage is therefore dependent on the presence or absence of oxygen. 
The ratio of radiation dose which will kill the same number of hypoxic cells, in comparison 
to normoxic cells is called the oxygen enhancement ratio and is in general around 3 (9). 
Theoretically, the radiation dose to hypoxic tumors should be increased to effectively treat 
these lesions. However, the dose to the whole tumor cannot be increased without conse-
quences regarding healthy tissue toxicity. Smart solutions, targeting the hypoxic tumor 
cells (i.e. providing only a local high dose) or enhancing the susceptibility of hypoxic tumor 
cells to therapy (i.e. by anti-hypoxia targeting) have the potential to increase the thera-
peutic window of radiotherapy. However, to target tumor hypoxia, an accurate and 
reliable detection and visualization of tumor hypoxia is needed (10).  
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PET imaging 

Positron Emission Tomography (PET) is a non-invasive imaging technique, which uses 
radioactive labeled molecules (tracers) to visualize specific molecular interactions within 
the body. The radionuclide will decay, emitting a positron which reacts with a nearby 
electron, producing 2 photons which are emitted opposite to each other. After intrave-
nous injection, the tracer will distribute through the body and accumulate in certain 
regions (e.g. the tumour), the PET scanner detects the emitted gamma photons and, after 
image reconstruction, visualizes the location of the radioactive tracer within the body 
(Figure 1.2). In general the PET scanner is combined with a computed tomography (CT) 
scanner to visualize the anatomy of the patient and to correct for the attenuation of the 
gamma photons (11, 12).  
 

 
Figure 1.2: Schematic illustration of the detection of a radioactive tracer within the body. Positrons released from 
the radionuclide react with electrons in the tissue, releasing two gamma photons which can be detected by the 
PET scanner [Reproduced from van der Veldt et al. (11)].  

Metabolic imaging 

The most frequently used PET tracer is the Fluor-18 [18F] labeled glucose analog, fluorode-
oxyglucose (FDG). Organs with a high glucose metabolism like the brain, heart and cancer 
heavily consume this tracer. In contrast to normal cells, which rely primarily on oxidative 
phosphorylation to generate energy, most cancer cells produce energy by a high rate of 
aerobic glycolysis, the ‘Warburg effect’ (13). This upregulation of glycolysis results in an 
increased glucose consumption, which can be visualized with [18F]FDG PET imaging (14). 
[18F]FDG PET is used to detect and stage malignancies, guide radiotherapist in the delinea-
tion of the target volume and to monitor the response to treatment. In addition, previous 
studies have shown that the subvolumes of the tumor with the highest FDG PET uptake, 
were more susceptible to develop a local recurrence after (chemo)radiotherapy (15-18). 
Therefore, ongoing clinical studies are initiated to investigate whether a higher radiation 
dose to the high FDG subvolumes will increase the local tumor control (19-21).  
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Hypoxia imaging 

Hypoxia PET imaging is an interesting research topic for several years, but has not reached 
the routine clinical practice. The majority of hypoxia PET tracers are based on radioactive 
[18F] labeled 2-nitroimidazoles, which are bioreduced in hypoxic tumor cells and therefore 
specifically bound in these cells. There are many tracers available to visualize tumor 
hypoxia (10, 22). The first hypoxia PET tracer was [18F]misonidazole (FMISO), which was 
followed by the radioactive labeled etanidazole radiosensitizers ([18F]EF3 and [18F]EF5). 
These three hypoxia PET tracers have a relatively high lipophilicity, which allows them to 
easily penetrate the cell membranes, but therefore show a slow clearance of unbound 
tracer from the normal tissues. This causes a low image contrast between the hypoxic 
tumor and normal tissues. Therefore, more hydrophilic PET tracers were developed, to 
allow a faster clearance from the non-hypoxic tissues, with the aim to obtain a higher 
image contrast. Examples of these hydrophilic PET tracers are fluoroerythronitroimidazole 
([18F]FETNIM) and fluoroazomycin arabinoside ([18F]FAZA). The most recently developed, 
very hydrophilic PET tracer is flortanidazole [18F]HX4, which aims for preferred pharmaco-
kinetics and clearance properties. [18F]HX4 was used in preclinical setting in a rat rhabdo-
myosarcoma model. In this model the uptake of [18F]HX4 was significantly correlated to 
the immunohistochemistry staining for hypoxia (pimonidazole), providing the evidence 
that [18F]HX4 accumulates specifically in the hypoxic subvolumes of the tumor (23). The 
biodistribution and radiation dosimetry of [18F]HX4 was assessed in monkeys and humans, 
showing that the effective dose of [18F]HX4 PET was comparable to other PET imaging 
modalities with the [18F] radionuclide (24). The first clinical phase I study with [18F]HX4 
proved the feasibility and safety of [18F]HX4 PET in patients without toxicity (25). Based on 
these promising results, new preclinical and clinical studies were initiated using [18F]HX4 
PET imaging. The current status of hypoxia PET imaging with [18F]HX4 will be presented in 
the next chapters of this thesis.  

Lung and head & neck cancer 

The use of radioactive labeled nitroimidazoles to assess tumor hypoxia by PET imaging is 
described for various carcinomas. The literature is however, dominated by studies in 
patients with head and neck cancer and lung cancer. In 1996 Rasey et al. already described 
the quantification of tumor hypoxia, using [18F]FMISO, in patients with non-small-cell-lung 
cancer (NSCLC) and head and neck cancer. They observed tumor hypoxia in all NSCLC and 
head and neck cancer lesions, however a broad range (0.2 – 94.7%) of the fractional 
hypoxic volume was reported (26). Also, more recent studies confirm that in the majority 
of head and neck cancer and lung cancer patients a significant amount of tumor hypoxia is 
present, which can counteract the treatment effectiveness in these patients (7, 27-29). 
The meta-analysis published by Overgaard et al. (30, 31) showed that hypoxia modifying 
treatment has the potential to improve tumor control in patients with head and neck 
cancer. In addition, in patients with locally advanced non-small cell lung cancer (NSCLC) 
there is a need to improve the tumor control, since the standard treatment modality 
(radiotherapy in combination with chemotherapy), has a limited progression free survival 
(32). Therefore, the focus of this thesis will be the use of hypoxia PET imaging in patients 
with head and neck and lung cancer.   
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OBJECTIVE AND OUTLINE OF THE THESIS 

The general objective of this thesis is to show that non-invasive imaging of tumor hypoxia 
has the potential to contribute to individualized anti-cancer treatment by (i) the accurate 
and reliable identification of hypoxic (sub)volumes within the tumor and (ii) the ability to 
monitor the response to treatment.    
 
In Chapter 2 a literature overview is presented including preclinical and clinical research 
using 2-nitroimidazole based hypoxia PET tracers. Topics regarding the validation and 
quantification of hypoxia PET imaging and its (clinical) applications are addressed. The 
next three chapters are focused on the ability to select the optimal hypoxia tracer and its 
implementation in clinical practice. Chapter 3 describes a pre-clinical study comparing 
frequently used 2-nitroimidazole based hypoxia PET tracers FAZA, FMISO and HX4 within 
one tumor model. In Chapter 4 the repeatability of the hypoxia PET tracer HX4 is ad-
dressed in patients with head and neck and lung cancer. The focus of Chapter 5 is the 
definition of optimal imaging parameters for HX4 PET imaging in patients with non-small 
cell lung cancer (NSCLC). The second part of this thesis shows the clinical results of HX4 
PET imaging and its potential use for therapeutic targeting.  Chapter 6 and Chapter 7 
evaluate the added value of hypoxia PET imaging with HX4 to the frequently used meta-
bolic PET tracer FDG in patients with NSCLC and head and neck cancer, respectively. 
Chapter 8 provides insight in the changes of tumor hypoxia during treatment in patients 
with HNSCC. In addition the link between imaging and blood biomarkers is addressed. In 
Chapter 9 the results are presented of the addition of the hypoxia targeted drug TH-302 to 
radiotherapy in combination with hypoxia PET imaging. In Chapter 10 a general discussion 
and summary are provided. Finally, in Chapter 11 the concluding remarks and future 
perspectives on the topics presented within this thesis are discussed.  
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ABSTRACT 

Hypoxia is a common characteristic of solid tumors and is associated with poor prognosis. 
Positron emission tomography (PET) can visualize tumor hypoxia in a non-invasive, 3-
dimensional manner and can be used to acquire information longitudinally. Multiple 2-
nitroimidazole based PET tracers are developed, validated and quantified in the search for 
the ideal hypoxia tracer and several tracers have shown to reliably represent tumor 
hypoxia. Furthermore, multiple studies describe the prognostic value of hypoxia PET 
imaging and the ability to monitor hypoxia during treatment. These applications can be of 
great potential and their role in treatment planning and modification needs to be further 
assessed with respect to personalized chemoradiation therapy. In this review we focus on 
the tracers that were positively validated in preclinical and clinical studies and report 
accurate quantification and visualization of hypoxia. The characteristics of these tracers 
are summarized for both preclinical and clinical studies. Furthermore, the clinical applica-
tions of hypoxia PET imaging are addressed with a focus on the ability to reliably monitor 
tumor hypoxia during treatment and the prognostic potential. Also the feasibility studies 
for hypoxia guided intensity modulated radiation therapy and the patient stratification for 
hypoxia targeted drugs are assessed.  
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INTRODUCTION  

Hypoxia in solid tumors is a negative prognostic factor for treatment outcome.1 Due to 
impaired and chaotic blood vessel development, cells outgrow the blood supply or vessels 
collapse leading to regions of chronic and acute hypoxia. Gold standard techniques for the 
detection of hypoxic regions consist of measuring oxygen concentrations directly with the 
Eppendorf oxygen sensitive electrode or immunohistochemistry of tumor biopsies. How-
ever both techniques are invasive and do not represent the tumor in three dimensions. In 
contrast, hypoxia position emission tomography (PET) imaging gives the opportunity to 
visualize the extent of hypoxia in a non-invasive manner, in three dimensions and addi-
tionally is able to provide information longitudinally, i.e. hypoxia status can be monitored 
over the course of treatment. For these reasons, hypoxia PET imaging has been widely 
studied over the last decade and is developing from a diagnostic technique that can detect 
hypoxia, into a tool that can be integrated versatile, i.e. in the treatment monitoring, out-
come prediction and treatment targeting. Multiple tracers have been developed, validated 
and shown to exhibit different characteristics. In this review we focus on nitroimidazole-
based tracers that were validated in preclinical and clinical studies and report accurate and 
reproducible quantification of hypoxia for multiple cancer sites. We discuss the ability of 
these hypoxia PET tracers to monitor treatment response and address their prognostic and 
predictive value for treatment outcome. Furthermore we assess current and future oppor-
tunities of hypoxia PET imaging as a tool to support treatment decisions (Figure 2.1). 

HYPOXIA PET TRACERS 

Most PET tracers suitable for the detection of hypoxia are based on the principle of 2-
nitroimidazoles. After injection this molecule can diffuse freely from the vascular compart-
ment to surrounding tissues where an electron reduction occurs which is reversed again 
under normal oxygen conditions. However, upon low oxygen conditions or in the presence 
of certain nitroreductase enzymes the molecule undergoes a second electron reduction and 
binds covalently to cellular components, causing the tracer to get trapped. Because of this 
specific accumulation in hypoxic tumor regions, and washout of the tracer in normal oxy-
genated tissues, these tumor areas can be clearly visualized by detection of the radioactive 
label connected to the tracer. The perfect hypoxia tracer should fulfill certain criteria, i.e. a 
large difference in washout rate between background and oxygen deprived tissues for high 
signal to noise ratios and specific and irreversible binding to hypoxic regions. Furthermore, 
the hydrophilicity of a tracer is of importance for the amount of clearance in well oxygenat-
ed tissues while more lipophilic tracers accumulate more easily in hypoxic tissues. The first 
developed hypoxia PET tracer based on the 2-nitroimidazole principle is [18F] labeled fluo-
romisonidazole ([18F]FMISO). However, some concerns were raised about the stability of 
[18F]FMISO, the metabolite formation2 and the slow clearance from background tissues, 
causing modest signal to noise ratios.3 Therefore, second generation hypoxia PET tracers 
have been developed to overcome these concerns. [18F]Fluoroazomycin arabinoside 
([18F]FAZA) is a nitroimidazole coupled to an arabinose sugar making the tracer more hydro-
philic compared to [18F]FMISO. Due to this property the visualization of the tracer should 
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result in faster clearance from non-hypoxic/normal tissue and therefore have a better signal 
to noise ratio. [18F]Fluoroerythronitroimidazole ([18F]FETNIM) is also a hydrophilic com-
pound, causing higher tumor to background ratios compared to [18F]FMISO.4 [18F]FETNIM 
metabolite analysis showed high amounts of unchanged tracer present in plasma and urine 
of rats and dogs, whereas in the liver almost no intact [18F]FETNIM was present. Only low 
amounts of [18F]FETNIM binding to plasma proteins was observed.4 Tracers with a more 
lipophilic character were also of potential interest, leading to the development of the fluori-
nated etanidazole compounds [18F]EF5 and [18F]EF3. EF5 was first used as a monoclonal 
antibody for invasive detection of hypoxia in tissue biopsies.5 In the first study describing the 
radioactive labeling of this 2-nitroimidazole, analysis of metabolites showed that the tracer 
was unmodified.6 The chemical structure of [18F]EF3, and [18F]EF5 are analogous to each 
other although small differences in chemical properties cause differences in biodistribution. 
Another tracer that tries to overcome the limitations of tumor to background ratio and aims 
for preferred pharmacokinetics and clearance properties is flortanidazole [18F]HX4.7 A 
biodistribution study of [18F]HX4 showed high uptake in the bladder, liver and kidneys with 
the bladder wall being the most critical organ absorbing most radiation.8 The same study 
shows that 82% and 84% of the [18F]HX4 is intact and unmetabolized after 2 hours p.i. in the 
plasma and urine, respectively. Although many more hypoxia tracers have been developed 
and reviewed,9 this overview focusses on the ones that have been validated successfully in 
preclinical and clinical studies (Figure 2.1). 
 

 
    Figure 2.1: Overview of the outline of the review 
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VALIDATION 

An important step in the assessment of a successful hypoxia PET tracer is the validation of 
these agents, to ensure that the observed PET uptake in the tumor represents actual 
tumor hypoxia. First of all this can be done in a direct comparison between the hypoxia 
PET characteristics, like standardized uptake value or tumor to background ratio, and the 
gold standard which assesses the partial oxygen pressure in the tumor, i.e. Eppendorf pO2 
measurements. In addition, hypoxia PET imaging can be correlated to immunohistochemi-
cal markers which directly or indirectly represent tumor hypoxia. Another validation 
method to detect hypoxia specific tracer accumulation is by exposing subjects to modified 
oxygen concentration breathing just before and after the tracer injection. Preclinical 
studies form the ideal platform for the first feasibility and validation studies. However, 
since pharmacokinetics differ between humans and rodents, further validation in clinical 
trials is necessary. 
 

[18F]FMISO 

The validation of [18F]FMISO has been performed in multiple studies which assessed the 
uptake and distribution of [18F]FMISO in different tumor models using a range of valida-
tion techniques. A selection of these studies is reported here. 
 
The first assessment of oxygen dependency of [18F]FMISO was demonstrated in porcine 
livers.10 Feasibility of hypoxia imaging using [18F]FMISO was shown in tumor-bearing mice 
although no correlation was found with oxygen partial pressure as detected by polaro-
graphic oxygen-sensitive electrodes. However, autoradiography showed more [18F]FMISO 
uptake in the tumor of ambient air breathing animals compared to better oxygenated 
tumors in animals exposed to carbogen (95% O2, 5% CO2) breathing.11 In a rat rhabdomyo-
sarcoma tumor model a heterogeneous pattern was observed on autoradiography for 
both [18F]FMISO uptake and pimonidazole staining.12 Furthermore a significant correlation 
was observed between hypoxic volumes assessed by [18F]FMISO PET and pimonidazole 
immunostaining in tumor sections. A weak but significant correlation was found for 10 
different human primary head and neck xenograft tumor models comparing [18F]FMISO 
uptake with pimonidazole staining, however, the correlation was stronger when the 
pattern of hypoxia was ribbon-like and had a micro-regional distribution instead of a 
homogeneous distribution.13 In addition a relationship between [18F]FMISO and pimonida-
zole was observed in Dunning R3327-AT bearing rats, although some mismatch was found 
possibly due to incomplete washout of [18F]FMISO from the well-perfused areas.14 Moreo-
ver, [18F]FMISO PET imaging was able to detect hypoxic micro-metastases as confirmed by 
autoradiography and pimonidazole staining.15 Responsiveness of [18F]FMISO to different 
oxygen concentrations (10% O2, normal air or carbogen) was shown in a SCCVII tumor 
model and corresponded with pimonidazole uptake.16 

 
Dogs bearing spontaneous sarcomas were imaged using [18F]FMISO and these data con-
firmed the Eppendorf pO2 measurements.17 Similar findings were observed in R3327-AT 
bearing rats where oxygen probe measurements broadly corresponded with [18F]FMISO 
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uptake.18 However, Chang et al reported that although the overall data were positive, 
large variation was observed between individual data pairs indicating that [18F]FMISO PET 
imaging might be problematic.19 Using the combined diffusion-retention dynamic infor-
mation of two [18F]FMISO scans performed at 0-15 min p.i. and 4h p.i., reported to give an 
accurate measure of the median oxygen concentration comparable to average oxygen 
probe measurements.20 

 
In clinical setting, most validation studies using the Eppendorf pO2 measurements are 
performed in the head and neck cancer patient population, because of the relative easy 
accessible tumor location. Several publications correlate the [18F]FMISO PET uptake with 
pO2 measurements, however with contradictory results. Mortensen et al.21 observed no 
correlation, while Gagel et al.22 and Zimny et al.23 reported respectively a moderate and 
strong correlation. The validation of hypoxia PET imaging in 13 patients with accessible 
soft tissue sarcomas was performed by Bentzen et al. in combination with Eppendorf pO2 
measurements.24 A lack of concordance between the PET results and the oxygen meas-
urements was observed, suggesting that [18F]FMISO PET imaging was not able to detect 
tumor hypoxia or its extend as defined by pO2 measurements. 
 
The clinical [18F]FMISO characteristics were also compared to the immunohistochemical 
staining of endogenous hypoxia markers. A weak but significant correlation between the 
[18F]FMISO hypoxic volume and HIF1α expression was found in head and neck cancer 
patients.25, 26 In patients with non-small-cell-lung cancer (NSCLC) no correlation was 
observed between the [18F]FMISO uptake and the immunohistochemical tumor markers 
microvessel density, HIF1α, VEGF and GLUT1.27 In contrast, in patients with glioma brain 
tumors a significant correlation between [18F]FMISO PET imaging and the vascular endo-
thelial growth factor receptor (VEGF) and the cell proliferation associated antigen (Ki67) 
expression was observed. The relationship between tumor hypoxia and Ki67 expression 
could be explained by the fact that both tumor parameters were related to the tumor 
grade.28 In addition HIF1α expression showed a (non-significant) trend towards increased 
uptake. In breast cancer patients there was no correlation between hypoxia PET imaging 
using [18F]FMISO and HIF1-α expression, however, a significant correlation was observed 
with the proliferation marker Ki67.29 In renal cell carcinoma an increased microvessel 
density was present in comparison to the normal kidney parenchyma, however, this was 
not correlated to [18F]FMISO PET imaging.30 

 [18F]FAZA 

Feasibility of [18F]FAZA visualization was assessed in a squamous cell carcinoma of the 
head and neck (FaDu), a cervix (SiHa) tumor model and two murine tumor models. 
[18F]FAZA uptake based on microPET imaging was compared to Eppendorf pO2 measure-
ments, autoradiography and pimonidazole immunohistochemistry staining. Based on the 
invasive Eppendorf electrode measurements all tumors were assigned as being very 
hypoxic which was confirmed by pimonidazole staining and [18F]FAZA PET images. Fur-
thermore significant correlations were observed between the autoradiography images 
and pimonidazole uptake, while overall an inverse relationship was found with the perfu-
sion marker Hoechst 33342.31, 32 These data were confirmed in the same murine tumor 



Current applications of hypoxia PET imaging 27 

model on multiple time points post tracer injection and supplemented with biodistribution 
data confirming the previous findings.33 In addition [18F]FAZA uptake was shown to corre-
late with the mRNA expression of CA9 and GLUT-1 after fragmenting the tumor in milli-
gram-sized portions, which, according to the authors, allows multiple pairwise measure-
ments at the smallest volumetric scale possible.34 Autoradiography of [18F]FAZA distribu-
tion in a SQ20b xenograft model also showed a clear positive relationship with pimonida-
zole and CAIX staining.35 Another validation study for [18F]FAZA uptake was performed by 
exposing rhabdomyosarcoma bearing rats to carbogen breathing which resulted in a 
decreased uptake of the hypoxia tracer.36 Moreover, [18F]FAZA PET correlated with the 
hypoxic fraction as measured by oxyLite pO2, Electron Paramagnetic Resonance (EPR) and 
19F-MRI suggesting that [18F]FAZA PET is a promising imaging technique for hypoxia evalu-
ation36 In an orthotropic brain tumor model the detection of hypoxia using [18F]FAZA PET 
imaging revealed low tumor to background ratios at 18-20 days post tumor implantation 
while high ratios were observed after 28-30 days.37 Bioluminescence imaging of the 
luciferase activity induced under the control of ‘hypoxia responsive elements’ confirmed 
that hypoxia development started around day 18 and increased from this day onward. 

[18F]FETNIM 

In preclinical setting, the paper describing the synthesis and first validation of [18F]FETNIM 
reports high tumor to blood (TBR) and tumor to muscle (TMR) at 4h p.i. as detected by 
biodistribution. In addition on autoradiography hypoxic regions could be differentiated 
from necrotic regions.38 In NSCLC patients, Hu et al. observed a significant correlation 
between [18F]FETNIM hypoxia PET imaging and the immunohistochemical markers HIF1α, 
GLUT-1 and VEGF. Since all these immunohistochemical markers are up-regulated in the 
absence of oxygen, this result provides the indirect evidence that [18F]FETNIM uptake 
gives an accurate indication of tumor hypoxia.39 

 [18F]EF5 & [18F]EF3 

Studies comparing [18F]EF5 with pO2 or pimonidazole assessed hypoxic fractions are not 
available. However, validation of [18F]EF5 in a HCT116 model reported feasibility of PET 
acquisition based on ex vivo gamma counting.40 Feasibility of [18F]EF5 imaging was also 
shown in a rat model where tumors with high hypoxic values demonstrated a TMR be-
tween 1.2-1.7 while for low hypoxic tumors a TMR below unity was observed.41 In the 
tumor models H460, HCT116 and PC3, PET imaging of [18F]EF5 was performed followed by 
autoradiography and staining for immunofluorescence hypoxia marker EF5. The spatial 
relationship was found to be dependent on the tumor model being the highest in the PC3 
model followed by the HCT116 and the H460 model. Notably the uptake of [18F]EF5 was 
influenced by the simultaneous injection of nonradioactive EF5 which might have im-
portant clinical implication when hypoxia tracer is combined with hypoxia targeting drugs 
with similar properties.42 Furthermore, Silén et al. reported in preclinical head and neck 
xenograft models that high [18F]EF5 PET uptake was observed in tumor models having high 
CAIX, GLUT1 and HIF1α expression, while low values of these endogenous markers were 
detected in models with low [18F]EF5 uptake.43 
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A first validation study for [18F]EF3 revealed a biodistribution based TBR ranging from 1.2 
to 2.9 and ranking of the different tumor models based on [18F]EF3 uptake was compara-
ble with ranking based on the amount of hypoxia as detected by EF5 immuno-
fluorescence.44 Furthermore a significant correlation was observed between [18F]EF3 and 
EF5 immunofluorescence after exposing the tumor bearing animals to either carbogen or 
10% oxygen breathing45 while pharmacological intervention could not improve TMR.46 

[18F]HX4 

The first validation of [18F]HX4 was performed in a rat rhabdomyosarcoma model and 
demonstrated a significant spatial relationship at tumor-regional level between [18F]HX4 
distribution and pimonidazole staining indicating that [18F]HX4 does accumulate specifical-
ly in hypoxic regions.47 Furthermore [18F]HX4 uptake was causally related to the tumor 
oxygenation, since exposing animals to altered oxygen concentrations resulted in a de-
pendent [18F]HX4 accumulation in the tumor. Carlin et al. reported that the tracer distribu-
tion on autoradiography showed a clear positive relationship with pimonidazole and CAIX 
staining, indicating that HX4 accumulates in the hypoxic regions.35 

 
All PET tracers discussed here show feasibility of detecting hypoxic tumor regions although 
each tracer has its own characteristics. Since studies are performed in different animal 
tumor models, using various conditions and validation methods, comparisons between 
different tracers is difficult. For some tracers this is assessed in separate quantification 
studies (vide infra). 
 
Overall, from the clinical validation studies we can conclude that there is limited evidence 
linking hypoxia PET imaging with actual oxygen pressure measurements. This might be 
due to the limitation of oxygen electrode measurements or biopsies to quantify the 
heterogeneous presence of hypoxia in 3D, which is assessed with hypoxia PET, or hand the 
limitation of hypoxia PET to visualize the presence of tumor hypoxia on a micrometer scale 
given the spatial resolution of current PET CT imaging. Although the uptake of several 
hypoxia PET tracers correlated with pimonidazole staining in preclinical studies, the use of 
exogenous pimonidazole hypoxia marker is not very common in clinical studies. Therefore 
endogenous markers are used which report diverse and inconsistent correlations within or 
between different tumor types. This diversity might at least partially be explained by 
possible oxygen-independent regulation of these proteins. Although the often used 
endogenous hypoxia markers HIF1α, CAIX and GLUT1 are regulated in response to low 
oxygen concentrations, their expression does not always correlate with the hypoxic 
regions.48 Therefore, the results of comparisons between hypoxia tracers and endogenous 
markers should be interpreted with caution.  

QUANTIFICATION 

Quantification of the tracers’ uptake is most often determined on the combined PET/CT 
images, providing both functional (hypoxia) and anatomical information. The amount of 
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tracer present in the tumor can be quantified as the “standardized uptake value” (SUV) or 
tumor-to-background ratio. Based on predefined thresholds, the hypoxic volume or 
hypoxic fraction can be calculated. Reproducibility is another important measure in 
hypoxia PET imaging. Quantification of the hypoxic fraction has no use if data are not 
reproducible over a short or even longer period. Therefore both quantification and repro-
ducibility are evaluated. 
 
Comparative studies in preclinical tumor models can easily quantify the uptake of multiple 
tracers within one tumor model hereby providing important information on the perfor-
mance of the tracers with regard to each other (Figure 2.2). Furthermore the implementa-
tion of experimental procedures to increase or decrease the hypoxic fraction can easily be 
applied to investigate the tracer’s behavior to these altered conditions. 
 
A first comparison study investigating both [18F]FMISO with [18F]FAZA PET uptake in the 
Walker 256 rat carcinosarcoma model showed an increase in SUV and TBR values from 1 
to 3 hours p.i. The [18F]FMISO uptake values were higher than those for [18F]FAZA.49 
Contradicting results were obtained in EMT6, AR42J and A431 tumor models where 
biodistribution based TMR was significantly higher for [18F]FAZA as compared with 
[18F]FMISO.50 The presence of hypoxia was confirmed using invasive electrode pO2 meas-
urements. Furthermore, exposing animals to 100% O2 breathing conditions revealed 
reduced [18F]FAZA PET uptake compared to ambient air breathing conditions, which was 
confirmed by autoradiography. These results were confirmed in another study on A431 
tumor bearing mice.51 Although the specific uptake in the tumor was higher for 
[18F]FMISO, the TBR and TMR were significantly higher for [18F]FAZA on both PET imaging 
and biodistribution. Sensitivity to increased oxygen concentrations was reported for 
[18F]FAZA uptake detected by PET and biodistribution. Accumulation of [18F]FAZA was 
indicated to be crucial in the first hour post injection.52 Exposing tumor bearing animals to 
enhanced oxygen concentrations either from 1 hour pre injection till 3 hours post injection 
or only from 2 minutes pre injection till 1 hour post injection gave similar modified results 
compared to ambient air breathing.  
 
A preclinical comparative study on [18F]FETNIM and [18F]FMISO in C3H mammary carcino-
ma bearing mice used biodistribution to investigate TBR and TMR under ambient air and 
carbogen breathing. For both tracers, TBR was decreased under carbogen breathing with 
higher ratios for [18F]FETNIM (5.8±2.5 for air and 2.8±1.3 for carbogen) than for [18F]FMISO 
(4.3±2.0 for air and 2.3±0.5 for carbogen) whereas TMR was comparable between the two 
tracers ([18F]FETNIM 6.2±2.1 and [18F]FMISO 6.4±3.3 both in normal air).53 

 
A comparative study investigated the TBR of [18F]EF3 and [18F]FMISO in the same rat 
rhabdomyosarcoma model. At 2h p.i. TBR of [18F]FMISO was significantly higher than 
[18F]EF3, but [18F]EF3 values at 4h p.i were comparable to those of [18F]FMISO. This 
demonstrates that with respect to TBR values [18F]EF3 is not superior to [18F]FMISO.54 This 
was partially confirmed in a FSA II tumor model where [18F]FMISO TMR was significantly 
higher only at 55 and 330 minutes compared to [18F]EF3 and not at other time points. 
Furthermore, [18F]EF3 TMR remained low under carbogen breathing, while [18F]FMISO 
values kept increasing, suggesting that [18F]EF3 is more sensitive to reduced hypoxia by 
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carbogen breathing.55 Overall, [18F]EF3 seems to be a good hypoxia tracer although it 
might not be superior to [18F]FMISO. 
 
A comparative study performed in our laboratory characterized [18F]FMISO, [18F]FAZA and 
[18F]HX4 within one rhabdomyosarcoma tumor model on TBR, reproducibility and reversi-
bility.56 Within this tumor model [18F]HX4 reached the highest TBR at 3h p.i. while 
[18F]FAZA reached a stable TBR at 2h p.i. and [18F]FMISO did not reach a plateau. Two PET 
acquisitions over a 48 hour time period revealed high reproducibility and good overlap in 
hypoxic regions for both [18F]FMISO and [18F]HX4, while [18F]FAZA did perform worse on 
this characteristic. Furthermore, [18F]FMISO showed to be sensitive to decreasing hypoxic 
fractions while [18F]FAZA and [18F]HX4 were responsive to increasing hypoxia. These 
alterations of oxygen concentrations were introduced by exposing animals to either high 
or low oxygen concentrations 2.5 hours after tracer injection while PET acquisition was 
performed just before and immediately after this modification.56 In a SQ20b head and 
neck xenograft model microPET imaging was performed at only one time point, 80-90 
minutes p.i., and demonstrated a tumor to muscle ratio of 1.6±0.4 for [18F]FMISO, 1.4±0.1 
for [18F]HX4 and 1.3±0.3 for [18F]FAZA.35 
 
The previously described tracers [18F]FMISO, [18F]FAZA, [18F]HX4, [18F]EF5, and [18F]FETNIM 
were used for hypoxia PET imaging in patients with head and neck cancer (Figure 2.2; 
[18F]HX4 image of head and neck cancer patient). A huge variation of data is reported with 
no standardized imaging acquisition protocol or image analysis. The PET imaging time 
point p.i. ranges from 1.5h to 4h p.i. In addition, the selected background tissue (“normal” 
tissue, muscle, blood, cerebellum) and the thresholds to define tumor hypoxia are diverse; 
for example, selecting the voxels with a tumor-to-background ≥1.2, ≥1.25, ≥1.3, ≥1.4, ≥1.5, 
or selecting voxels above the background uptake +3 standard deviations. This makes it 
very difficult or even impossible to compare the different tracers based on the currently 
available clinical literature. Only one study compared two tracers in the same patient popu-
lation; however the authors used different acquisition protocols.57 [18F]FMISO imaging was 
performed at 2h p.i., while [18F]HX4 imaging was performed at 1.5h p.i. The study showed 
similar hot spots for both tracers and comparable TBR ratios for the time points used.  
 
In patients with NSCLC the tracers [18F]FMISO, [18F]FAZA and [18F]HX4 were used to visual-
ize tumor hypoxia (Figure 2.2; [18F]HX4 image of lung cancer patient). Rasey et al. already 
quantified tumor hypoxia, using [18F]FMISO, in 1996. They observed tumor hypoxia in all 
NSCLC lesions, however a broad range of the extent of hypoxia was shown with a fraction-
al hypoxic volume ranging from 1.3-94.7%.2 [18F]FAZA PET/CT imaging in patients with 
NSCLC was performed by Postema et al.58 and Trinkaus et al.59 who observed tumor 
hypoxia in respectively 54% and 65% of the patients. These results were confirmed with 
[18F]HX4, reporting an increased uptake in 72% of all NSCLC lesions.60 All these results 
show that the majority of NSCLC lesions are hypoxic and therefore lung cancer patients 
could be good candidates for hypoxia targeted therapies.  
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Figure 2.2: A) preclinical PET/CT images [18F]FMISO, [18F]FAZA and [18F]HX4  uptake in a rhabdomyosarcoma 
bearing rat at 4 hours post injection. B) the clinical images visualize a lung (left) and a Head and Neck (right) 
cancer patient at 4 hours post injection using [18F]HX4 PET/CT imaging. Color scale ranges from blue (low uptake) 
to red (high uptake). 

 
[18F]FMISO was also used to quantify tumor hypoxia in patients with brain cancer, pancre-
atic cancer and renal cell carcinoma. In 11 patients with glioblastoma an average tumor-
to-blood ratio of 1.5±0.2 was reported.61 This [18F]FMISO TBR was significantly correlated 
to the biological aggressiveness measured by tumor growth kinetics on MRI. In addition it 
was observed that the [18F]FMISO uptake (tumor to cerebellum ratio) was significantly 
higher for the patients with glioblastoma (2.7±0.6), in comparison to the other glioma 
patients (1.2±0.1).62 These results were confirmed by Yamamoto et al., who observed no 
hypoxia (TBR<1.2) in the grade I and II gliomas, and a significantly increasing TBR for grade 
III (1.8±0.6) and IV (2.5±0.4).63 Therefore, in this patient population, the quantification of 
tumor hypoxia could contribute to the staging of patients with glioma.  
 
In patients with pancreatic carcinoma, a visual increased uptake of [18F]FMISO was only 
observed in 2 out of 10 patients, however all patients showed a TBR≥1.4, indicating uptake 
in hypoxic regions. Based on the difficulty to visually assess tumor hypoxia in patients with 
pancreatic cancer, hypoxia PET imaging should be combined with other modalities for 
lesion localization.64 The [18F]FMISO uptake in 11 patients with renal cell carcinoma was 
mildly increased, with an average tumor SUVmax of 1.3±0.3 in comparison to the normal 
kidney tissue 1.1±0.2.30  
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In patients with rectal cancer both [18F]FMISO and [18F]FAZA was used to assess tumor 
hypoxia. Loi et al performed [18F]FMISO PET imaging, as part of a phase 1 trial in 6 patients 
with rectal cancer. Tumor hypoxia was observed in 67% of the primary lesions and in 83% 
of the metastases at baseline.65 In addition it was reported that [18F]FAZA uptake in rectal 
tumors was significantly higher than the reference tissues, with an average tumor to 
muscle ratio of 2.0.66 An additional, important message in this manuscript is a practical 
issue regarding the influence of scattered activity from the bladder, which can influence 
the quantitative analysis of [18F]FAZA PET uptake in the rectum. [18F]FAZA was additionally 
used to investigate tumor hypoxia in patients with prostate carcinoma, with negative 
results. The attempt to visualize tumor hypoxia in 14 patients with histology proven 
prostate cancer failed to show any significant uptake in the tumor lesions.67 [18F]FETNIM 
hypoxia PET imaging was used to describe tumor hypoxia in 28 patients with esophageal 
carcinoma. Increased uptake of [18F]FETNIM inside the primary tumor was observed which 
was the first evidence for hypoxia PET quantification in esophageal cancer.  
 
From all these studies, it can be concluded that the imaging contrast of nitroimidazole 
based hypoxia tracers is limited, however sufficient to quantify tumor hypoxia and extract 
valuable information for most clinical tumor types. 

PHARMACOKINETIC ANALYSIS 

Besides static PET imaging, quantification of tumor hypoxia can be performed using 
dynamic PET acquisitions and image analysis. This pharmacokinetic analysis can be used to 
provide additional tumor specific values of tracer retention and tumor perfusion. In a 
preclinical investigation in Dunning R3327-AT prostate tumor bearing nude rats the rela-
tionship between the [18F]FMISO pharmacokinetic rate constants was assessed, using an 
irreversible two-tissue compartment model, in relationship to pO2 measurements. They 
showed that the rate-constant k3, representing the trapping rate, was better than the 
standard tumor-to-plasma ratio, to identify tumor hypoxia.68 In addition Busk et al. per-
formed pharmacokinetic modeling of [18F]FAZA in three murine squamous cell carcinomas 
using also an irreversible two-tissue compartment model. The time activity curves of the 
tumors varied between the different tumor types. Correlation of the rate-constants to 
static 3h p.i. [18F]FAZA PET imaging, showed a poor correlation for k3 for 2 out of 3 tumor 
types, however a  good correlation was observed with Ki, the influx rate constant; 
(k1xk3)/(k2+k3).69 Clinically pharmacokinetic analysis of [18F]FMISO was only performed in 
patients with head and neck cancer. In agreement with pre-clinical data, an irreversible 2-
tissue compartment model was used to describe the kinetics of [18F]FMISO.70, 71 A positive 
correlation was observed between the influx rate Ki and the standard tumor to blood 
ratio, measured on static [18F]FMISO images.70 Another study used pharmacokinetic 
modeling to differentiate between tumor perfusion and hypoxia, providing the opportuni-
ty to stratify patients in three categories, 1) high perfusion, no hypoxia; 2) perfusion and 
hypoxia; and 3) severe hypoxia and reduced perfusion, which could be related to the 
radiotherapy outcome. For [18F]FAZA, kinetic analysis was clinically performed in patients 
with NSCLC. Three different compartment models were evaluated; the reversible single-
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tissue, reversible two-tissue and irreversible two-tissue compartment model. In this 
patient population, the reversible two-tissue compartment model is found to best repre-
sent [18F]FAZA kinetics.72 Using this model, the calculated volume of distribution (VT; k1/k2 
(1+k3/k4)) showed a good correlation to the statically measured SUV values and TBR. 
From the clinical literature we observe a difference in model preference for [18F]FMISO, 
irreversible and [18F]FAZA, reversible, which could be explained by the different properties 
of the tracers. However, studies were performed in different patient populations (head 
and neck versus NSCLC). To make a useful comparison kinetic analysis of the different 
tracers within the same patient population is necessary. Note that for both [18F]FMISO and 
[18F]FAZA, the kinetic parameters Ki or VT were correlated to the static parameter TBR or 
SUV, which justifies a standard static analysis for these PET tracers.  

APPLICATIONS 

PET hypoxia imaging can be used for multiple applications. It has been shown to have a 
prognostic value and can be useful in the monitoring of tumor hypoxia during the course 
of treatment. Furthermore the assessment of tumor hypoxia can be used to select pa-
tients that might benefit from a certain therapy. 

Prognostic/ predictive value of hypoxia PET imaging 

In a preclinical setting the prognostic value of [18F]FAZA was assessed by performing a 
hypoxia PET scan combined with the invasive oxygen sensitive electrode measurement, 
followed by a single dose of irradiation (55Gy). Most animals were exposed to ambient 
oxygen breathing while a fraction of the animals was exposed to carbogen breathing from 
10 minutes prior to and during both hypoxia measurements and radiotherapy. Both 
methods could distinguish between the more and less hypoxic tumors resulting in signifi-
cantly higher local tumor control.73 Another study reported that discrimination between 
normoxic and hypoxic tumors based on pretreatment [18F]FAZA PET imaging could predict 
the effectiveness of the combined treatment of radiotherapy with the hypoxia specific 
cytotoxin tirapazamine.74 
 
In the clinic the relationship between hypoxia PET imaging and treatment outcome was 
investigated by several groups (Table 2.I). The use of [18F]FMISO, [18F]FETNIM and [18F]EF5 
was correlated with the outcome of head and neck cancer patients. Lehtio et al. showed in 
21 patients that the fractional hypoxic volume, measured before treatment on 
[18F]FETNIM PET imaging, was predictive for 3-years overall survival.75 In addition it was 
reported that there is a significant decrease in disease free survival for hypoxic versus 
non-hypoxic tumors.76, 77 On the other hand, no correlation was shown between outcome 
and pre- or mid-treatment [18F]FMISO imaging for patients treated with several cycles of 
platinum based chemotherapy and IMRT (Intensity Modulated Radiation Therapy). How-
ever, this conclusion was based on a 3-year local and regional progression-free survival 
rate of 100% and 95%. Only one patient showed regional failure after treatment, but did 
not have a positive [18F]FMISO PET/CT scan during treatment.78 The association between 
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local progression-free survival and [18F]FMISO PET imaging before and during chemo-
radiotherapy was investigated and showed that [18F]FMISO PET imaging during treatment 
had a higher prognostic power than baseline hypoxia imaging.79 In addition, parameters 
extracted from the kinetic analysis of [18F]FMISO PET imaging and its changes during 
treatment were highly correlated to radiotherapy outcome.80, 81 
 
Rischin et al. for the first time demonstrated the predictive value of [18F]FMISO in patients 
with head and neck cancer randomized in a Phase II trial for chemoradiotherapy alone or 
in combination with hypoxic cell cytotoxin tirapazamine. Pretreatment [18F]FMISO tumor 
hypoxia was associated with a high risk of locoregional failure after chemoradiotherapy 
alone. A considerable improvement in locoregional control was found in patients with 
hypoxic tumors treated with tirapazamine, whereas tirapazamine could not improve the 
outcome of chemoradiotherapy in non-hypoxic tumors.82 
 
Several studies investigated the prognostic value of hypoxia PET imaging for patients with 
head and neck cancer in comparison to standard metabolic PET imaging using [18F]FDG. In 
an univariate analysis it was shown that the nodal stage and [18F]FMISO PET parameters 
(TBR and hypoxic volume) were significantly correlated with survival, while the [18F]FDG 
SUVmax was not.83 These results were confirmed by another study which observed a signifi-
cant correlation between FMISO PET uptake and chemotherapy response, while [18F]FDG 
uptake was not correlated.26 A relationship between overall survival, the hypoxic sub-
volume, defined on [18F]EF5 PET imaging, and the metabolic active tumor volume, defined 
on the [18F]FDG-PET was observed.84 However, also in this study, the hypoxia PET uptake 
was stronger correlated with overall survival in comparison to [18F]FDG. All these studies 
show the prognostic potential of hypoxia PET imaging over metabolic [18F]FDG PET imag-
ing. However, Thorwarth et al. showed in a small cohort of patients (N.=12) that a param-
eter based on the voxel-wise comparison of both tracers quantifying discrepancies be-
tween [18F]FMISO and [18F]FDG PET was the most significant variable,85 suggesting that a 
combination of two tracers on a voxel level may increase both their prognostic signifi-
cance.  
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Hypoxia PET imaging was also used to predict the outcome of patients with lung cancer. It 
was observed that the TBR and hypoxic volume defined on [18F]FETNIM PET were predic-
tors of overall survival in a univariate analysis, while the [18F]FDG uptake was not signifi-
cant.86 The [18F]FMISO PET time activity curve type (i.e. rapid washout, delayed washout 
or accumulation) and a tumor to muscle ratio of 2.0 were shown to be good parameters to 
predict tumor response.87 On the other hand no significant difference was observed in 
disease-free survival between NSCLC patients (N=17) having a hypoxic or a non-hypoxic 
lesions.59 For patients with glioma, [18F]FMISO PET imaging was observed to be prognostic 
for treatment outcome.28 The majority of patients who died of progressive disease had 
positive [18F]FMISO uptake, while for those that were still alive, [18F]FMISO was negative in 
most cases. In addition, an increased TBR or hypoxic volume defined on [18F]FMISO PET 
imaging was found to be significantly related to a decreased overall survival in patients 
with newly diagnosed glioma.88, 89  
 
[18F]FETNIM uptake was significantly correlated with progression-free survival in patients 
with cervical carcinoma.90 In addition, the [18F]FETNIM SUVmax was the best predictor of 
treatment response in comparison to tumor length, diameter, and SUVmean in patients with 
esophageal carcinoma.91 Cheng et al. evaluated [18F]FMISO PET imaging in patients with 
breast cancer for the prediction of treatment resistance to hormonal therapy.29 They 
observed a significant correlation between baseline [18F]FMISO uptake and clinical out-
come. Using a TBR threshold ≥1.2 to quantify tumor hypoxia allowed correct prediction for 
88% of the patients with progressive disease. Comparison of [18F]FMISO PET imaging at 
baseline and follow-up showed that the patients with a partial response or stable disease 
showed a decreasing trend of the [18F]FMISO TBR, while patients with progressive disease 
did not. In patients with renal cell carcinoma, the presence of baseline tumor hypoxia was 
related to a shorter progression-free survival, however overall survival was not related to 
[18F]FMISO uptake. Also changes in tumor hypoxia during treatment were not prognostic 
for progression-free or overall survival.92 
 
In the previous paragraph “validation” we have described that there is limiting evidence 
linking hypoxia PET imaging with actual oxygen pressure measurements in patients. 
However given the prognostic value of hypoxia PET imaging in various tumor types, the 
question is how we should approach validation of our current hypoxia PET imaging tech-
niques in clinical practice. Given the highly prognostic value of hypoxia PET imaging, which 
is in general stronger than the other available (imaging) parameters, it shows that there is 
added prognostic and maybe predictive value in hypoxia imaging. Therefore, hypoxia PET 
imaging could be integrated in clinical trials which have the aim to improve loco-regional 
control or survival, especially for hypoxia modifying treatments. 

Monitoring tumor hypoxia during treatment 

Experimental and clinical data demonstrate that tumor hypoxia plays an important role in 
malignant progression and resistance to anticancer treatments. Hypoxia PET imaging can 
be used as a non-invasive tool to evaluate the effectiveness of therapy to eliminate hypox-
ic tumor cells and adapt treatment accordingly. This was studied in some preclinical 
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studies giving a first indication about the possibilities. However treatment schedules as 
they are applied to patients are hard to mimic in preclinical setting.  
 
Acquisition of a [18F]FMISO PET scan was performed before and after the treatment of a 
HT29 xenograft tumor using the antivascular compound vadimezan.93 A reduced 
[18F]FMISO uptake 24 hours after vadimezan administration was observed only in a part of 
the treatment group. Quantification of the tumor microvasculature revealed that this was 
most likely due to changes in perfusion and could probably not be assigned to changes in 
hypoxia. The antiangiogenic treatment with sunitinib also reduced the [18F]FMISO uptake 
after 7 days of treatment in an orthotopic glioma model while the cerebral blood volume 
(CBV) was increased and the vessel permeability was decreased.94 Control animals were 
unaffected in CBV but had high hypoxic values. However, in a renal cell carcinoma xeno-
graft model, the hypoxic fraction detected by [18F]FMISO was increased after 2, 3 and 7 
days of treatment with Sorafenib, an antiangiogenic drug, compared to control.95 This was 
supported by immunohistochemical data indicating that the mean vessel density de-
creased, while necrosis in the tumor increased.  
 
In a preclinical cervix tumor model two [18F]FAZA PET scans were acquired on consecutive 
days before the start of fractionated radiotherapy, followed by a [18F]FAZA PET scan after 
4 and 10 fractions of 2.5Gy.96 Voxel to voxel analysis revealed a good reproducibility on 
the pretreatment scans, but the overall [18F]FAZA uptake changed over treatment. Treat-
ment of A431 bearing animals with the pan-erbB tyrosine kinase inhibitor CI-1033 was 
monitored using hypoxia PET imaging pretreatment and on day 3, 6 or 7.97 Therapy was 
shown to be effective since shrinkage of the treated tumor occurred. This was reflected in 
the [18F]FAZA uptake which decreased over treatment from day 0 to day 3 and an even 
further decrease on day 6. [18F]FMISO imaging at day 7 confirmed the low uptake in the 
CI-1033 treated animals while the control animals had high tracer uptake for both 
[18F]FAZA and [18F]FMISO. The efficacy of another tyrosine kinase inhibitor (Gefitinib) was 
tested in the same tumor model showing similar results.98 The amount of hypoxia in the 
treatment group is reduced as measured by [18F]FAZA PET imaging, while the control 
group remained hypoxic. [18F]EF5 PET imaging was used to monitor treatment response of 
a bioreductive drug combined with radiotherapy.99 This showed a reduction in SUV com-
paring 24h post treatment with a pretreatment scan indicative for tumor response. 
 
These preclinical studies show a discrepancy in hypoxia PET imaging after the use of 
antivascular treatments which is possibly caused by differences in perfusion as a result of 
the treatment. The monitoring of other anticancer therapies did show consistent results, 
indicating that hypoxia PET imaging is suitable for this kind of studies. 
 
Several clinical studies focused on the monitoring of hypoxia using non-invasive PET 
imaging during treatment. In patients with head and neck squamous cell carcinoma a 
decreased uptake of [18F]FMISO after treatment with neoadjuvant chemotherapy was 
reported.100 In addition, in 89% of the patients [18F]FMISO uptake was completely absent 
after treatment with one cycle of chemotherapy (5-fluororacil & carboplatin) and 40Gy of 
IMRT.78 Servagi-Vernat reported the uptake of [18F]FAZA before and during concomitant 
chemo-radiotherapy in the primary tumor and the involved lymph nodes. In all lesions, the 
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fractional hypoxic volume and SUVmax decreased after 17 fractions of radiotherapy.101 The 
changes in [18F]FMISO kinetics after treatment with (chemo-)radiotherapy were also 
studied. Three different curve types were defined, representing a severe, intermediate 
and low degree of hypoxia.80 Based on these curves, a decreased amount of hypoxia in the 
majority of patients was shown. From these studies we can conclude that in patients with 
head and neck cancer, hypoxia decreases during (chemo-) radiation treatment, indicating 
therapy induced reoxygenation. 
 
In patients with NSCLC, the evaluation of hypoxia changes during treatment was investi-
gated using [18F]FMISO PET imaging. One study observed an average decrease in tumor 
hypoxia during radiotherapy, however the changes were unpredictable and only one 
patient had no detectable tumor hypoxia by the end of radiotherapy.102 Another study 
observed no significant changes in [18F]FMISO uptake before and during treatment with 
chemo-radiotherapy.103 On the other hand in a study using [18F]FAZA, tumor hypoxia was 
eliminated after treatment with chemo-radiotherapy in the majority of NSCLC patients.59 
For cervical carcinoma [18F]FAZA PET imaging was performed before, during and after 
radiotherapy. Before the start of radiotherapy positive [18F]FAZA uptake was observed in 5 
out of 15 patients. During treatment persistent hypoxia was observed in 4 patients, while 
after radiotherapy no remaining hypoxia was observed.104 As part of a multimodality 
imaging trial [18F]FMISO imaging was performed in sarcomas before, during and after 
chemotherapy.105 All soft tissue sarcomas presented a hypoxic volume before the start of 
treatment, which remained present during and after treatment. The changes of tumor 
hypoxia during treatment were diverse among the patient population. Rajendran et al. 
confirms these results, reporting tumor hypoxia in 14 out of 19 patients with soft tissue 
sarcoma, which decreased, increased or remained stable during treatment in 6, 2 and 2 
patients respectively.106 Both studies reported that there was no association between the 
hypoxic volume in soft tissue sarcomas and the tumor grade. 
 
Comparing the results of the different tumor types, it is striking that in majority of head 
and neck studies a decrease of tumor hypoxia is observed during treatment, while these 
results are diverse in NSCLC, cervical cancer and sarcomas. This might suggest that tumor 
hypoxia is more persistent in these cancer types, or the given treatment is not effective in 
eradicating the hypoxic cells. This might also explain the results of Overgaard et al. show-
ing that oxygen modification in addition to radiotherapy provides a significantly increased 
tumor control for head and neck cancer patients, however not for uterine cervix or 
NSCLC.107  

Hypoxia targeting 

Based on clinical studies showing an association between hypoxia and treatment out-
come, hypoxia PET imaging might be a powerful tool for patient selection and treatment 
adaptation. The available literature mainly focuses on the adaptation of radiotherapy 
based on hypoxia PET imaging information and so far only feasibility studies have been 
reported. Furthermore the patients that are sensitive to hypoxia targeted treatments 
could be selected, moving in the direction of individualized medicine. 
 



Current applications of hypoxia PET imaging 41 

One possibility to target hypoxic tumor subvolumes is to escalate radiation dose. The 
feasibility of [18F]FMISO PET based IMRT to the hypoxic tumor volume was investigated for 
8 patients with head and neck cancer.108 They were able to perform a dose-escalation 
(78Gy) to the hypoxic tumor volume in 6 out of 8 patients without increasing the normal 
tissue doses. Additionally, [18F]FMISO-based boost plans could provide an increased tumor 
control probability without increasing expected complications.109 A theoretical model also 
indicated the potential for dose sparing by focusing the dose to the radioresistant hypoxic 
tumor volumes.110 In addition, Chang et al. performed a biological modeling study in 8 
HNSCC patients, using [18F]FMISO PET imaging for radiotherapy dose painting.111 They 
compared the standard radiotherapy plan with uniform dose escalation and hypoxia-
based dose painting. Hypoxia-based dose painting demonstrated the advantage to in-
crease the tumor control probability without increasing the normal tissue toxicity, there-
fore increasing the chances for an uncomplicated tumor control probability. These results 
confirm that it is theoretically possible to perform hypoxia-based radiotherapy in patients 
with head and neck cancer. However, it is essential to know whether the defined hypoxic 
volume is accurate and extensive enough to target the radioresistant areas. For example, 
it was shown that all recurrences (N=9) after chemoradiotherapy were located within the 
[18F]FDG avid regions, however 3 of these recurrences were located outside the baseline 
hypoxic volume, defined on [18F]FMISO PET imaging.76 Therefore it is essential to assess 
the spatial relationship between hypoxic volumes and the recurrences before adapting 
radiation treatment plans. 
 
Since tumor hypoxia is a dynamic process involving acute and chronic hypoxia, it is of 
importance to investigate the effect of hypoxia changes during treatment and its effect on 
the hypoxia PET based radiation treatment plan. A relative stable spatial distribution of 
the [18F]FMISO PET uptake was observed during chemoradiotherapy in 16 patients with 
locally advanced head and neck cancer.112 While Lin et al. observed a change in the hypox-
ic volume in 4 out of 7 patients, resulting in decreased radiation coverage based on the 
initial hypoxia PET based treatment plan.113 Nevertheless, hypoxia dose painting still 
increased the equivalent uniform dose to the hypoxic volume. This dose could however be 
further increased by incorporating serial hypoxia PET imaging in the radiotherapy plan. 
These results were confirmed by a study using [18F]FAZA PET imaging, before and during 
radiation therapy, here also  fluctuations of hypoxia were observed during treatment and 
adaptive radiotherapy was recommended.101  
 
Besides the use for radiotherapy, hypoxia PET imaging could provide useful information 
for the selection of patients for hypoxia-targeted drugs. The use of [18F]FMISO during 
hypoxia targeted therapy with tirapazamine in combination with chemoradiation was 
investigated in 16 patients with head and neck cancer.114 All tumor sites showed a reduced 
uptake after 4 weeks of treatment with chemoradiation and tirapazamine, which was 
consistent with an effect after hypoxia-targeted therapy. These results were confirmed by 
a later study which showed that [18F]FMISO PET imaging is associated with a higher risk of 
locoregional failure in patients treated with (standard) chemo-radiation. In patients with a 
hypoxic tumor the locoregional control could be improved by additional treatment with 
tirapazamine, while in patients without tumor hypoxia additional therapy with tirapa-
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zamine was not effective. This study demonstrates that [18F]FMISO may identify patients 
who may benefit from hypoxia targeting drugs.82 
 
At the moment there is no literature available regarding the use of hypoxia PET imaging 
with nitroimidazoles for hypoxia targeting in patients with lung cancer. However there is 
an ongoing trial investigating the effect of nitroglycerin (a nitric oxide donor, known as a 
vasodilating agent) on [18F]HX4 hypoxia PET imaging (NCT01210378). This trial is an exam-
ple of a new interesting approach of ‘window-of-opportunity’ clinical trials, to gain insights 
about the antitumor activity of nitroglycerin or for example other hypoxia modifiers in a 
disease state not disturbed by previous or simultaneous treatments. In addition a termi-
nated trial is reported (NCT00862134), where patients were treated with the hypoxia 
activated drug PR104, in combination with [18F]FMISO PET imaging. For patients with renal 
cell carcinoma, [18F]FMISO PET imaging was used to assess the changes of tumor hypoxia 
after treatment with sunitinib. In this study patients with baseline tumor hypoxia showed 
a decreased [18F]FMISO uptake during treatment with sunitinib, while the [18F]FMISO 
uptake remained stable in the non-hypoxic lesions.92 
 
To our knowledge no other hypoxia-targeted drugs were investigated in combination with 
hypoxia PET imaging. However, we believe that the addition of hypoxia PET imaging to the 
currently investigated antihypoxia treatments is essential. In this way patients and ac-
quired results can be stratified based on the presence of tumor hypoxia, creating the 
evidence for future patient selection. 

FUTURE PERSPECTIVES 

Several nitroimidazole-based PET tracers have shown their ability not only to reliably 
measure tumor hypoxia but also demonstrated the prognostic significance for treatment 
outcome in several cancers. Preclinical and clinical studies confirm a value of PET in moni-
toring important changes in tumor hypoxia during treatment and show the feasibility of 
integrating hypoxia PET imaging for patient’s stratification, therapy optimization before 
initiation of treatment and/or during therapy. Although the results of the clinical studies 
incorporating hypoxia PET imaging are promising, none of the hypoxia PET tracers have 
yet been adequately validated to justify its use in routine clinical practice. Prospective 
randomized clinical trials, integrating hypoxia PET imaging, testing relevant interventions 
and evaluating dose escalation strategies are therefore necessary.   
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ABSTRACT 

Purpose: Several individual clinical and preclinical studies have shown the possibility to 
evaluate tumor hypoxia by using noninvasive positron emission tomography (PET). The 
current study compared 3 hypoxia PET tracers frequently used in the clinic, [18F]FMISO, 
[18F]FAZA and [18F]HX4 in a preclinical tumor model. Tracer uptake was evaluated for the 
optimal time point for imaging, tumor-to-blood ratios (TBR), spatial reproducibility and 
sensitivity towards oxygen modifications. 
 
Methods and Materials: PET/computed tomotgraphy (CT) images of rhadomyosarcoma R1 
bearing WAG/Rij rats were acquired at multiple time points post injection (p.i.) with one of 
the hypoxia tracers. TBR values were calculated and reproducibility was investigated by 
voxel-to-voxel analysis, represented as correlation coefficients (R) or DICE similarity 
coefficient of the high-uptake volumes. Tumor oxygen modifications were induced by 
exposure to either carbogen/nicotinamide treatment or 7% oxygen breathing. 
 
Results: TBR was stabilized and maximal at 2 hours p.i. for [18F]FAZA (4.0±0.5) and at 3 
hours p.i. for [18F]HX4 (7.2±0.7) whereas [18F]FMISO showed a constant increasing TBR 
(9.0±0.8 at 6 hours p.i.). High spatial reproducibility was observed by voxel-to-voxel 
comparisons and DICE similarity coefficient calculations on the 30% highest uptake volume 
for both [18F]FMISO (R=0.86, DICE coefficient=0.76) and [18F]HX4 (R=0.76, DICE coeffi-
cient=0.70) whereas [18F]FAZA was less reproducible (R=0.52 DICE coefficient=0.49). 
Modifying the hypoxic fraction resulted in enhanced mean standardized uptake values for 
both [18F]HX4 and [18F]FAZA upon 7% oxygen breathing. Only [18F]FMISO uptake was 
found to be reversible upon exposure to nicotinamide and carbogen. 
 
Conclusions: This study indicates that each tracer has its own strengths and, depending on 
the question to be answered, a different tracer can be put forward.  
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INTRODUCTION 

Tumor hypoxia is an important factor in worsening cancer patients’ treatment outcome. 
Regions of low oxygen concentration are a well-known characteristic of solid tumors and 
can be caused by impaired blood vessel development, temporal occlusions of blood 
vessels or excessive tumor growth (1, 2). Knowledge about the extension and location of 
hypoxia would provide additional information that could be integrated into strategies of 
conventional treatments, potentially leading to improved therapeutic outcome (3). Posi-
tron Emission Tomography (PET) has been shown to be a suitable, non-invasive, 3-
dimensional imaging technique for the detection of hypoxic tumor regions. PET tracers 
containing the oxygen-sensitive nitroimidazole group are specifically designed to detect 
hypoxic regions, and the feasibility of these tracers has been studied extensively in several 
independent clinical and preclinical studies (1).  
 
18F- labeled fluoromisonidazole ([18F]FMISO) was the first specific hypoxia PET tracer and, 
although it may be the most frequently used tracer for this purpose, its suitability is 
limited because of slow tumor-specific accumulation and nonspecific washout (4). Second 
generation 2-nitroimidazole tracers with different clearance and hydrophilicity character-
istics have been developed in an attempt to overcome these disadvantages:, 
[18F]fluoroazomycin arabinoside (FAZA), [18F]fluoroerythronitroimidazole (FETNIM), and 
[18F]tri-fluoroetanidazole (EF3). In preclinical settings, these tracers have been investigat-
ed separately or solely in comparison to hypoxia immunohistochemical staining or 
[18F]FMISO PET imaging, using different experimental set-ups, tumor models and acquisi-
tion protocols (5-8). Next, the third-generation hypoxia tracer [18F]flortanidazole (HX4) 
was developed and evaluated in a preclinical rhabdomyosarcoma tumor model, where it 
was found to be dependent on tumoral oxygenation status (9). Only recently, a compara-
tive study in preclinical animal models reported a clear relationship among the uptake of 
[18F]FMISO, [18F]FAZA and [18F]HX4 and with immunohistochemical stainings for perfusion, 
hypoxia and carbonic anhydrase IX (10). With respect to patients usage of PET tumor 
hypoxia for patient imaging, clinical studies have indicated that both [18F]FAZA and 
[18F]FMISO have prognostic potential (11, 12) and a phase I clinical study demonstrated 
that imaging using [18F]HX4 was feasible and non-toxic (13). 
 
In this study, we compare the 3 most frequently used and clinically available hypoxia 
tracers, [18F]FMISO, [18F]FAZA and [18F]HX4, along with the metabolic tracer 
[18F]fluorodeoxyglucose (FDG) in a preclinical tumor model. We investigated the uptake of 
each tracer over time and determined the tumor-to-background ratios. A second PET scan 
was performed on the same animal after 48 hours to assess spatial reproducibility. Fur-
thermore, tracer uptake was challenged by exposing the animals to modified oxygen 
concentrations. The focus of this study was to investigate the performance and character-
istics of the different hypoxia PET tracer, using the same tumor model. 
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MATERIALS AND METHODS 

Tracer synthesis, tumor model, experimental design  

Tracer synthesis of [18F]FMISO, [18F]FAZA and [18F]HX4 (Figure 3.1A) was performed as 
described previously (14-17). All animal experimental procedures were approved by the 
Animal Ethical Committee of Maastricht University and were in accordance with the 
Helsinki Declaration of 1975, as revised in 2000. Adult WAG/Rij rats received subcutane-
ous implants of the syngeneic rhabdomyosarcoma R1 tumors (1mm3) in the lateral flank. 
Experiments were started when tumors reached a minimal volume of 3 cm3 to meet the 
resolution of the PET scanner and to have a stable hypoxic (18) and necrotic (5) area. 

Average tumor volume for [18F]FDG= 21±12 cm3, 16±6 cm3 for [18F]FAZA, 13±6 cm3 for 
[18F]FMISO and 11±5 cm3 for [18F]HX4. During the experimental procedures, rats were 
anesthetized with intraperitoneal injections of sodium pentobarbital (60mg/kg). Animals 
were immobilized on a board and placed outside the scanner between scans to maintain 
and monitor anesthesia. Radioactive tracers (radiochemical purity was maintained at 
>95% and synthesis yield at 5.2±2.5 GBq) were injected into the lateral tail vein by using 
an intravenous line (0.4 mm G27 Venoflux needle; Vygon Vet, Ecouen, France) flushed 
with 10% heparin solution (21±2 MBq for [18F]FDG, 17±5 MBq for [18F]FAZA, 21±2 MBq for 
[18F]FMISO, and 21±2 MBq for [18F]HX4).  

Image acquisition and analysis 

Images were acquired and analyzed using a clinical PET/CT scanner (Siemens Biograph 40, 
Siemens Healthcare) and dedicated software (TrueD VC60; Siemens) as described in more 
detail in the supplement section and previously (9). Tumor to blood ratios (TBR) and 
tumor to muscle ratios (TMR) were determined using heart and muscle of the hind leg as 
background tissue, respectively. Spatial reproducibility scans were performed in the same 
animal within short time frames, using rigid registration voxel to voxel analysis (from 2 to 
6 hours post injection [p.i].) or 48 hours apart using nonrigid registration (details in sup-
plement section) of the tumor for long-term comparison to overcome the 24% tumor 
growth (which were 31±2% for [18F]FDG, 26±2% for [18F]FAZA, 23±1% for [18F]FMISO, and 
22±3% for [18F]HX4). Furthermore, a voxel-wise comparison of the 2 scans was performed 
for which a correlation coefficient was calculated. Imaging schedules for oxygen modifica-
tion using either nicotinamide (500mg/kg, intraperitoneal) and carbogen (95% O2, 5% CO2, 
flow 5l/min) or 7% oxygen (residual N2, flow 2,5l/min) breathing are shown in Figure 3.1B. 
In short, after injection of the tracer, a first basal scan was performed at 2 hours p.i., 
followed by oxygen modification treatment and a second scan at 5 hours p.i. 

Statistics 

Prism version 5.01 software (GraphPad) for Windows (Microsoft) was used to perform 
statistical analyses. To determine the statistical significance of differences between 2 
independent groups of variables, we used the nonparametric Mann-Whitney-U test for 
small groups. Spatial reproducibility was analyzed using either a DICE similarity coefficient 
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for the calculation of the overlap fractions or Pearson correlation for the voxel wise 
comparison. P-values of <0.05 were assumed to be significant. 
 

Figure 3.1: Tracer characteristics and imaging protocols. A) Structure formula, main clearance system and logP 
value for hydrophilicity of the 3 hypoxia tracers [18F]FMISO, [18F]FAZA and [18F]HX4 and the metabolic tracer 
[18F]FDG (9). B) Schematic representation of the different imaging protocols for dynamic imaging and for oxygen 
modification, using either nicotinamide combined with carbogen breathing or 7% oxygen breathing. Imaging 
acquisition is indicated by black boxes. 
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Figure 3.2: SUVmax and TBR. A) SUVmax of the tumor (red), blood (blue) and muscle (black) over time. B) Left panel: 
Maximum TBR over time for [18F]FDG (red), [18F]FAZA (blue), [18F]FMISO (green) and [18F]HX4 (black). Right panel; 
TBR tracer comparison at 3 hours post-injection. *P<0.05, ***P<0.001. C) Left panel: Maximum TMR over time. 
Right panel: Maximum TMR comparison for the 4 tracers at 3 hours p.i. Number of animals for all experiments: 
[18F]FDG n=12, [18F]FAZA n=13, [18F]FMISO n=16 and [18F]HX4 n=18 except for Figure C [18F]FAZA n=12. Data are 
means ± SEM. SUVmax=maximum standard uptake value; TBR=tumor-to-blood ratio; TMR=tumor-to-muscle ratio. 
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RESULTS 

PET/CT imaging was performed to assess tracer accumulation over time for the 4 different 
tracers, using a dynamic imaging schedule (Figure 3.1A, B). Each tracer had a different 
accumulation pattern within the tumor, represented by maximum (SUVmax Figure 3.2A) 
and mean (SUVmean Figure S3.1A) standardized uptake values, whereas blood and muscle 
tracer uptake exhibited a similar pattern. Due to clearance of the nonspecific binding and 
specific trapping in hypoxic tumor regions, all TBRs were greater than 1 (Figure 3.2B and 
Figure S3.1B). Furthermore, clearance rates for heart and muscle were comparable, giving 
a muscle to blood ratio around unity (Figure S3.1D). For the metabolic tracer [18F]FDG, the 
maximal TBR of 2.4±0.3 was reached at 2 hours p.i. Of all the hypoxia tracers, [18F]FAZA 
was the first to reach a plateau phase for TBR at 2 hours p.i. (4.0±0.5), followed by 
[18F]HX4 (TBR 7.2±0.7) at 3 hours p.i. (Figure 3.2B). TBR for [18F]FMISO kept increasing; TBR 
of [18F]FMISO at 6 hours p.i. was comparable to that of [18F]HX4 at 3 hours p.i. At the first 
stable time point for [18F]HX4 (3 hours p.i.), this tracer had a significantly higher TBR than 
either [18F]FAZA (P=0.0154) or [18F]FMISO (P<0.0001) (Figure 3.2B right panel) even at 2 
hours p.i. [18F]HX4 had already reached a TBR that was equal to or higher than that of 
[18F]FMISO or [18F]FAZA. When muscle tissue was used as tissue reference, trends were 
shown for the hypoxia tracers that were similar to maximal TBR (Figure 3.2C and Figure 
S3.1C).  
 
Uptake images from 2, 3, 4 and 5 hours p.i. were compared to the 6 hours p.i. scan to 
perform a voxel-to-voxel comparison of the absolute tumor uptake. A correlation coeffi-
cient was calculated from the 2 scans (see Figure 3.3A). Averaged correlation coefficients 
demonstrated a stable uptake pattern in the tumor for all investigated tracers over short 
time periods (up to 6 hours) (Figure 3.3B). Reproducibility was studied by comparing 2 PET 
scans acquired within a 48 hour time interval using voxel-to-voxel analyses. Calculated 
correlation coefficients were high for [18F]FDG (0.87), [18F]FMISO (0.86) and [18F]HX4 
(0.76); whereas [18F]FAZA had a significantly (P<0.05) lower correlation coefficient (0.52) 
(Figure 3.3C). To further investigate spatial reproducibility, we calculated an overall DICE 
similarity coefficient in which the high uptake region as a percentage of the total tumor 
volume from the first scan was compared to the same percentage of total volume area 
from a second scan (Figure 3.3D). This analysis showed a high reproducibility for [18F]FDG 
(0.83), [18F]FMISO (0.85), [18F]HX4 (0.79) and [18F]FAZA (0.71) in a comparison of the 50% 
tumor volume with the highest tracer uptake. However, when only the 10% highest 
uptake of the tumor volume was selected, [18F]FDG, [18F]FMISO and [18F]HX4 showed high 
spatial reproducibility (0.65, 0.59 and 0.49, respectively), whereas [18F]FAZA showed a 
significant lower (p<0.05) spatial reproducibility of 0.14 (Figure 3.3E). 
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Figure 3.3: Voxel-to-voxel analysis and spatial reproducibility. A) Dynamic scans were used for voxel-to-voxel 
comparison between scans obtained at 2, 3, 4 or 5 hours p.i. and the 6 hour scan, shown in the representative 
scatter plot. B) Correlation coefficients of voxel-to-voxel analyses over a short-term time frame. For all tracers n=4 
C) Correlation coefficients of voxel-to-voxel analyses over a 48-hour time frame shows [18F]FAZA that is signifi-
cantly lower: PFDG vs. FAZA=0.0061, PFAZA vs. FMISO=0.0003, PFAZA vs HX4=0.0121. Each dot represents 1 animal, and the 
mean is indicated. D) Representative [18F]HX4 PET/CT image of a tumor cross-section visualized over a 48-hour 
time interval. Delineation on the test and retest scan shows the 30% of the total tumor volume with the highest 
SUV. Overlap fractions of these regions were calculated and represent the DICE similarity coefficient. E) Spatial 
reproducibility over a 48-hour time frame is presented per tracer as a percentage of total tumor volume. [18F]FDG 
n=4, [18F]FAZA n=7, [18F]FMISO n=8 and [18F]HX4 n=4. Data are the means ± SEM. 
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Figure 3.4: Oxygen modification. Relative SUVmean and tracer ratios compare untreated rats (basal) with those 
breathing 7% oxgyen (7% oxygen) A) and those receiving nicotinamide/carbogen (carbo) treatmetn B) . SUVs 
were calculated and compared 5 hours p.i. to 2 hours p.i. (vertical axis: relative SUV) for each organ separately 
and for the relative ratios TBR or TMR at 5 hours p.i. to 2 hours p.i. *P<0.05, **P<0.01, ***P<0.001. Data are 
means ± SD for basal: [18F]FDG n=12, [18F]FAZA n=14, [18F]FMISO n=16 and [18F]HX4 n=18, for 7% oxygen: [18F]FDG 
n=7, [18F]FAZA n=7, [18F]FMISO n=8 and [18F]HX4 n=8, for carbo: [18F]FDG n=8, [18F]FAZA n=8, [18F]FMISO n=6 and 
[18F]HX4 n=14. SUVmax=maximum standard uptake value; TBR=tumor-to-blood ratio; TMR tumor to muscle ratio 
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Rats were exposed to 7% oxygen breathing (Figure 3.1B), mimicking acute hypoxia. The 
relative SUVmean tracer uptake after 7% oxygen treatment was significantly increased for 
[18F]HX4 (P<0.01) and [18F]FAZA (P<0.05) in the tumor, compared to that in the untreated 
animals (Figure 3.4A). The mean TBR for [18F]FAZA was significantly increased (P<0.05); the 
mean TMR showed a significant increase for all 3 hypoxia tracers ([18F]FAZA P<0.01, 
[18F]FMISO P<0.05 and [18F]HX4 P<0.01) (Figure 3.4A). When the effect of maximal tumor 
uptake on increased hypoxia was studied, no significant effects were observed, although 
there was a trend towards increased uptake of [18F]HX4 in the tumor (Figure S3.2A). 
 
The reversibility of tracer uptake on tumor reoxygenation was examined by treating the 
rats with nicotinamide and carbogen (Fig 3.1B). Relative SUVmean (Figure S3.1A) indicated 
that [18F]FMISO remained stable over time in the baseline situation, whereas for other 
tracers decreased. Influencing tumors towards a more oxygenated state only caused a 
decrease in [18F]FMISO tumor uptake and did not change uptake of [18F]HX4 and 
[18F]FAZA(Fig 3.4B). Blood uptake values increased for [18F]HX4, but uptake in the muscle 
was not influenced. Mean TBR and TMR significantly decreased for [18F]FMISO and maxi-
mal values demonstrated comparable results (Figure S3.2B).  

DISCUSSION 

This study compares the frequently used hypoxia PET tracers [18F]FMISO, [18F]FAZA, 
[18F]HX4 and the metabolic tracer [18F]FDG in an animal tumor model to assess their 
tumor-to-background ratios, spatial reproducibility and sensitivity to oxygen modification.  
The rat rhabdomyosarcoma R1 model with a large hypoxic fraction (18) was chosen to 
ensure sufficient visualization of the uptake of hypoxia tracers using a preclinical model on 
a clinical PET/CT scanner. Although some variation in tumor volume was seen, the hypoxic 
fraction was shown to be stable within this tumor model (18). PET acquisition was per-
formed from the time of injection untill 6 hours p.i. to determine the optimal uptake in 
the tumor and highest TBR. In this study, we found the most optimal TBR for [18F]FAZA at 2 
hours p.i. This finding is consistent with clinical studies in head and neck squamous cell 
carcinoma and  non-small cell lung cancer (NSCLC) where imaging at 4 hours p.i. did not 
improve the TBR compared to 2 hours p.i. (19-21). [18F]HX4 shows an optimal TBR at 3 
hours p.i which was also observed in an NSCLC patient study where image contrast did 
improve from 2 to 4 hours p.i. (22). As clinically demonstrated, [18F]FMISO does not show 
plateau formation, and has better TBR at later time points (23) which was also observed in 
this preclinical study. Comparative studies already have indicated that [18F]HX4 imaging in 
head and neck cancer patients at 1.5 hours p.i. was found to have TMR properties similar 
to those of [18F]FMISO at 2 hours p.i. (24). This is also reflected in the biological half-life of 
the tracers, which is much higher in normal tissue for [18F]FMISO (clinical:12-13 hours (22), 
preclinical: 4.5 hours) than for [18F]HX4 (clinical: 4.3 hours (22), preclinical: 2.2 hours) or 
[18F]FAZA (preclinical: 2.8 hours). The findings from this preclinical study are in line with 
those from available clinical studies and although caution needs to be taken in extrapola-
tion of the data, this might indicate that the results found here in this animal model can be 
translated to some extend to the clinical setting.  
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One disparity between clinical and preclinical studies is the use of anesthetic drugs. In this 
study pentobarbital was used, and although it was shown that this causes a reduction in 
the radioactivity in blood and muscle, it did not influence tracer uptake in the tumor, nor 
did it lead to a significant change in tumor-to-background ratios (25).  
  
The ultimate goal of tumor hypoxia imaging is to improve treatment outcome either by 
detecting hypoxia to aid in the decision to add specific anti-hypoxia drugs or by adapting 
radiation therapy using image guidance. Considering that hypoxia imaging can be used to 
generate personalized intensity modulated radiation therapy plans in which these radia-
tion-resistant parts of the tumor can be boosted (26, 27), it would be desirable to have a 
tracer that shows stable uptake over time so that a single scan could be used for several 
days of treatment. Voxel-to-voxel analyses resulted in high reproducibility for all tracers 
within a 6-hour scan. Examining spatial reproducibility by comparing a high uptake region 
revealed good overlap between 2 consecutive scans 48h apart for [18F]FMISO, [18F]HX4 
and [18F]FDG. For [18F]FMISO this was also reported in a recent clinical head and neck 
patient study in which 2 scans were highly reproducible over 48 hours (28). However, 
voxel-to-voxel analysis of [18F]FMISO uptake over a 3-day interval found a correlation of 
the hypoxic distribution in less than 50% of the head and neck cancer patients (29). 
[18F]FMISO in the same patient population and during chemoradiotherapy showed a 
stable conformation of the hypoxic subvolumes (30). Our data show that reproducibility of 
[18F]FAZA is poor after 48 hours, even without additional anticancer treatment. This is 
surprising given the fact that all investigated hypoxia tracers are based on the same 
nitroimidazole trapping mechanism. Contradictions in [18F]FAZA reproducibility are ob-
served between different preclinical and clinical studies, which might also be caused by 
the differences in metabolism among organisms. Preclinical micro-PET analysis on 
[18F]FAZA uptake showed voxel-to-voxel reproducibility between 2 baseline scans 24 hours 
apart; even after fractionated radiation therapy, a fairly stable intratumoral tracer distri-
bution was observed (31). However, in a clinical trial, [18F]FAZA uptake was evaluated after 
several rounds of radiation therapy treatment and hypoxic regions were found not to be 
in the same location (19). Although [18F]HX4 shows good reproducibility in first clinical 
experiments (22), the stability of [18F]HX4 in detecting the hypoxic fraction during therapy 
needs to be further assessed. Uptake of [18F]FDG was clearly distinguishable from back-
ground and was highly reproducible, demonstrating the outstanding application of 
[18F]FDG in the detection of tumors. However, we consider [18F]FDG to be a metabolic 
tracer rather that a marker for hypoxia. 
 
Because tumor hypoxia is a dynamic process that consists of both chronic and acute 
hypoxia, a tumor’s oxygen status changes continuously, and most hypoxia tracers mainly 
detect the chronic hypoxic fraction. However, there are suggestions that acute hypoxia 
also plays a prominent role in determining the treatment outcome (32). Changing a 
tumor’s oxygen status by clamping or reduced oxygen breathing mimics this dynamic 
process and gives the opportunity to study the behavior of tracer uptake under these 
conditions. In the ideal situation, one would wish a hypoxia tracer to rapidly and specifical-
ly accumulate in the hypoxic regions with fast clearance in the nonhypoxic tissues. Binding 
of the tracer would be irreversible, and no circulating free available tracer would be 
present. 
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Previous studies have shown that a treatment combining nicotinamide and carbogen 
increases a tumor’s oxygen status (9, 33), whereas 7% oxygen breathing increases the 
hypoxic fraction (9). In this study, the oxygen modification was applied only 2.5 hours after 
tracer injection. Increasing the hypoxic fraction during tracer accumulation is dependent 
on the presence of unbound, circulating tracer. For all hypoxia tracers, circulating tracer 
was present after 3 hours, based on the measured activity in the blood (SUV of 2.4 for 
[18F]FDG; 0.3 for [18F]FAZA; 0.8 for [18F]FMISO, and 0.3 for [18F]HX4) however only 
[18F]FAZA and [18F]HX4 showed increased uptake in the tumor after 7% oxygen breathing. 
This effect was observed mainly in the mean values rather than in the maximum values, 
indicating that the tumor’s overall oxygenation was altered, whereas the maximum value 
is determined by the severe hypoxic regions that will be less affected by this treatment. 
Exposure to high oxygen concentrations at 2.5 hours after tracer injection would prevent 
further accumulation or reverse tracer binding. For [18F]FAZA, preclinical data are available 
that show reduced uptake after pure oxygen or carbogen breathing in tumor bearing mice 
(8, 34). In our experimental setting only [18F]FMISO showed a lower uptake upon reduced 
hypoxia. Together with the results of constant accumulation of [18F]FMISO in the tumor 
over time these data suggest that further accumulation is prevented when reducing the 
hypoxic fraction. Previous studies observed that [18F]FMISO uptake in squamous cell 
carcinoma bearing mice was influenced by the altered breathing condition (35). These 
experiments challenged the tracers to their limits and tried to mimic the changing oxygen 
concentrations in a tumor. It must be kept in mind that these results are influenced by 
tumor and animal model chosen and that the tracer metabolism is different in patients. 
Furthermore, exposing animals to modified oxygen concentration will introduce changes 
to the whole organism that might influence the distribution and metabolism of the tracer. 
Our data suggest that [18F]HX4 and [18F]FAZA are more sensitive to acute hypoxia while 
[18F]FMISO uptake is influenced by reoxygenation.  

CONCLUSIONS 

In conclusion, all investigated tracers showed different characteristics. The ultimate 
hypoxia tracer has not been developed, but this and other studies show that hypoxia 
imaging using the existing tracers gives extra information that can be very useful in the 
treatment of cancer patients. 
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SUPPLEMENTARY DATA 

Supplementary Materials and Methods 

Images were acquired using a clinical PET/CT scanner (Siemens Biograph 40, Siemens 
Healthcare) with an axial field of view (FoV) of 162 mm, a transaxial FoV of 605 mm and a 
spatial resolution of 5.3 mm FWHM at the center of the FoV. The PET data were attenua-
tion corrected using the acquired CT images. Also, correction for scatter (3D), randoms, 
dead time and decay of injected radionuclides was applied. First a topogram was acquired 
followed by a whole body CT scan using a 1mm reconstructed slice thickness and a pitch of 
0.8. For PET imaging an emission scan in list mode (LM) in one bed position was started 
simultaneously with tracer injection. LM data were rebinned using Fourier rebinning, and 
PET images were reconstructed for dynamic 60 minute imaging as 8x15 sec, 4x30 sec, 2x1 
minute, 2x2 minutes and 10x5 minutes. The reconstructed voxel size was 3.04 mm in all 
dimensions. Every hour a similar scan was performed till 6 hours p.i. using a 20 minute 
emission scan, reconstructed as 4x5 minutes. 
 
Reconstructed PET/CT images were analyzed in dedicated software (TrueD VC60; Sie-
mens). Manual delineation of the volume of interest (VOI) was performed on the com-
bined PET/CT image to obtain activity values (Bq/ml) for the tumor, muscle of the hind leg 
and blood pool (heart). After correcting the activity data for decay, data were quantified 
by calculating the SUV (activity in VOI / (injected dose/weight of animal)). SUVmax indicates 
the averaged maximum SUV inside the VOI, SUVmean is the averaged mean activity in the 
VOI. Tumor-to-blood ratios (TBR) and tumor-to-muscle (TMR) ratios were calculated (SUV 
tumor / SUV blood or muscle, respectively) using either mean or maximal values for both 
VOIs. 
 
Non-rigid registration of the tumor was performed using in house developed registration 
software (36). The tumor contours were non-rigidly registered using an intensity based 
registration method (Morphons, 10 iterations, 8 resolution scales). A weighted sum 
accumulation of the deformation field was performed with a Gaussian regularization filter 
of 1.5 times the voxel size. The resulting deformation field was applied to the CT and the 
PET image of the rat. Next, the 50% of the total tumor volume with the highest SUV was 
defined, and the overlapping volume was calculated between the two scans. This was 
repeated on 40, 30, 20 and 10% of the total tumor volume. 
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Figure S3.1: Mean SUV and tumor-to-background ratios. A) SUVmean of the tumor (red), blood (blue) and muscle 
(black) over time. [18F]FDG n=12, [18F]FAZA n=13, [18F]FMISO n=16 and [18F]HX4 n=18 B) Mean TBR over time for 
[18F]FDG (red), [18F]FAZA (blue), [18F]FMISO (green) and [18F]HX4 (black) with TBR tracer comparison at three 
hours post-injection. [18F]HX4 had significant better TBR compared with the other tracers [18F]FDG n=12, [18F]FAZA 
n=13, [18F]FMISO n=16 and [18F]HX4 n=18 C) Mean tumor-to-muscle ratio over time. On the right side the mean 
TMR comparison of the four tracers at 3 hours p.i.: Mean TMR for [18F]HX4 was significantly higher than for the 
other hypoxia tracers: *PFAZA vs HX4=0.0114 and *PFMISO vs HX4=0.0102 [18F]FDG n=12, [18F]FAZA n=14, [18F]FMISO n=16 
and [18F]HX4 n=18. D) Mean and maximal muscle-to-blood ratio (MBR) over time. *P< 0.05.  [18F]FDG n=12, 
[18F]FAZA n=14, [18F]FMISO n=16 and [18F]HX4 n=18. Data are means ± SEM. 
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Figure S3.2: Oxygen modification. Relative SUVmax or tracer ratios comparing untreated rats (basal) with A) 7% 
oxygen breathing (7% oxygen) or B) nicotinamide/carbogen (carbo) treated rats. SUV’s are calculated and 
represented as 5 hours p.i. relative to 2 hours p.i. for each organ separately or for the calculated TBR or TMR. 
*P<0.05, **P<0.01. Data are means ± SD for basal: [18F]FDG n=12, [18F]FAZA n=14, [18F]FMISO n=16 and [18F]HX4 
n=18, for 7% oxygen: [18F]FDG n=7, [18F]FAZA n=7, [18F]FMISO n=8 and [18F]HX4 n=8, for carbo: [18F]FDG n=8, 
[18F]FAZA n=8, [18F]FMISO n=6 and [18F]HX4 n=14 . 
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ABSTRACT  

Purpose: Hypoxia is an important parameter influencing tumor progression and treatment 
efficacy.  The aim of this study was to investigate the repeatability of hypoxia PET imaging 
with [18F]HX4 in patients with head and neck and lung cancer. 
 
Methods: Nine patients with lung cancer and ten with head and neck cancer were includ-
ed in the analysis (NCT01075399).  Two sequential pretreatment [18F]HX4 PET/CT scans 
were acquired within 1 week.  The maximal and mean standardized uptake values (SUVmax 

and SUVmean) were defined and the tumor-to-background ratios (TBR) were calculated.  In 
addition, hypoxic volumes were determined as the volume of the tumor with a TBR>1.2  
(HV1.2). Bland Altman analysis of the uptake parameters was performed and coefficients of 
repeatability were calculated. To evaluate the spatial repeatability of the uptake, the 
PET/CT images were registered and a voxel-wise comparison of the uptake was per-
formed, providing a correlation coefficient.   
 
Results: All parameters of  [18F]HX4 uptake were significantly correlated between  scans: 
SUVmax (r=0.958, p<0.001), SUVmean (r=0.946, p<0.001), TBRmax (r=0.962, p<0.001) and HV1.2 
(r=0.995, p<0.001). The relative coefficients of repeatability were 15% (SUVmean), 17% 
(SUVmax) and 17% (TBRmax).  Voxel-wise analysis of the spatial uptake pattern within the 
tumors provided an average correlation of 0.65±0.14.   
 
Conclusions: Repeated hypoxia PET scans with [18F]HX4 provide reproducible and spatially 
stable results in patients with head and neck cancer and patients with lung cancer.  
[18F]HX4 PET imaging can be used to assess the hypoxic status of tumors and has the 
potential to aid hypoxia targeted treatments. 
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INTRODUCTION 

[18F]HX4 is a new 2-nitroimidazole PET imaging agent for hypoxia, in which structure-
activity relationships have been used to optimize pharmacokinetic and clearance proper-
ties (1, 2).  Tumor hypoxia is a condition where insufficiently vascularized tumor cells 
deprived of oxygen not only become more aggressive and malignant, but also more 
resistant to treatment by radiation and chemotherapy (3-5).  The presence of hypoxia is 
therefore generally considered a poor prognostic disease marker in cancer patients (6). 
However, it is difficult to measure oxygen levels reproducibly and non-invasively in a 
highly heterogeneous tumor environment.  Reliable diagnostic methods to detect and 
quantify tumor hypoxia are therefore needed.  It has been hypothesized and currently 
being investigated that inclusion of hypoxic cell sensitizers during treatment, i.e., the 
delivery of higher radiotherapy doses to hypoxic regions (7) or the use of hypoxia-
targeting therapy (8-11), might improve the outcome in patients with hypoxic tumors (12).  
[18F]HX4 has the potential to serve as a clinically useful diagnostic tool to aid the applica-
tion of hypoxia targeting therapies to those patients who will most likely benefit from 
them (13, 14). 
 
This pilot phase 2 study was primarily designed as a test-retest study to investigate the 
repeatability of [18F]HX4 as a non-invasive PET imaging marker for detection of tumor 
hypoxia regions.  Here we present the results in patients with lung cancer and patients 
with head and neck (H&N) cancer. 

MATERIALS AND METHODS 

Patients 

This multicentered study (NCT01075399) was conducted in accordance with the ethical 
principles of Good Clinical Practice, according to the International Conference on Harmo-
nization of Technical Requirements for Registration of Pharmaceuticals for Human Use 
(ICH).  Both the FDA and the institutional review boards of the participating institutions 
approved the study protocol and the informed consent form.  All participants reviewed 
and signed the informed consent form before study entry.  [18F]HX4 PET/CT images were 
acquired of 19 patients: 9 with lung cancer  and 10 with H&Ncancer.  The patients under-
went two sequential pre-treatment [18F]HX4 PET/CT scans within 1 week to assess repeat-
ability. Patient characteristics are presented in Table 4.1. 
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Table 4.1: Patient characteristics. 

Patient ID Gender Lesion Location TNM Pathology GTV (cm3) 

Lung Cancer 

01 F RUL lung T4N2M1 Adeno 88.8 

02 M LUL lung T4N3M1 Small cell 361.5 

03 M R precarina T1N3M0 Large cell 5.2 

04 F R mediastinum T3N2M0 Large cell 251.6 

05 F RLL lung T2N2M0 Adeno 87.6 

06 M RUL lung T4N3M0 Squamous cell 23.0 

07 M RUL lung T2aN2M1 Adeno 10.2 

08 F RUL lung T2N0M0 Adeno 9.2 

09 F LUL lung T1bN0M0 Large cell 4.1 

Head and Neck Cancer 

10 M R Neck LN T1N1M0 NA 20.5 

11 F Anterior larynx T3N2cM0 Squamous cell 7.0 

12 F L Soft palate T4N0M0 Squamous cell 79.9 

13 M R Base of tongue T2N2aM0 Squamous cell 2.6 

14 M R neck T2N2bM0 Squamous cell 17.8 

15 M L Aryepiglottic fold T2N2aM0 Squamous cell 31.6 

16 M R Piriform sinus T1N1M0 Squamous cell 6.9 

17 F R Maxillary sinus T4N2M0 Adenoid cystic 248.1 

18 M R Base of tongue T1N2bM0 Squamous cell 5.3 

19 M R Sinonasal Space T4aN0M0 Undifferentiated 68.3 

RUL= right upper lobe, LUL = left upper lobe, RLL = right lower lobe,  
R = right, L= left, LN = lymph node 

Radiochemistry 

[18F]HX4 (flortanidazole, 3-[18F]fluoro-2-(4-((2-nitro-1H-imidazol-1-yl)methyl )-1H-1,2,3-
triazol-1-yl)-propan-1-ol) was prepared by Siemens Molecular Imaging (Culver City, CA) or 
a Siemens PETNET qualified manufacturing site and delivered to each site on the day of 
injection.  The radiosynthesis has been described previously (15).  Briefly, the precursor 
(Siemens Molecular Imaging Inc., Culver City, California, USA) was reacted with 18F–
K2.2.2, and K2CO3 in MeCN at 110°C for 10 min, followed by a deprotection step using 1.0 
mol/l HCl at 100°C for 5 min. [18F]HX4 was purified by RP-HPLC and stabilized with ascorbic 
acid before sterile filtration. In order to be released, each dose of [18F]HX4 had to have a 
radiochemical purity greater than 95%. 
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Scanners and technical parameters 

[18F]HX4 PET/CT scans were performed using high-resolution full-ring PET/CT scanners, 
including a GE Discovery, GE Discovery LS, Philips Gemini, and a Siemens Biograph PET/CT 
scanner.  Images were reconstructed using scanner-specific parameters in accordance to 
each facility’s standard procedure, including at least attenuation and scatter correction.  
Repeat scans were performed on the same PET/CT scanner, using the same protocol and 
patient positioning without respiratory gating. 

 [18F]HX4 PET/CT imaging  

For each [18F]HX4 PET/CT scan, the patient received a single intravenous bolus injection of 
368±48 MBq (range: 199 – 488 MBq) of [18F]HX4, followed by a saline flush.  A static 
PET/CT scan was acquired with an acquisition time of 3 minutes (range 1.7 - 5 min) per 
bed position, after an uptake time of 99±10 minutes (range: 89-125 min). The average 
difference in uptake time between repeat PET scans was 6±7 min (range: 0-27min). 

Image evaluation of [18F]HX4 

[18F]HX4 PET/CT scans were analyzed using an Inveon Research Workplace (Edition 4.0.0.3, 
Siemens, Germany).  Gross tumor volumes (GTV) of the primary lesion or largest lymph 
node were defined in centimeters cubed by manual contouring the tumor on the CT 
images by one observer (D.C.).  These tumor delineations were applied to the PET images 
and the maximal and mean standardized uptake values (SUVmax, SUVmean) were measured 
in grams per milliliter.  Under the assumption of water density, the SUV is reported as 
unitless. For each patient, the reference tissue was defined by contouring a volume of 
interest (VOI; sphere with a radius of 25 mm) in a large (thigh) muscle on the CT image.  
From this muscle VOI the SUVmean (M) was determined.   
 
Tumor to background ratios (TBR) were calculated by dividing Tumor SUVmax and SUVmean 
by Muscle SUVmean (M)  
 
 TBRmax = Tumor SUVmax / M    

TBRmean = Tumor SUVmean / M 
 

The hypoxic volume (HV; in centimeters cubed) of each tumor was defined as the [18F]HX4 
tumor volume with a TBR > 1.2 (HV1.2) or TBR>1.4 (HV1.4) : 
 

HV1.2 = Volume within GTV with TBR > 1.2   
HV1.4 = Volume within GTV with  TBR > 1.4 
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The fraction of hypoxic volume (FHV, percent) of each tumor was determined by dividing 
the HV by its respective GTV: 
 

FHV1.2 = HV1.2 / GTV 
FHV1.4 = HV1.4 / GTV  
 

To evaluate the repeatability of the heterogeneous uptake pattern, the second [18F]HX4 
PET/CT scans were rigidly registered, inspected for accurate registration and a voxel-wise 
comparison of the SUV values within the GTV was performed.   

Statistics 

For all parameters, the mean ± SD are reported.  The relationships among GTV-based 
parameters (SUVmean, SUVmax, TBR, HV, FHV) extracted from repeat [18F]HX4 PET images 
were analyzed by calculating Pearson correlation coefficients. A p value <0.05 was as-
sumed to be statistically significant.  In addition, a Bland Altman analysis was performed 
for all parameters providing the mean difference of each parameter and the absolute and 
relative coefficients of repeatability (CR: 1.96x SD), defined as the value below which the 
difference between two measurement will be within 95% probability. To evaluate the 
voxel-wise analysis a linear fit of the data was performed, providing the correlation coeffi-
cient and slope.  A Bland Altman plot was created providing the difference in uptake for 
each matching voxel (ΔSUV) with its lower and upper limits of agreement  of the 95% 
confidence interval. In addition a histogram of SUVs  within the GTV was prepared.  

RESULTS 

[18F]HX4 PET/CT imaging in nine patients with lung cancer patients and ten with H&N 
cancer  were included in the analysis.  Two sequential baseline [18F]HX4 PET/CT scans were 
performed at an average interval of 1.1 days (range = 1 - 2 days) in patients with lung 
cancer and 2.1 days (range = 1 - 6 days) in  patients with H&N cancer.   
 

[18F]HX4 uptake in the GTV 

[18F]HX4 uptake on the first PET scan varied considerably among tumors on both the first 
scan with an average SUVmax of 1.86 ±0.52 (range = 1.2–2.9) and SUVmean of 1.20 ±0.28 
(range = 0.85–1.90) and the second scan with an average SUVmax of 1.84 ±0.50  (range = 
1.15–2.82) and SUVmean of 1.20 ±0.28 (range = 0.92–1.97; Table 4.2).   
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Table 4.2: Repeatability of the [18F]HX4 uptake and hypoxic tumor volume (HV) and fraction (FHV) using a 
threshold of 1.2 times background 

 SUVmean  SUVmax  TBRmax  HV1.2 [cm3]  FHV1.2 [%] 

ID Scan1 Scan2 Scan1 Scan2 Scan1 Scan2 Scan1 Scan2 Scan1 Scan2 

Lung Cancer 

01 1.20 1.09 2.15 2.21 1.72 1.87 14.01 11.15 15.78 11.33 

02 1.38 1.49 2.87 2.74 2.40 2.10 147.30 148.30 40.76 38.55 

03 1.17 1.19 1.47 1.60 1.20 1.27 0.06 0.26 1.23 9.30 

04 1.90 1.97 2.93 2.82 2.03 1.94 177.60 203.30 70.62 74.95 

05 1.16 1.10 1.68 1.67 1.50 1.66 18.82 18.50 21.48 36.04 

06 0.89 0.90 1.46 1.55 1.49 1.62 2.49 1.80 10.85 9.52 

07 0.94 1.03 1.57 1.64 1.47 1.51 0.45 1.45 4.41 9.67 

08 1.36 1.51 1.98 2.25 1.64 1.75 3.58 4.58 38.85 47.92 

09 1.19 1.07 1.63 1.47 1.17 1.16 0.00 0.00 0.00 0.00 

Mean± 
SD 

1.24± 
0.29 

1.26± 
0.33 

1.97± 
0.57 

1.99± 
0.53 

1.63± 
0.39 

1.65± 
0.31 

40.5± 
69.9 

43.3± 
76.6 

22.6± 
23.4 

26.4± 
24.6 

Head and Neck Cancer 

10 0.91 0.92 1.25 1.29 1.04 1.01 0.00 0.00 0.00 0.00 

11 0.89 0.99 1.23 1.31 1.04 1.08 0.00 0.00 0.00 0.00 

12 1.85 1.72 2.52 2.39 1.32 1.27 3.90 1.54 4.89 2.02 

13 1.09 0.97 1.30 1.15 1.17 1.09 0.00 0.00 0.00 0.00 

14 1.15 0.99 1.71 1.37 1.42 1.28 0.90 0.13 5.04 0.67 

15 1.17 1.12 1.72 1.80 1.44 1.69 3.65 5.57 11.56 20.57 

16 0.98 1.05 1.77 1.96 1.79 2.08 1.01 2.03 14.55 33.83 

17 1.23 1.17 2.48 2.33 3.35 3.15 211.20 203.70 85.14 80.03 

18 1.15 1.18 1.49 1.39 1.36 1.23 0.60 0.27 11.33 5.11 

19 1.26 1.28 2.12 2.05 1.96 1.99 28.73 41.24 42.07 57.56 

Mean± 
SD 

1.17± 
0.27 

1.14± 
0.23 

1.76± 
0.48 

1.70± 
0.46 

1.59± 
0.69 

1.59± 
0.67 

25.0± 
66.0 

25.5± 
63.9 

17.5± 
26.9 

20.0± 
28.5 

Mean± 
SD 

1.20± 
0.28 

1.20± 
0.28 

1.86± 
0.52 

1.84± 
0.50 

1.61± 
0.55 

1.62± 
0.52 

32.3± 
66.4 

33.9± 
68.8 

19.9± 
24.7 

23.0± 
26.2 

 
The uptake parameters from the first and second scans were highly correlated: r = 0.958 
for SUVmax (p < 0.001, Figure 4.1) and r = 0.946 for SUVmean (, p < 0.001, Figure S4.1) High 
correlations between scans were also seen within each subgroup of cancer patients: r = 
0.972 for SUVmax ( p < 0.001) and r = 0.960 for SUVmean (p < 0.001) in those with lung 
cancer, and r = 0.945 for SUVmax (p < 0.001) and r = 0.952 for SUVmean (p < 0.001) in those 
with H&N cancer. In the Bland Altman analysis, SUVmax, showed a mean difference of 0.02 
with an absolute CR of 0.29 and a repeatability percentage of 17% (Figure 4.1) and SUVmean 
showed a mean difference of 0.01 with an absolute CR of 0.18 and a repeatability per-
centage of 15% . 
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High correlations were also seen for TBRmax (r = 0.962, p < 0.001; Figure 4.1) and TBRmean (r 
= 0.965, p < 0.001).  High correlations were also seen within each  subgroup of cancer 
patients: r = 0.939 forTBRmax (p < 0.001) and r = 0.972 for TBRmean ( p < 0.001) in those with 
lung cancer, and similarly r = 0.972 for TBRmax (p < 0.001) and r = 0.964 for TBRmean (p < 
0.001) in those with H&N cancer. In the Bland-Altman analysis,  TBRmax, showed a mean 
difference of -0.01 with an absolute CR of 0.30 and a repeatability percentage of 17% 
(Figure 4.1), and TBRmean showed a mean difference of -0.01 with an absolute CR of 0.11 
and a repeatability percentage of 10%.  
 

 
Figure 4.1: Correlation and Bland Altman plots (including the 95% confidence interval) of the image parameters 
SUVmax and TBRmax. 
 

HV and FHV analysis 

The average tumor volume was 70 cm3 (range = 2.6-361 cm3).  The average HV1.2 in the 
first scan was 32 cm3 (range = 0–211 cm3) and in the second scan was 34 cm3 (range = 0–
204 cm3; Table 4.2).  For HV1.2, there was a high correlation between the first and second 
scans (r = 0.995, p < 0.001, Figure S4.1) which was retained in each  subgroup  of cancer 
patientsr = 0.997 (p < 0.001) in those with lung cancer and and r = 0.998 (p < 0.001) in 
those with H&N cancer. In the  Bland-Altman analysis, HV1.2 showed a mean difference of -
1.55 cm3 with an absolute CR of 13.5 cm3 (Figure S4.1). 
 
Applying the higher threshold of 1.4 times the background, in the first scan the  average 
HV1.4 was 19 cm3 (range = 0 – 175 cm3) and in the second  scan was 19 cm3 (range = 0–162 
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cm3; Table S4.1).  For  HV1.4,there was also a consistently high correlation between the first 
and second scans (r = 0.982, p < 0.001) which was retained in each subgroup of patients: r 
= 0.959 (p < 0.001) in those with lung cancer.  and r = 0.999 (p < 0.001) in those with H&N 
cancer . In the Bland-Altman analysis, HV1,4 showed a mean difference of 0.08 cm3 with a 
confidence interval from -17.2 to 17.4 cm3. 
 
There was a wide range of FHV1.2 due to varying levels of hypoxia among the tumors. In 
the first scan the average FHV1.2 was20 ±25% (range = 0 – 85%) and in  the second scan  
the average FHV1.2 was 23 ±26% (range = 0 – 80%; Table 4.2).  This was also seen when the 
higher threshold of 1.4 times the background was applied: in  the first scan the average  
FHV1.4 was 9±18% (range 0 -71%) and in the second scan the average FHV1.4 was 10 ±17% 
(range: 0 - 63%; Table S4.1). 
 
For  FHV1.2 there was a high correlation between the first and second scans (r = 0.957, p < 
0.001) whih was retained in each subgroup of  cancer patients  r = 0.966 (p < 0.001) in 
those withlung cancer  and r = 0.950 (p < 0.001)in those with H&N cancer. For FHV1.4 there 
was also a high correlation between the first and second scans (r = 0.975, p < 0.001), 
which was retained in each subgroup of cancer patients r = 0.963 (p < 0.001) in those with 
lung cancer and   r = 0.985(p < 0.001) in those with H&N cancer. In  the Bland-Altman 
analysis, FHV1.2 showed a mean difference of -3.1% with an absolute CR of 14.9%, and 
FHV1.4. showed a mean difference of -0.9% and an absolute CR of 7.8%.  
 
Using 1.2 times the background as the threshold to determine FHV, 79% of the tumors 
(15/19)  were found to have some level of hypoxia but when the higher threshold of 1.4 
times the background was applied to determine the FHV, only 47% of the tumors (9/19) 
were characterized as having tumor hypoxia. 

Repeatability of the spatial uptake pattern 

An example of voxel-wise image analysis in a patient with head and neck cancer (patient 
12) is shown in Figure 4.2.   Comparison of the heterogeneous uptake within the GTV 
between the first and second [18F]HX4 PET scan showed a moderate to strong correlation 
in the majority of patients, with an average correlation coefficient of 0.65±0.14.  There 
were two exceptions (Patient 14 and 16) in whom a poor correlation was observed (R = 
0.38 and 0.39).  The average slope and intercept of the linear fit of the data were 
0.56±0.17 and 0.47±0.19, respectively.  The Bland-Altman analysis showed an average 
ΔSUV of 0.02±0.06, with a lower and upper limit of agreement of 0.15 ± 0.09 and 
0.19±0.08.  Examples of voxel-wise image analysis in patients with lung cancer  (patient 1 
and 4) are shown in Figure 4.3. In addition, the results for each patient are shown in Table 
4.3.  
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Figure 4.2: Example of voxel-wise analysis in a patient with head and neck cancer (patient 12). The axial, coronal, 
and sagittal planes of the first and rigidly registered second [18F]HX4 PET/CT scan are shown.  The gross tumor 
volume is delineated . The bottom row shows the correlation plot, the Bland-Altman, and the histogram plot of 
the voxels within the gross tumor volume. 
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Table 4.3: Results of the voxel-wise analysis. Pearsons correlation coefficient (R), slope and intercept of the linear 
fit. Mean of the difference in SUV (ΔSUV) of the Bland Altman plot with the 95% Confidence Interval (CI), with the 
lower (LLA) and upper (ULA) limit of agreement.  

 Correlation plot Bland Altman 

      95% CI  

ID R slope intercept Mean ΔSUV LLA ULA 

Lung Cancer 

01 0.51 0.39 0.64 0.05 -0.21 0.30 

02 0.61 0.46 0.85 -0.06 -0.34 0.23 

03 0.69 0.72 0.35 -0.01 -0.15 0.13 

04 0.85 0.82 0.4 -0.03 -0.20 0.14 

05 0.58 0.78 0.02 0.12 -0.10 0.35 

06 0.83 0.63 0.27 0.03 -0.10 0.15 

07 0.55 0.45 0.62 -0.05 -0.24 0.13 

08 0.82 0.86 0.28 -0.04 -0.21 0.13 

09 0.62 0.44 0.52 0.07 -0.07 0.21 

Mean± 
SD 

0.67± 
0.13 

0.63± 
0.18 

0.42± 
0.24 

0.02± 
0.07 

-0.19± 
0.08 

0.22± 
0.12 

Head and Neck Cancer 

10 0.63 0.59 0.35 0.01 -0.12 0.14 

11 0.84 0.71 0.31 -0.02 -0.12 0.07 

12 0.86 0.70 0.45 0.05 -0.09 0.19 

13 0.69 0.30 0.45 0.15 0.06 0.25 

14 0.38 0.28 0.61 0.11 -0.07 0.28 

15 0.56 0.49 0.52 0.04 -0.12 0.20 

16 0.39 0.37 0.68 -0.03 -0.25 0.19 

17 0.63 0.61 0.42 0.03 -0.23 0.30 

18 0.70 0.49 0.61 -0.01 -0.11 0.09 

19 0.63 0.49 0.64 0.00 -0.21 0.21 

Mean± 
SD 

0.63± 
0.16 

0.50± 
0.15 

0.50± 
0.13 

0.03± 
0.06 

-0.13± 
0.09 

0.19± 
0.07 

Mean± 
SD 

0.65± 
0.14 

0.56± 
0.17 

0.46± 
0.19 

0.03± 
0.06 

-0.16± 
0.09 

0.21± 
0.10 
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Figure 4.3: Examples of voxel-wise analysis in patients with lung cancer (patients 1 and 4).  The axial plane of the 
CT with the gross tumor volumes delineated in yellow, the first [18F]HX4 PET scan, the rigidly registered second 
[18F]HX4 PET scan and the difference map of the two scans are shown.   

DISCUSSION 

The aim of this study was to investigate the repeatability of [18F]HX4 as a non-invasive PET 
imaging marker for the detection of tumor hypoxia in patients with lung cancer and 
patients with H&N cancer.  Tumor hypoxia is known to be a dynamic process characterized 
by the presence of acute and chronic hypoxia. Acute hypoxia is usually the result of a 
blockage or disruption in the perfusion of the tumor, while chronic hypoxia is mainly 
caused by limitations of oxygen diffusion due to an inefficient blood vessel network, which 
results in larger distances between the blood vessels and tumor tissue. Static PET imaging 
will show only the hypoxic status at one specific time-point and containinformation about 
both acute and chronic hypoxia. To be able to select patients for treatment with anti-
hypoxia therapy and/or for a hypoxia based radiotherapy dose redistribution, it is im-
portant to gain an insight into the day-to-day variability in tumor hypoxia and its spatial 
location. Therefore we compared [18F]HX4 uptake, tumor-to-muscle levels and hypoxic 
fractions between two consecutive [18F]HX4 PET scans. To obtain information about the 
spatial distribution of tumor hypoxia, a voxel–wise comparison of the [18F]HX4 uptake was 
performed.  
 
While there was, as anticipated, a large interpatient variability in [18F]HX4 uptake, no 
major differences were observed between patients with H&N or patients with lung cancer.  
The average SUV of [18F]HX4 was identical for lung cancer (1.2 ± 0.3) and H&N cancer 
lesions (1.2 ± 0.3). There is no standardized method to define tumor hypoxia on PET 
images.  The threshold value for defining tumor hypoxia is dependent on the tracer, tracer 
pharmacokinetics, and other imaging parameters (16).  In our previous study (16) we 
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showed that a threshold of 1.2 times background at 2h after injection provides a similar 
FHV and hypoxic lesion detection rate to imaging using  a threshold of 1.4 times back-
ground at 4 hours after injection . In the current analysis we included both thresholds to 
quantify the HV.  First we defined the threshold as an uptake above 1.2 times the back-
ground level.  In this case 89% (8/9) of the lung and 70% (7/10) of the head and neck 
cancer patients had a hypoxic tumor volume.  These percentages are in agreement with 
previously published results showing, for example, hypoxia in 72% of non-small-cell lung 
cancer patients (16) or 84% of those with H&N cancer (17). Increasing the threshold to 1.4 
times background level, results in decreases in the proportion of hypoxic lesions detected 
to 67% of lung cancer lesions (6/9)  and 30% of H&N  cancer lesions(3/10).  
 
At the tumor-level we observed a high correlation for the frequently used parameters to 
quantify tumor hypoxia (SUVmax, SUVmean, TBR, HV and FHV).  This is in agreement with the 
results ofa study by  Okamoto et al. (18), who evaluated the reproducibility of the hypoxia 
PET tracer [18F]FMISO in patients with H&N cancer. They found a high correlation for 
SUVmax, TBR and HV.  However, these results do not agreewith the previous results of 
Nehmeh et al. (19), who found a considerable variability in the intratumoral uptake 
between repeat [18F]FMISO PET scans.  The reproducibility of the hypoxia PET tracer 
[18F]FAZA was evaluated by Busk et al. (20) in a mouse model and showed good reproduc-
ibility.  In comparison to [18F]FDG PET/CT imaging, our observed repeatability percentages  
(SUVmax 17% and SUVmean  15%) are smaller than the relative differences required to 
exceed test-retest variability, which should be larger than 25% for SUVmax and 20% for 
SUVmean (21). Since [18F]HX4 has a  lower uptake than  [18F]FDG, results from comparison of 
the two tracers should be interpreted with caution. However, comparing our  relative 
coefficients of repeatability with the results of the low uptake [18F]FDG measurements 
(Figure 1C of de Langen et al. (21)), the observed [18F]HX4 repeatability percentage of the 
SUVmax (17%) is much lower than expected based on  [18F]FDG (approximately 35%). This 
high repeatability of [18F]HX4 PET imaging parameters at the tumor level provides confi-
dence that hypoxia PET imaging using [18F]HX4 can be used to reliably detect and quantify 
tumor hypoxia.  This is essential for the use of hypoxia PET imaging as a predictor of 
treatment response or for the monitoring of changes in hypoxia during treatment. The 
detection of hypoxia using [18F]HX4 PET/CT at the tumor level could therefore be used to 
identify patients who might benefit from hypoxia-targeted treatment (22). 
 
To evaluate the stability of the heterogeneous uptake pattern of [18F]HX4, a voxel-wise 
comparison was performed. This analysis showed reproducible results (R>0.5) in the 
majority (17 out of 19) patients with  lung cancer or H&N cancer. The observed repeatabil-
ity is in agreement with the previous publication of Peeters et al., showing a high repeata-
bility of the [18F]HX4 uptake in a rat rhabdomyosarcoma model (23). Repeatability studies 
using the alternative hypoxia tracer [18F]FMISO reported contradictory results: Okamoto 
et al. (18) and Bittner et al. (24) found good repeatability, while Nehmeh et al. (19) ob-
served variability in the spatial uptake.  For the hypoxia tracer [18F]FAZA, repeated PET/CT 
imaging was performed during the course of radiotherapy. While Mortensen et al. (25) 
found a stable location of the HV during treatment, Servagi-Vernat (26) found a spatial 
move of the HV.  The spatial reproducibility of tumor hypoxia, as measured by a hypoxia 
PET tracer is essential for hypoxia PET-based radiotherapy planning. Three-dimensional-
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information of the hypoxic areas within the tumor can be used to tailor radiotherapy 
treatment to give a higher radiation dose to the hypoxic subvolumes (27). In this study, 
[18F]HX4 PET/CT imaging was able to identify stable hypoxic areas in the majority of 
patients. Therefore, this imaging technique could potentially enable the reliable treatment 
of hypoxic areas with an increased radiotherapy dose. Several studies have already shown 
that it is feasible to perform radiotherapy dose planning based on hypoxia PET images (12, 
28, 29).  
 
There are some limitations to this study. First, patients with very heterogeneous disease 
were included. These tumors have a different histology and might therefore express a 
different phenotype regarding acute versus chronic tumor hypoxia, which could possibly 
affect the reproducibility of tracer uptake. Nevertheless, even in this heterogeneous 
population, a high repeatability in [18F]HX4 PET/CT uptake was observed. Second, the 
study design was multi-centric; therefore different PET/CT scanners were used with 
different physical characteristics and different acquisition protocols. Differences in resolu-
tion among the scanners might have led to differences in the tumor hypoxia detection 
rates. In general we expect with all scanners a partial volume effect, and particularly in 
small lesions with low uptake and with a small HV this would cause larger differences in 
absolute uptake measurements. Also, breathing motion in patients with the lung cancer 
could have caused blurring of the PET signal. The differences in acquisition protocol, i.e. 
acquisition time per bed position and uptake period, will lead to differences in the ob-
served signal-to-noise ratios, and TBR and SUV measurements (30, 31). Nevertheless, 
since we used each patient as his or her own control, the partial volume effect and the 
effect of different scanners should have had only a minor influence on the repeatability 
results. Third, the [18F]HX4 PET scans were on average, acquired at  99 min after injection, 
with a maximal difference in the time from injection toacquisition  of 27 min. Studies 
reported after this study was completed have shown that the contrast between tumor 
and background increases up to 4 hafter injection. Therefore the image contrast might be 
suboptimal and differences in uptake parameters  observed might have been due to the 
differences in the time from injection to acquisition(31).  
 
In conclusion, repeated PET imaging with the hypoxia tracer [18F]HX4 provides reliable and 
reproducible results regarding the (spatial) uptake in patients with head and neck and lung 
cancer.  [18F]HX4 has the potential to quantify hypoxia in tumors and aid hypoxia-targeted 
treatments. 
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SUPPLEMENTARY DATA 

Table S4.1: Repeatability of the [18F]HX4 hypoxic tumor volume(HV)  and fraction (FHV) using a threshold of 1.4 
times background  

 HV1.4 [cm3] FHV1.4[%] 

Patient ID Scan 1 Scan 2  Scan 1 Scan 2 

Lung Cancer 

01 3.05 2.33 3.43 2.37 

02 77.43 54.67 21.42 14.21 

03 0.00 0.00 0.00 0.00 

04 96.00 121.34 38.16 44.73 

05 1.60 3.52 1.83 6.86 

06 0.45 0.25 1.95 1.32 

07 0.05 0.15 0.49 1.00 

08 1.39 1.79 15.11 18.75 

09 0.00 0.00 0.00 0.00 

Mean±SD (Lung) 20.0±38.1 20.5±41.8 9.2±13.3 9.9±14.7 

Head and Neck Cancer 

10 0.00 0.00 0.00 0.00 

11 0.00 0.00 0.00 0.00 

12 0.00 0.00 0.00 0.00 

13 0.00 0.00 0.00 0.00 

14 0.06 0.00 0.36 0.00 

15 0.13 1.41 0.41 5.20 

16 0.31 0.52 4.42 8.68 

17 175.37 161.63 70.68 63.50 

18 0.00 0.00 0.00 0.00 

19 12.06 18.74 17.66 26.15 

Mean±SD (HN) 18.8±55.1 18.2±50.7 9.4±22.2 10.2±17.4 

Mean±SD (total) 19.4±46.6 19.3±45.4 9.3±18.0 10.4±20.4 
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Figure S4.1: Correlation and Bland Altman Plot of image parameters; SUVmean and hypoxic tumor volume (HV1.2)  
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ABSTRACT 

Background and Purpose: [18F]HX4 is a promising hypoxia PET-tracer. Uptake, spatio-
temporal stability and optimal acquisition parameters for [18F]HX4 PET imaging were 
evaluated in non-small cell lung cancer (NSCLC) patients.  
 
 Materials and methods: [18F]HX4 PET/CT images of 15 NSCLC patients were acquired 2 h 
and 4 h after injection (p.i.). Maximum standardized-uptake-value (SUVmax), tumor-to-
blood-ratio (TBRmax), hypoxic fraction (HF) and contrast-to-noise-ratio (CNR) were deter-
mined for all lesions. To evaluate spatio-temporal stability, DICE-similarity and Pearson 
correlation coefficients were calculated. Optimal acquisition-duration was assessed by 
comparing 30, 20, 10 and 5min acquisitions. 
 
Results: Considerable uptake (TBR > 1.4) was observed in 18/25 target lesions. TBRmax 
increased significantly from 2 h (1.6 ± 0.3) to 4 h p.i. (2.0 ± 0.6). Uptake patterns at 2 h and 
4 h p.i. showed a strong correlation (R = 0.77 ± 0.10) with a DICE similarity coefficient of 
0.69 ± 0.08 for the 30% highest uptake volume. Reducing acquisition-time resulted in 
significant changes in SUVmax and CNR. TBRmax and HF were only affected for scan-times of 
5 min. 
 
Conclusions: The majority of NSCLC lesions showed considerable [18F]HX4 uptake. The 
heterogeneous uptake pattern was stable between 2 h and 4 h p.i.  [18F]HX4 PET imaging 
at 4 h p.i. is superior to 2 h p.i. to reach highest contrast. Acquisition time may be reduced 
to 10 min without significant effects on TBRmax and HF. 
  



Optimal [18F]HX4 PET image parameters 97 

INTRODUCTION 

Radiotherapy combined with chemotherapy is the standard treatment modality for pa-
tients with locally advanced non-small cell lung cancer (NSCLC). Unfortunately, after 
treatment, progression free survival is short with a median of 14 months (1). Tumor cell 
hypoxia is known to be a major factor that negatively influences treatment effectiveness, 
it promotes resistance to radiotherapy and chemotherapy and increases tumor aggres-
siveness, angiogenesis, and metastatic potential, resulting in a poor prognosis. (2, 3). 
 
Detection and quantification of tumor cell hypoxia using non-invasive positron emission 
tomography (PET) could help selecting patients who may benefit from treatment adapta-
tion counteracting hypoxia (4, 5). The selective binding and retention of 2-nitroimidazoles 
allows detection and quantification of tumor hypoxia with PET imaging prior to and during 
treatment (6-11). In addition, it provides the opportunity to display the spatial distribution 
of hypoxia, which is essential for its integration in radiation dose distribution (12). An 
increased radiation dose to the radio-resistant/hypoxic areas may result in an increased 
local control (13-15). Therefore accurate identification and stable detection of the intra-
tumor hypoxic sub-volumes is of importance (16). 
 
Several 2-nitroimidazoles, labeled with fluor-18 [18F], have already been applied in pa-
tients to identify hypoxia (17). The 2-nitroimidazole nucleoside analog: 3-[18F]fluoro-2-(4-
((2-nitro-1H-imidazol-1-yl)methyl)-1H-1,2,3-triazol-1-yl)propan-1-ol [18F]HX4, was devel-
oped as a potential marker to visualize hypoxic tumor cells (18). It has a high water solubil-
ity and fast clearance from non-hypoxic tissue, therefore generating a tracer with pre-
ferred pharmacokinetic properties (18-20). Previous preclinical and clinical studies have 
shown that [18F]HX4 is a promising and non-toxic tracer to visualize tumor hypoxia (18-21). 
In a rat rhabdomyosarcoma model the [18F]HX4 PET contrast (tumor-to-blood ratio; TBR) 
increased significantly over time, reaching a plateau and optimal imaging at 4 h after 
injection (18). In an inter-patient comparison [18F]HX4 yielded a similar tumor-to-muscle 
ratio at 1.5 h post-injection (p.i.) than [18F]MISO at 2 h p.i., suggesting that [18F]HX4 may 
be used with a shorter injection-acquisition time than [18F]MISO (21).  
 
The aims of this study were to evaluate the [18F]HX4 uptake in NSCLC patients, to report 
spatio-temporal stability, compare imaging at different time-points and evaluate the 
possibility to reduce acquisition time. 
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MATERIALS AND METHODS 

Patients 
Fifteen NSCLC patients analyzed in this study were included in the PET-Boost (15) 
(NCT01024829) or Nitroglycerin trial (NCT01210378), approved by the appropriate Medi-
cal Ethics Review Committee. Written informed consent was obtained from all patients 
before study entry. [18F]HX4 PET/CT imaging was acquired at baseline, i.e. before the start 
of external beam radiotherapy. However, patients were treated with concurrent or se-
quential chemoradiation and received at least one course of chemotherapy before the 
start of radiotherapy and [18F]HX4 PET/CT imaging. 
 
Table 5.1: Patient characteristics  

Patient Age Gender TNM Stage Pathology GTV size GTV [cm3] Prior treatment 
[no. chemo] 

1 55 M T2aN3M0 IIIB LCC prim 48 1 
      ln 190  
2 59 F T4N1M0 IIIB AC prim 328 3 
      ln 25  
3 72 M T2N3M0 IIIB AC prim 42 1 
      ln 51  
4 60 M T4N1M0 IIIB AC prim 859 1 
      ln* 8  
5 65 M T3N2M0 IIIA SCC prim 148 1 
      ln 39  
6 66 M T2N3M0 IIIB - prim 78 1 
      ln 13  
7 51 F T3N2M0 IIIA LCC prim 150 2 
      ln 11  
8 82 M T3N0M0 IIB AC prim 63 3 
         
9 66 M T4N3M0 IIIB AC prim 65 2 
      ln* 3  
10 62 F T4N2M0 IIIB SCC prim 150 1 
      ln* 5  
11 77 M T3N2M0 IIIA LCC prim 299 1 
      ln* 7  
12 64 M T4N2M0 IIIB SCC prim 212 1 
      ln 13  
13 60 M T4N2M0 IIIB AC prim 53 2 
      ln 17  
14 47 F T4N3M0 IIIB AC prim 125 1 
      ln 204  
15 40 M T4N2M1 IV AC prim 78 3 
      ln 35  

LCC = large cell carcinoma, AC = adenocarcinoma, SCC = squamous cell carcinoma  
prim = primary lesion, ln = involved lymph nodes, * lesions with a volume < 10 cm3 
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PET/CT imaging 

Images were acquired on a Philips Gemini TF 64 PET/CT scanner (Philips Healthcare, Best, 
The Netherlands) with an axial field of view of 18 cm, slice thickness of 4 mm, in plane 
pixel spacing of 4 mm and a spatial resolution of approximately 5 mm FWHM. CT based 
attenuation correction and scatter correction (SS-SIMUL) were performed. The PET images 
were reconstructed using 3D ordered-subset iterative time-of-flight reconstruction tech-
nique (BLOB-OS-TF) using 3 iterations and 33 subsets. The patient was scanned in radio-
therapy position, positioned on a flat tabletop using a movable laser alignment system 
with the arms in an arm-support positioned above the head. The field of view for CT and 
PET imaging was positioned on the primary tumor. [18F]HX4 was produced as described in 
previous publications (18-21). The injected activity of [18F]HX4 was 423 ± 72 MBq based on 
a previous phase I trial(19). After intravenous administration of [18F]HX4, PET/CT imaging 
was performed at 2 h and 4 h p.i. A single bed-position PET was acquired with a total 
acquisition time of 30 min.  
 
Analysis 
Gross tumor volumes of the primary tumor (GTVprim) and involved lymph nodes (GTVln) 
were defined by an experienced radiation oncologist and evaluated by a second radiation 
oncologist,  on the [18F]fluorodeoxyglucose (FDG) PET/CT scan used for radiotherapy 
planning purposes, acquired in the same week as the [18F]HX4 PET/CT.  [18F]FDG-based 
GTVs were copied to the [18F]HX4 PET/CT images by rigid registration and a visual check 
was performed. No matching problems occurred. In addition a volume of interest (VOI) in 
the aorta was defined as background region.  
 
Scan time point 
The optimal imaging time point was evaluated by determining image parameters in the 2 
h and 4 h p.i.  [18F]HX4 PET scans. The mean and maximum standardized uptake values 
(SUVmean and SUVmax, respectively) in the GTVs and aorta were extracted (PMOD v3.0, 
Zurich, Switzerland). The tumor-to-background ratio (TBRmax) was defined as the ratio of 
GTV SUVmax and aorta SUVmean. The tumor hypoxic fraction (HF) was calculated based on 
the [18F]HX4 uptake. A threshold for the definition of hypoxia has not been formally 
established, based on previous publications, a TBR larger than 1.4 was used as the stand-
ard threshold to define tumor hypoxia (18, 22-24). In addition, the HF was calculated 
based on a threshold ranging from TBR >1.1 to TBR >1.6. 
 
Spatio-temporal stability 
The spatio-temporal stability was evaluated using two methods, first by calculating the 
DICE similarity coefficient of the hypoxic volumes and second with a voxel-wise compari-
son of the [18F]HX4 uptake at 2 h and 4 h p.i.  For both methods the CT acquired at 2 h p.i. 
(CT2h) was rigidly registered to the CT at 4 h p.i. (CT4h).  The resulting deformation field was 
applied to co-register the PET at 2 h p.i. (PET2h

 ) to the PET at 4 h p.i. (PET4h ). 
To calculate the DICE similarity coefficient; First the percentile of the GTV with the highest 
uptake on PET2h  and  PET4h was defined, by using percentiles ranging from 50% to 90%. 
Second, only for lesions with a HF >5%, the hypoxic volume on the PET4h and its corre-
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sponding high uptake volume on the PET2h were defined.  The resulting high uptake vol-
umes (UV) are represented by UV2h  and UV4h. DICE was calculated using:  
 = 2 UV ∩ UVUV 	+ UV  

 
Furthermore, a voxel-wise comparison of the [18F]HX4 PET uptake in the GTV in PET2h  and  

PET4h was performed. 
 
Reduced acquisition time 
Because hypoxia PET tracers generally have a low uptake in tumors, prolonged PET acqui-
sition times may be preferred. Additional reconstructions were made with reduced acqui-
sition duration. The full acquisition time of 30 min was compared to the first 20, 10 and 5 
min acquisitions by evaluating changes in SUVmax, TBRmax, HF and the contrast-to-noise 
ratio (CNR) defined as: 
 =	 	 	 − 	 		  

 
Statistics 
For all parameters mean ± 1 standard deviation (SD) are reported. A Wilcoxon signed rank 
test was used to determine significant differences in uptake (SUVmax, TBRmax) between 2 h 
and 4 h p.i. and to evaluate the effect on image parameters (SUVmax, TBRmax, HF, CNR) 
when limiting the acquisition time. Linear regression was performed to correlate SUVmax 

and TBRmax from 2 h to 4 h p.i. and to quantify the voxel-wise comparison of the [18F]HX4 
uptake within the GTV. Slope and Pearson correlation coefficients were calculated. A p-
value smaller than 0.05 was assumed to be statistically significant. 

RESULTS 

[18F]HX4 PET/CT imaging of 15 NSCLC patients (11 male, 4 female) was included in the 
analysis. The mean age of the patients was 62 ± 10 years (range 40-82 years). Tumor stage 
ranged from IIB to IV; pathology being adenocarcinoma (n = 8), squamous cell carcinoma 
(n = 3), large cell carcinoma (n = 3) or not specified (n = 1). All patients were treated with 
curative intent and had one to three cycles of chemotherapy before hypoxia PET imaging 
and the start of radiotherapy. Patient characteristics are visualized in Table 5.1.  All but 
one patient had involvement of the lymph nodes (GTVln) which were separately analyzed 
from the primary tumor (GTVprim). Four involved lymph nodes with a volume <10 cm3 were 
excluded, due to potential partial volume effects. As a result 25 target lesions (GTVprim n = 
15, GTVln n = 10) were selected for analysis, with an average lesion size of 180 ± 208 cm3 

(range 42-859 cm3) for primary tumor and 60 ± 74 cm3 (range 11-204cm3) for the sum of 
the pathological lymph nodes.  
 

For two patients (P3 and P4) the SUV values could not be determined due to an undefined 
amount of residual activity in the administration system. For these patients, absolute SUV 
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was calculated based on the estimated activity in the syringe before injection, but exclud-
ed from statistical analysis. TBRmax, HF and CNR calculations were not affected by this spill 
and therefore included in the analysis. 
 
Tumor hypoxia, defined as TBRmax >1.4 on the 4 h p.i. acquisition, was observed in 80% 
(12/15) of the primary tumors and 60% (6/10) of lymph node regions. An example of a 2 h 
and 4 h p.i. PET/CT image is shown in Figure 5.1. Comparing 2 h with 4 h p.i., there was a 
high correlation for both SUVmax  (R = 0.96) and TBRmax (R = 0.94).  
 
Within the hypoxic lesions, the tumor SUVmax decreased between 2 h p.i. and 4 h p.i. for 
both GTVprim (1.5 ± 0.4 to 1.4 ± 0.4; P < 0.001) and GTVln (1.4 ± 0.2 to 1.2 ± 0.2; P = 0.16). 
However, due to clearance of [18F]HX4 in the blood, the TBRmax  increased significantly 
from 2 h to 4 h p.i. (GTVprim: 1.6 ± 0.3 to 2.0 ± 0.6; P < 0.001 and GTVln: 1.5 ± 0.3 to 2.1 ± 
0.6; P = 0.03 ) as shown in Table 5.2 and Figure 5.2. The SUVmean measured within the aorta 
VOI was 1.0 ± 0.2  and  0.7 ± 0.2 at 2 h p.i. and 4 h p.i respectively. Assuming an exponen-
tial clearance of HX4 in the blood, this resulted in an estimated biological half life of 4.3 h.  
 

 
Figure 5.1: Example of two transversal slices of the [18F]HX4 CT/PET image of patient 14 at 2 h and 4 h p.i. 
showing the primary tumor (GTVprim) and involved lymph nodes (GTVln) 
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Table 5.2: Target lesion characteristics at 2h and 4h p.i.  

    Tumour SUVmax  Aorta SUVmean  TBR 

Patient Lesion GTV [cm3]  2h p.i. 4h p.i.  2h p.i. 4h p.i.  2h p.i. 4h p.i. 

1 prim 48  0.93 0.64  0.88 0.58  1.06 1.10 

 ln+ 190  1.63 1.65     1.87 2.84 

2 prim+ 328  2.19 1.84  0.91 0.53  2.40 3.47 

 ln+ 25  1.63 1.36     1.79 2.56 

3 prim+ 42  0.73˟ 0.65˟  0.48˟ 0.36˟  1.51 1.78 

 Ln 51  0.63˟ 0.48˟     1.30 1.33 

4 prim+ 859  0.87˟ 0.85˟  0.51˟ 0.34˟  1.71 2.52 

 ln* 8  0.55˟ 0.44˟     1.08 1.32 

5 prim+ 148  1.47 1.30  0.98 0.71  1.50 1.83 

 ln+ 39  1.23 1.03     1.26 1.45 

6 prim+ 78  1.49 1.44  0.79 0.62  1.90 2.33 

 Ln 13  1.14 0.98     1.45 1.58 

7 prim+ 150  0.91 0.66  0.67 0.44  1.36 1.49 

 Ln 11  0.73 0.51     1.08 1.15 

8 prim+ 63  1.45 1.63  1.02 0.85  1.43 1.92 

 -           

9 prim 65  1.01 0.76  0.85 0.60  1.19 1.26 

 ln* 3  0.81 0.59     0.95 0.99 

10 prim+ 150  1.28 1.09  0.96 0.62  1.34 1.75 

 ln*+ 5  1.29 1.24     1.35 2.00 

11 prim+ 299  1.98 1.87  1.18 1.02  1.69 1.83 

 ln* 7  1.33 1.28     1.13 1.25 

12 prim+ 212  2.03 1.97  1.33 1.06  1.53 1.85 

 Ln 13  1.39 1.14     1.04 1.07 

13 prim 53  1.00 0.76  0.86 0.56  1.17 1.34 

 Ln 17  0.89 0.70     1.04 1.24 

14 prim+ 125  1.12 1.02  0.81 0.54  1.37 1.90 

 ln+ 204  1.19 1.28     1.46 2.37 

15 prim+ 78  1.40 1.13  1.10 0.78  1.27 1.45 

 ln+ 35  1.32 1.19     1.20 1.52 

Average [>10cm2] 132± 
175 

 1.34± 
0.39 

1.18± 
0.43 

 0.95± 
0.18 

0.69± 
0.19 

 1.44± 
0.32 

1.80± 
0.60 

Average [hypoxic & 
>10cm2] 

169± 
195 

 1.47± 
0.36 

1.34± 
0.37 

    1.56± 
0.30 

2.03± 
0.55 
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Figure 5.2: TBRmax of the primary tumor (GTVprim) and involved lymph nodes (GTVln) of all patients.  

 
The average HF (TBR >1.4), based on the 4 h p.i. image, was 15 ± 19% (GTVprim, range 0.1 - 
66%) and 12 ± 13% (GTVln, range 0.3-36%) for the hypoxic lesions. No correlation between 
the GTV and HF was observed (R = 0.12, P = 0.57). When applying the same threshold (TBR 
>1.4) in the 2 h p.i. images, a lower amount of hypoxic lesions were detected (8/15 GTVprim 
and 4/10 GTVln) and the average HF was reduced to 5 ± 10% (GTVprim) and 3 ± 6% (GTVln). 
Using a threshold of TBR >1.2 resulted in a similar hypoxic lesion detection rate (12/15 and 
7/10, respectively) and HF (GTVprim 17 ± 17% and GTVln 10 ± 10%) compared to 4 h p.i., 
however the use of this lower threshold resulted in one false positive case. The hypoxic 
fractions based on thresholds ranging from TBR >1.1 to TBR >1.6 on both 2 h and 4 h p.i. 
acquisitions are summarized in Table S5.1.  
Although the hypoxic lesions showed a heterogeneous [18F]HX4 uptake pattern, the voxel-
wise comparison of the PET2h and PET4h showed a strong correlation (R = 0.77 ± 0.10, 
range: 0.58-0.94, slope: 0.72 ± 0.15), see Figure 5.3 and Table S5.2.. Comparing high 
uptake percentiles resulted in an average DICE similarity coefficient of 0.79 ± 0.06, 0.75 ± 
0.06, 0.70 ± 0.08, 0.61 ± 0.10 and 0.48±0.10 for the highest volume percentiles 50%, 60%, 
70%, 80% and 90%, respectively. Comparing the hypoxic volumes defined on the PET4h

 

with the corresponding high uptake volume on the PET2h provides a DICE similarity coeffi-
cient of 0.61 ± 0.19 (Table S5.2).  
 

 
Figure 5.3: Example of patient 8. Left figure shows the 2 h p.i. [18F]HX4 PET/CT that is rigidly registered to the 4 h 
p.i. scan (middle). Visualized are the gross tumor volume (blue) and the hypoxic volume in the 4 h p.i. scan and its 
corresponding high uptake volume in the 2 h p.i. scan (red). The right figure shows the voxel-wise comparison 
between 2 h and 4 h p.i.  within the gross tumor volume. 
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One patient was excluded from this analysis due to an incomplete 30 min acquisition, 
resulting in 16 evaluable hypoxic lesions (>10 cm3). Reducing acquisition time from 30 min 
to the first 20, 10 and 5 min of the acquisition resulted in an average increase in SUVmax of 
4 ± 6% (P = 0.014), 12 ± 15% (P <0.001) and 18 ± 16% (P=0.025). TBRmax increased with 2 ± 
5% (P = 0.171), 7 ± 12% (P = 0.074) and 16 ± 13% (P <0.001) for, respectively, the 20, 10 
and 5 min acquisition, hence only a significant difference was reached for the 5 min 
acquisition. The average HF was not significantly different for the 30 min (11 ± 16%), 20 
min (11 ± 16%) and 10 min (11 ± 15%) acquisition, again for the 5 min acquisition (average 
HF: 13 ± 15%) the change in HF was significant (P = 0.02). The CNR decreased from 9.5 ± 
4.1 (30 min) to 8.7 ± 4.2 (20 min; P = 0.02), 7.8 ± 4.7 (10 min; P <0.01) and 6.6 ± 3.2 (5 min; 
P <0.001). Images of an example patient are visualized in Figure 5.4. 
 

 
Figure 5.4: Transversal [18F]HX4 PET slice of patient 4 at 4 h p.i., reconstructed with the total acquisition of 30 
min or the first 20, 10 and 5 min. 

DISCUSSION 

The aims of this study were to evaluate [18F]HX4 uptake in NSCLC, report spatio-temporal 
stability, compare imaging at different time-points and evaluate the possibility to reduce 
acquisition time. Based on this, we want to generate recommendations for future PET 
imaging with [18F]HX4. [18F]HX4 was developed to provide a hypoxia PET tracer with 
preferred pharmacokinetic and clearance properties compared to other available nitroim-
idazoles. Based on the current population the biological half-life of HX4 in the blood is 
approximately 4.3 h. Which is a 3-fold  faster clearance in comparison to [18F]MISO, 
reported to have a biological half life of 12 - 13 h (25, 26). In a clinical trial, it was shown 
that [18F]HX4 provides the same image contrast as [18F]MISO at an earlier time-point after 
injection (21), a characteristic beneficial for practical reasons. However, previous preclini-
cal and clinical studies have also shown that for both FMISO (6, 27) and HX4 (18, 19) the 
later scan time-points are optimal in order to reach a higher image contrast. In the current 
study the image contrast (TBRmax) increased from 2 h to 4 h p.i. confirming the pre-clinical 
results, i.e. [18F]HX4 scanning at 4 h p.i. provides a better opportunity to identify hypoxic 
areas. In preclinical setting a TBR plateau was reached at 4 h p.i., however it is still un-
known if in the clinical situation, hypoxia imaging at a timepoint later than 4 h p.i. could 
provide an enhanced image contrast(18).  
 
In literature no evaluation has been performed comparing all hypoxia PET tracers in the 
same tumor model or patient population (17). Hence, it is difficult to compare the current 
results to clinical trials with other hypoxia tracers used in NSCLC imaging. Other studies 
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allowed different treatment modalities before imaging, with differences in scan time p.i. 
or definition of background tissue (muscle (7), mediastinum (6, 28), venous blood sam-
pling (22, 29), lung (30), heart (31), not specified (32)). Nevertheless it seems that the 
average SUVmax resulting from the current analysis are similar compared to other trials 
with [18F]FMISO (6-8, 30), FAZA (32) or FETNIM (29).  
 
The definition of the hypoxic volume in the literature is diverse and based on different 
tracers. For [18F]FMISO imaging, a comparison with immunohistochemistry (24), normal 
tissue differences (22) and in vivo bio-distribution data (23) a threshold of TBR >1.4 can be 
supported. For [18F]HX4 imaging a good correlation with immunohistochemistry was 
observed when HX4 positive voxels (TBR >1.4) were compared to pimonidazole staining 
(18), however the optimal TBR in a clinical setting is still under investigation. Using the TBR 
>1.4 threshold a significant amount of tumor hypoxia was observed in 80% of the primary 
tumors and 60% of the involved lymph nodes. Note that although the lesion size of GTVln 
was in general smaller than GTVprim, still no relationship was found between GTV and HF. 
An average HF of 14 ± 17% was observed, which is lower in comparison to a previous 
study of Rasey et al. (22) where a median HF of 58% was reported. The discrepancy might 
be explained due to the fact that all patients in the current study had at least one cycle of 
chemotherapy before [18F]HX4 PET scans, which may reduce tumor hypoxia (9, 33), result-
ing in a lower SUVmax, TBR and HF. Note that, this is a situation frequently occurring in 
clinical practice. However, the hypoxic status of the lesion was assessed before the start of 
radiotherapy, which is of utmost importance in dose redistribution strategies. 
 
 The TBR threshold of 1.4 should not be interpreted as a rigid value to determine tumor 
hypoxia. Due to tracer kinetics, the threshold should be optimized based on scan time 
post-injection. An alternative threshold of TBR >1.2, also used in several trials (31, 34, 35), 
provides in the current study a similar amount of detected lesions at 2 h p.i. in comparison 
to 4 h p.i. using a TBR >1.4, however the risk of misclassifying lesions increases.  This might 
also explain the difference between the studies of Nehmeh et al. (34) and Okamoto et al. 
(36) using [18F]MISO PET imaging in head and neck cancer patients. Nehmeh et al. used a 
threshold of TBR >1.2 and observed that the measured fractional hypoxic volumes were 
variable over time. Whereas Okamoto et al. using a threshold of TBR >1.4 found a high 
reproducibility of tumor hypoxia. In the ideal situation, clinical PET imaging should be 
correlated with tumor pathological specimens (37), to evaluate the threshold to define 
tumor hypoxia. 
 
For future dose re-distribution studies it is of importance to gain insight into the spatio-
temporal stability of the PET tracer. A rigid registration was performed to compare the 
[18F]HX4  PET  images at 2 h and 4 h p.i. Small errors in the registration can strongly affect 
the observed correlations negatively (38). In the current study PET scans were acquired in 
treatment position reducing the possibility for registration errors. Patients were free-
breathing during PET-acquisitions, which might cause a blurring of the PET signal. Howev-
er, this will not affect the registration, since breathing motion is the same for both acquisi-
tions. By using a careful scan procedure and image registration a good spatio-temporal 
stability was found. 
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Limiting the acquisition time is beneficial for practical reasons, to reduce patient move-
ment and to increase patient comfort. As expected, image noise increases when reducing 
the acquisition time. This results in a significant change in CNR and SUVmax for all reduced 
acquisition times. However TBRmax and HF are only significantly influenced when acquisi-
tion time is reduced to 5 min. This is in agreement with the results previously showed by 
Boellaard et al. (39), that SUVmax is more sensitive to image noise than SUV ratios like TBR. 
For this reason SUVmax is not be the best parameter to evaluate the uptake of hypoxia 
makers. A trade-off has to be made between image noise and practical issues, nonethe-
less, the acquisition-time for [18F]HX4 PET imaging at 4 h p.i. should be at least 10 min, 
with the current administered activity and a modern Time-of-Flight PET/CT scanner. This 
provides the opportunity to acquire more bed positions, capturing the entire thorax in a 
30 min time frame. Another option is to reduce the amount of injected activity, which will 
have a similar effect on image noise as a reduction of acquisition time.  
 
In conclusion, significant hypoxia was observed in 72% of the NSCLC target lesions (80% of 
primary tumors and 60% of the involved lymph nodes).  The heterogeneous [18F]HX4 
uptake pattern was stable between 2 h and 4 h p.i., however the TBRmax increased over 
time, suggesting that imaging at 4 h p.i. is better to reach the highest contrast in [18F]HX4 
PET images. [18F]HX4 PET acquisition time can be reduced to 10 minwithout significant 
effects on TBRmax and HF. 
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Table S5.2: DICE similarity coefficient for the high volume uptake regions in PET2h and PET4h, based on high 
percentiles and hypoxic fraction (HF). Pearson correltion coefficient for the voxel wise comparison within GTV. 

Patient Lesion Volume based   Voxel Based 

  DICE [percentile]  DICE [HF]   

  50 60 70 80 90  R Slope 

1 prim 0.89 0.86 0.82 0.79 0.66 - 0.94 0.73 

 ln+ 0.76 0.72 0.68 0.61 0.52 0.56 0.71 0.74 

2 prim+ 0.80 0.78 0.73 0.66 0.58 0.79 0.75 0.83 

 ln+ 0.83 0.83 0.85 0.82 0.53 0.84 0.86 0.94 

3 prim+ 0.72 0.68 0.61 0.59 0.48 0.48 0.58 0.47 

 ln 0.74 0.62 0.51 0.37 0.25 - 0.67 0.67 

4 prim+ 0.87 0.81 0.73 0.64 0.57 0.55 0.94 0.76 

 ln* 0.71 0.70 0.51 0.35 0.25 - 0.66 0.83 

5 prim+ 0.78 0.74 0.70 0.63 0.54 0.59 0.76 0.71 

 ln+ 0.88 0.85 0.79 0.68 0.44 - 0.85 0.66 

6 prim+ 0.78 0.76 0.73 0.62 0.39 0.98 0.79 0.74 

 ln+ 0.71 0.75 0.75 0.67 0.52 0.38 0.69 0.77 

7 prim+ 0.76 0.68 0.60 0.51 0.45 - 0.79 0.47 

 ln 0.61 0.56 0.53 0.49 0.39 - 0.43 0.24 

8 prim+ 0.81 0.79 0.74 0.66 0.59 0.59 0.79 0.94 

 -         

9 prim 0.84 0.77 0.66 0.53 0.32 - 0.84 0.61 

 ln* 0.51 0.38 0.06 0.00 0.00 - -0.03 -0.02 

10 prim+ 0.81 0.77 0.73 0.68 0.60 - 0.84 0.63 

 ln*+ 0.80 0.84 0.79 0.72 0.67 0.62 0.82 1.00 

11 prim+ 0.75 0.69 0.62 0.52 0.43 0.39 0.64 0.57 

 ln* 0.62 0.55 0.53 0.48 0.45 - 0.39 0.48 

12 prim+ 0.89 0.85 0.80 0.75 0.59 0.72 0.93 0.99 

 ln 0.89 0.84 0.87 0.73 0.77 - 0.91 0.77 

13 prim 0.87 0.78 0.67 0.67 0.63 - 0.89 0.73 

 ln 0.75 0.68 0.63 0.60 0.46 - 0.82 0.65 

14 prim+ 0.74 0.64 0.53 0.40 0.31 - 0.74 0.65 

 ln+ 0.74 0.68 0.61 0.48 0.35 0.44 0.61 0.66 

15 prim+ 0.82 0.77 0.67 0.53 0.29 - 0.76 0.70 

 ln+ 0.85 0.78 0.69 0.58 0.38 - 0.81 0.79 

Average [>10cm3] 
 

0.79± 
0.07 

0.75± 
0.08 

0.69± 
0.10 

0.61± 
0.11 

0.48± 
0.13 

0.61± 
0.19 

0.77± 
0.12 

0.70± 
0.16 

Average [hypoxic & 
>10cm3] 

0.79± 
0.06 

0.75± 
0.06 

0.70± 
0.08 

0.61± 
0.10 

0.48± 
0.10 

0.61± 
0.19 

0.77± 
0.10 

0.72± 
0.15 

* lesions < 10 cm2, + hypoxic lesions, - HF smaller than 5%
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ABSTRACT 

Purpose: Increased tumor metabolism and hypoxia are related to poor prognosis in solid 
tumors, including non-small cell lung cancer (NSCLC). PET imaging is a non-invasive tech-
nique which is frequently used to visualize and quantify tumor metabolism and hypoxia.  
The aim of this study was to perform an extensive comparison of tumor metabolism using 
2[18F]fluoro-2-deoxy-D-glucose (FDG)-PET and hypoxia using HX4-PET imaging. 
 
Experimental Design: FDG- and HX4-PET/CT images of 25 NSCLC patients were coregis-
tered. At a global tumor level, HX4 and FDG parameters were extracted from the gross 
tumor volume. The HX4 high-fraction (HX4-HF) and high-volume (HX4-HV) were defined 
using a tumor-to-blood ratio > 1.4.  For FDG high-fraction (FDG-HF) and high-volume (FDG-
HV) a standardized uptake value (SUV) > 50% of SUVmax

 was used. We evaluated the 
spatial correlation between HX4 and FDG uptake within the tumor, to quantify the 
(mis)match between volumes with a high FDG and high HX4 uptake.  
 
Results: At a tumor-level, significant correlations were observed between FDG and HX4 
parameters. For the primary GTV, the HX4-HF was three times smaller compared to the 
FDG-HF. In 53% of the primary lesions, less than 1cm3 of the HX4-HV was outside the FDG-
HV; for 37% this volume was 1.9 to 12cm3. Remarkably, a distinct uptake pattern was 
observed in 11%, with large hypoxic volumes localized outside the FDG-HV.  
 
Conclusion: Hypoxic tumor volumes are smaller than metabolic active volumes. Approxi-
mately half of the lesions showed a good spatial correlation between the PET tracers. In 
the other cases, a (partial) mismatch was observed.  The addition of HX4-PET imaging has 
the potential to individualize patient treatment.   
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INTRODUCTION 

Lung cancer has the highest death rate among leading cancer types (1). Standard treat-
ment for advanced stage non-small cell lung cancer (NSCLC) is the combination of radio-
therapy and chemotherapy, administered either sequentially or concurrently (2).  Tumor 
cell hypoxia has a negative impact on cancer treatment effectiveness, it promotes re-
sistance to radiotherapy and chemotherapy,  increases the metastatic potential, and is 
therefore related to a poor prognosis (3-5). Tumor hypoxia is present in the majority of 
NSCLCs, which can be visualized and quantified using functional PET imaging with radio-
labeled 2-nitroimidazoles (6, 7). 3-[18F]fluoro-2-(4-((2-nitro-1H-imidazol-1-yl)methyl)-1H-
1,2,3-triazol-1-yl)propan-1-ol ([18F]HX4) is a relatively new nitroimidazole  with attractive 
pharmacokinetic properties that has successfully completed  preclinical and clinical testing 
(8-10). 
 
In standard clinical practice, a combination of anatomic computed tomography (CT) and 
functional 2[18F]fluoro-2-deoxy-D-glucose (FDG) PET imaging is frequently used to visual-
ize, detect and stage malignancies. In addition, FDG-PET can be used to identify sub-
volumes with a high metabolism, which are more susceptible to local recurrence after 
(chemo)radiotherapy (11, 12). Aerts and colleagues showed that the residual tumor 
volume after radiotherapy is mainly located within the pre-radiotherapy high FDG-uptake 
volume. However, 30% of the residual volume did not correspond to the high FDG volume 
(11, 13). This may be caused by tumor regrowth in pre-radiotherapy hypoxic tumor sub-
volumes located outside the high FDG volume. Therefore, it is of great interest to investi-
gate the correlation between both unfavorable biological features (high tumor metabo-
lism, hypoxia) because they can be used to predict treatment outcome. In addition, 
imaging-derived tumor features have the potential to guide treatment with hypoxic 
modifiers or radiotherapy dose-painting (14-16). The uptake of FDG in the cell is depend-
ent on the over-expression of glucose transporters (GLUT), which can be upregulated in 
the absence of oxygen, through the HIF1α-mediated pathway (17). This may suggest a 
possible overlap between volumes of high FDG uptake and tumor hypoxia, even though 
they represent different biological properties of tumors.  
 
The aim of this study was to perform an extensive comparison of tumor metabolism, using 
FDG, and hypoxia, using HX4, to fully characterize the relationship between both PET 
tracers on a global tumor and voxel level for primary NSCLC and the regional lymph node 
metastases.  
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MATERIALS AND METHODS 

Patients 

FDG- and HX4-PET/CT images of 25 NSCLC patients (17 male and 8 female) were acquired 
before the start of external beam radiotherapy. The average age of the patients was 63 
years (range, 40-82 years). Tumor stage ranged from IIB-IV, pathology being adenocarci-
noma (N=13), squamous cell carcinoma (SCC; N = 5), and large cell carcinoma (N = 7). 
Patients were treated with radical radiotherapy (N = 3) or chemoradiation (N = 22), with 
the majority of patients receiving at least one cycle of chemotherapy before PET imaging 
and before the start of radiotherapy (Table S6.1). PET data were acquired in the transla-
tional research part of two phase II trials [PET-Boost, NCT01024829 (18); Nitroglycerin 
(NCT01210378)], both having identical PET imaging procedures. The clinical trials were 
approved by the appropriate medical ethical review committee, and all patients provided 
written informed consent before study entry.  

PET/CT imaging 

HX4 was produced as described in previous publications (8-10, 19). After intravenous 
administration of 429 ± 57 MBq HX4, PET/CT imaging was performed at 4h postinjection 
(p.i.) for 20 to 30 minutes in a single bed position centered around the primary tumor. 
HX4-PET/CT images were acquired on a Gemini TF 64 scanner (Philips Healthcare, Best, 
the Netherlands), with a spatial resolution of approximately 5 mm FWHM. We performed 
CT-based attenuation correction and scatter correction (SS-SIMUL), and reconstructed PET 
images using 3D ordered subset iterative time-of-flight reconstruction technique (BLOB-
OS-TF) with three iterations and 33 subsets in a 144 x 144 matrix and voxel sizes of 4 x 4 
mm. 
 
The injected activity of FDG was based on the patient’s body weight according to the 
national guidelines (20). PET/CT imaging was performed one hour after intravenous 
administration of FDG. FDG PET/CT scans were acquired using a Biograph 40 PET/CT 
scanner (Siemens Healthcare, Erlangen, Germany).Scatter and attenuation corrections 
were applied. PET images were reconstructed using OSEM 2D (Ordered Subset Expecta-
tion Maximization, four iterations, eight subsets) and a Gaussian filter of 5 mm. A respira-
tory correlated CT was performed, with the mid-ventilation scan selected for the attenua-
tion correction and fusion with the FDG PET. 
 
 HX4- and FDG-PET/CT scans were acquired in the same week for all except 1 patient. The 
median interval between both PET scans was 3 days (range: 1-14 days). No interventions 
(e.g. radiotherapy or chemotherapy) were performed between the FDG- and HX4-PET 
scans. Both scans were acquired with the patient positioned in radiotherapy position, on a 
flat tabletop using a laser alignment system with arms in an arm-support positioned above 
the head.  
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Analysis 

For all patients, gross tumor volumes (GTV), including the primary lesion (GTVprim) and 
involved lymph nodes (GTVln), were defined on the FDG-PET/CT scan by two experienced 
radiation oncologists in consensus. GTVprim and GTVln were analyzed separately. Lesions 
with a size <5 cm3 were excluded due to potential partial volume effects.  
 
The FDG-PET/CT was rigidly registered to the HX4-PET/CT using registration software 
developed in-house. The rigid transformation was determined by the registration of the 
FDG-CT to the HX4-CT; the same transformation was subsequently applied to the FDG-PET 
scan and the GTVs. A volume of interest in the aorta was defined as background region.  
 
The maximum and mean standardized uptake values (SUVmax and SUVmean), corrected for 
body weight were determined within the GTV for both FDG- and HX4-PET. For the HX4-
PET, calculations were made of the maximum tumor-to-blood ratio (TBRmax), defined as 
the SUVmax in the tumor divided by the SUVmean in the aorta, the HX4 high-fraction (HX4-
HF) and HX4 high-volume (HX4-HV), both defined as the fraction/volume of the GTV with a 
TBR >1.4. For the FDG PET, calculations were made of the FDG high-fraction (FDG-HF) and 
FDG high-volume (FDG-HV) based on the PET-Boost trial strategy, using the GTV volume 
with an SUV above 50% of the SUVmax (18). 
 
Table 6.1: FDG- and HX4-uptake parameters (mean±SD) for the primary lesions (GTVprim) and involved lymph 
nodes (GTVln). 

 
GTVprim 
average (range) 

GTVln 
average (range) 

N 25 19 

Volume GTV 127±173 cm3 (6-852 cm3) 57±72 cm3 (7-254cm3) 

FDG-SUVmean 5.3±2.5 (1.7-10.9) 3.9±1.5 (1.3-6.7) 

FDG-SUVmax 13.3±6.6 (3.5-30.4) 9.3±4.0 (2.4-18.5) 

FDG-HF 41±21% (10-85%) 49±22% (20-92%) 

FDG-HV 36±33 cm3 (5-123 cm3) 29±40cm3 (2-139 cm3) 

HX4-SUVmean 0.8±0.3 (0.4-1.2) 0.7±0.2 (0.4-1.0) 

HX4-SUVmax 1.3±0.4 (0.6-2.1) 1.1±0.4 (0.5-1.8) 

HX4-TBR 1.8±0.6 (0.9-3.5) 1.7±0.5 (1.1-2.8) 

HX4-HF 14±15% (0-49%) 7±10% (0-37%) 

HX4-HV 18±30cm3 (0-131cm3) 7±13cm3 (0-46cm3) 

 
This classification for defining HX4-HVand FDG-HV, as a fraction of the total GTV, was used 
to sub-divide regions of a tumor into four classes: (i) FDG-low and HX4-low, (ii) FDG-high 
and HX4-low, (iii) FDG-low and HX4-high, and (iv) FDG-high and HX4-high. To evaluate the 
effect of the threshold definition on tumor subdivision, a calculation was made of the 
average distribution using alternative thresholds. The HX4 threshold varied from TBR >1.3 
to TBR >1.5; the FDG threshold ranged from SUV >30% to SUV >70% of SUVmax.  
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A visual and voxel-wise comparison of the FDG and HX4 uptake within the GTV was per-
formed to compare spatial uptake patterns in the primary lesions. On the basis of the 
voxel-wise analysis we separated lesions into three groups. First, in lesions showing a high 
correlation between the FDG and HX4 uptake, the hypoxic volume was entirely within the 
high metabolic volume. Second, in lesions showing a moderate correlation between the 
FDG and HX4 uptake, there was only a partial overlap between the HX4-HV and the FDG-
HV.  Third, in lesions showing a different uptake pattern between the two tracers, there 
were two distinct regions of FDG-HV and HX4-HV.  

Statistical analysis 

Mean ± 1 SD were reported for all parameters. Linear and multiple linear regressions were 
performed to correlate the GTV-based parameters (SUVmax, SUVmean, TBR, HF, HV) and to 
quantify the voxel-wise comparison of the FDG and HX4 uptake. Pearson correlation 
coefficients were calculated. A Pvalue of <0.05 was assumed to be statistically significant. 
 
Table 6.2: Pearson’s correlation coefficient (R) and corresponding Pvalues of GTVprim-based parameters on FDG- 
and HX4-PET 

 Volume  
GTVprim 

HX4 - 
SUVmean 

HX4- 
SUVmax 

HX4- 
TBRmax 

HX4- 
HF 

HX4- 
HV 

Volume GTVprim       

R - 0.16 0.48 0.49 0.01 0.60 

P - 0.48 0.02 0.01 0.95 <0.01 

FDG-SUVmean       

R 0.13 0.52 0.58 0.46 0.44 0.52 

P 0.54 0.01 <0.01 0.02 0.03 <0.01 

FDG-SUVmax       

R 0.47 0.39 0.54 0.55 0.28 0.66 

P 0.02 0.07 <0.01 <0.01 0.17 <0.001 

FDG-HF       

R -0.47 0.20 0.02 -0.14 0.31 -0.18 

P 0.02 0.36 0.93 0.49 0.13 0.40 

FDG-HV       

R 0.83 0.32 0.61 0.64 0.28 0.76 

P <0.0001 0.14 <0.01 <0.01 0.18 <0.0001 

RESULTS 

Overall correlation of FDG and HX4 parameters  

This study analyzed the overall FDG and HX4 uptake in the primary tumor and lymph 
nodes of 25 patients with NSCLC. All GTVprim (N = 25) and 19 GTVln were larger than 5 cm3 

and all were used for the analysis. The average values of the GTV, FDG and HX4 parame-
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ters are shown in Table 6.1. The subclassification, based on tumor pathology, showed no 
significant differences for any of the FDG or HX4 parameters (examples are shown in 
Figure S6.1). The FDG-HV was larger than the HX4-HV in 24/25 GTVprim and in all GTVln. 
Potential correlations between FDG- and HX4-PET based parameters were investigated.  
 
The correlation coefficients for the primary tumors are shown in Table 6.2. The majority of 
the FDG- and HX4-PET based parameters showed a significant correlation with the primary 
tumour volume. Note that the HX4-HV was significantly correlated with the tumor volume, 
while the HX4-HF was not. The FDG-SUVmean

 correlated positively with all HX4 PET parame-
ters. The FDG-SUVmax only showed a significant correlation with HX4-SUVmax (R = 0.54; P 
<0.01), HX4-TBR (R = 0.55; P <0.01) and HX4-HV (R = 0.66, P <0.001). The highest correla-
tions were observed when comparing the FDG-HV with the HX4 based parameters: HX4-
SUVmax (R = 0.63, P <0.01), HX4-TBR (R = 0.62, P <0.01), and HX4-HV (R = 0.76, P <0.0001). 
Two examples are shown in Figure 6.1. From Figure 6.1B one can appreciate that, alt-
hough there is a correlation between FDG-SUVmax and HX4-TBRmax, it is not possible to 
distinguish the non-hypoxic lesions by using only the FDG-SUVmax parameter. 
 

 
Figure 6.1: Comparison between FDG- and HX4-PET based parameters: A), FDG-HVversus HX4-HV and B), FDG-
SUVmax versus HX4-TBR, the dashed line shows the threshold to define hypoxia (HX4-TBRmax = 1.4). 
 
A multiple linear regression was performed in order to test the interaction between 
primary tumour volume and FDG parameters to predict the hypoxic volume. Using the 
parameters primary tumor volume and FDG-SUVmax to predict HX4-HV, we observed a 
correlation coefficient of 0.74 (R2 = 0.55) with a significant contribution of both FDG-
SUVmax (P <0.01) and primary tumor volume (P = 0.03). Adding the interaction term (FDG-
SUVmax

 *primary tumor volume) to the model increases the correlation coefficient to 0.82 
(R2 = 0.67). 
 
For the involved lymph nodes GTVln volume has a large effect on the correlation coeffi-
cients between the HX4 and FDG parameters (Table S6.2). The multiple linear regression 
using GTVln volume and FDG-SUVmax

 to predict HX4-HV (R = 0.96) therefore only showed a 
significant contribution for the GTVln volume (P <0.001) and not for FDG-SUVmax (P = 0.26).  
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Average distribution of FDG and HX4 uptake 

The average distribution within the primary tumor based on the four previously prede-
fined categories is shown in Table 6.3 and visualized in Figure 6.2A. On average, the FDG-
HVis 42 ± 21% of the GTVprim, of which 10 ± 12% is hypoxic. On average, 3% (range: 0%-
31%) of the GTVprim is hypoxic but outside the FDG-HV, representing 24% (3.2%/13.6%) 
of the total hypoxic volume.   
 
The effect of alternative thresholds on the average distribution of FDG and HX4 within the 
primary tumor is shown in Table S6.3 and visualized for two examples in Figures 6.2B and 
6.2C. This figure shows that the hypoxic percentage of the GTV (HX4-HF) outside the high 
FDG area (FDG-HF) is relatively stable.  
 
Table 6.3: Average distribution of high and low HX4 and FDG uptake within the GTVprim.  

Overlap between FDG-low 
average  (range) 

FDG-high   
average (range) 

GTV 

HX4-low (i) 55.3±21.9% 
(8.5-89.8%) 

(ii) 31.1±19.5% 
(9.8-84.3%) 

86.4±15.5 
(50.7-100%) 

HX4-high (iii) 3.2±6.5% 
(0-31.0%) 

(iv) 10.4±12.2% 
(0-43.4%) 

13.6±15.5 
(0-49.3%) 

GTV 58.5±21.6% 
(14.6-89.8%) 

41.5±21.2% 
(10.2-85.4%) 

100% 

NOTE: Standard thresholds were used: TBR > 1.4 (HX4) and SUV > 50%SUVmax (FDG) 
 

 
Figure 6.2: Visualization of the overlap between FDG-HF and HX4-HF. A), using the standard thresholds TBR > 1.4 
(HX4) and SUV > 50%SUVmax (FDG). B), using alternative thresholds TBR > 1.3 (HX4) and SUV > 40% of SUVmax 
(FDG). C), using the alternative thresholds TBR > 1.5 (HX4) and SUV > 60% of SUVmax (FDG).  
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Spatial correlation of FDG- and HX4-uptake patterns 

Tracer uptake above the background level in both PET scans is essential for comparing the 
overlap of FDG-HV and HX4-HV. All primary lesions showed FDG uptake with an SUVmax > 
3.5, however, only 19 out of 25 primary lesions expressed an HX4 uptake (TBR >1.4). These 
19 lesions were selected for further analysis.  
 
On the basis of the voxel-wise analysis, we observed that in 10 lesions, less than 1 cm3 of 
the HX4-HV was outside the FDG-HV (group 1, Figure 6.3A). In 7 lesions, 2 to12 cm3 of the 
HX4-HV was outside the FDG-HV (group 2, Figure 6.3B). Finally, in 2 patients a clearly 
distinct uptake pattern was observed between the two tracers and hypoxic volumes of 46 
and 102 cm3 were observed outside the FDG high-uptake region, which were 73% and 78% 
of the total HX4-HF, respectively (group 3, Figure 6.3C). The primary tumor volume was 
significantly correlated to the group the lesion was assigned to (R = 0.75; P <0.01).  
 

 
Figure 6.3: Visual and voxel-wise comparison of HX4- and FDG-PET/CT. A), HX4-HV within the FDG-HV. B), partial 
overlap between HX4-HV and FDG-HV. C), two distinct uptake patterns. 
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DISCUSSION 

This study was initiated to assess the correlation of (spatial) uptake patterns of hypoxia 
(using HX4-PET) and tumor metabolism (using FDG-PET) in primary NSCLC and associated 
lymph node metastases. Both biological features are known to have an adverse impact on 
treatment outcome in NSCLC. FDG-PET is routinely used in clinical practice for staging, 
radiotherapy planning and treatment response monitoring, while the use of hypoxia (HX4) 
PET imaging is still limited to clinical trials. We show in 25 NSCLC patients, with different 
histopathological subtypes, that HX4-PET imaging provides additional information to FDG 
PET which can be used to individualize patient treatment.  
 
The relationship between HX4- and FDG-PET was investigated at a tumor level by compar-
ing the overall uptake within the GTVs of the primary tumor and lymph node metastases. 
Significant correlations were observed between GTV, HX4- and FDG-PET image parame-
ters. Previous studies comparing the overall uptake of hypoxia PET and FDG PET showed 
varying results. No correlations were observed by Bollineni and colleagues (7) or Cherk 
and colleagues (21), while Vera and colleagues (22) reported a significant correlation. 
Gagel and colleagues (23) compared FDG and FMISO uptake to the gold standard of 
hypoxia measurements (pO2 polarography) and observed a moderate correlation for 
FMISO but no correlation for FDG. However, because both FDG-SUVmax and GTV are 
predictors of survival in NSCLC (24-26) and the amount of tumor hypoxia is related to 
outcome after radiotherapy (27), the reported correlation between hypoxia and FDG PET 
is plausible.  
 
Information about hypoxia on a tumor level can be used in clinical practice to select 
patients who may benefit from hypoxia modification before or during anti-cancer treat-
ment. Previous studies have shown that the addition of hypoxic modification during 
radiotherapy results in an increased therapeutic benefit (28). Recently, Arrieta and col-
leagues (29) investigated in NSCLC patients the use of nitroglycerin (an organic nitrate 
which causes vasodilatation, increased blow flow and reduces the expression of HIF1-α) in 
combination with  chemo-radiation. In this study promising response rates were observed, 
however, there was also (mild) increased toxicity (e.g. headache, hypotension) due to 
nitroglycerin administration. Another promising compound is the hypoxia-activated 
prodrug TH-302 which releases bromo isophosphoramide mustard, a potent DNA alkylat-
ing agent, in hypoxic regions. Saggar and Tannock (30) recently demonstrated that TH-302 
administered together with chemotherapy enhances the antitumor effect but also in-
creases toxicity. From these recent studies, we acknowledge the therapeutic effect of 
additional anti-hypoxia treatment, but also the importance to limit unnecessary toxicity by 
selecting patients who will benefit from these modifications. We show that we can non-
invasively visualize and quantify tumor hypoxia, using HX4 PET, in patients with NSLSC. In 
addition, our results show that patients with a larger tumor size and higher FDG uptake 
are more likely to have a larger hypoxic volume. This combination (GTV size and FDG 
uptake) could be used as a surrogate for hypoxia PET imaging, however, despite the 
correlation between hypoxia and FDG parameters, the distinction between hypoxic and 
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non-hypoxic tumors based on FDG PET can be misleading, since non-hypoxic tumors are 
present in a broad range of FDG uptake (FDG-SUVmax: 3.5 - 17.5 also shown in Figure 6.1B). 
 
It is important to note that a correlation at a global tumor level provides no information 
about the intratumoral heterogeneity. At the moment, limited data is available concerning 
the correlation of hypoxia PET and FDG PET at a subvolume (e.g. voxel) level in NSCLC (7, 
31). The spatial concordance and discordance of both PET modalities is of interest for 
radiotherapy boosting strategies. FDG-PET is already used in the context of clinical trials to 
boost highly metabolic tumor subvolumes (18, 32). We hypothesize that hypoxia PET 
imaging may be more selective in defining radioresistant voxels within the GTV, and can 
provide complementary information regarding the definition of radiotherapy boost vol-
umes. A voxel-wise comparison was performed to evaluate the spatial distribution of the 
HX4 and FDG uptake. A reasonable correlation between both tracers was observed in the 
majority of patients. This is in contradiction to the previous published results of Bollineni 
and colleagues (7), who observed no correlation between FDG and the hypoxia PET tracer 
FAZA. This disagreement can probably be explained by the definition of the target lesion. 
Bollineni and colleagues used an FDG based threshold to define the target lesion, thereby 
excluding voxels with a low FDG uptake. Conversely, Lohith and colleagues (31) reported a 
similar spatial distribution of [62Cu]ATSM and FDG in 5 patients with an adenocarcinoma of 
the lung, which was not present in patients with SCC.  Also, they observed a difference in 
intra-tumoral distribution between adenocarcinoma and SCC, which was not observed in 
our cohort of patients with NSCLC. It is well described that hypoxia leads to an increased 
uptake of glucose through various molecular mechanisms (33). Nevertheless, an increased 
glycolysis is also observed without hypoxia, e.g. by c-myc aberrations (34). From a molecu-
lar point of view, it is therefore logical that FDG uptake and hypoxia is partially overlap-
ping and is highly dependent on the genetics of the tumour. 
 
Thresholds were defined arbitrarily to define regions with a high or low uptake on both 
FDG- and HX4-PET. The high FDG-PET volume was defined based on the ongoing NSCLC 
boost trial (18), whereas the high HX4 region was based on previous publications, indicat-
ing that a threshold of TBR>1.4 is rational to define hypoxia (6, 8, 35, 36). These thresholds 
showed the HX4-HV to be three times smaller on average than the FDG-HV.  
 
This work can be used in clinical setting to divide patients with a hypoxic lesion into 
different groups, stratifying lesions with an agreement or disagreement between the HX4- 
and FDG-PET uptake pattern. In the patients with a concordance, the use of HX4 PET has 
limited additional value for the selection of the radiotherapy boost volume, however, this 
volume could be limited to HX4-high areas only, facilitating further dose escalation with-
out comprising the surrounding healthy tissue. In other patients a (partial) discordance 
between the HX4 and FDG PET uptake pattern was observed. In these patients, the boost 
region could be adjusted to either HX4 PET or a combination of HX4 and FDG PET with the 
aim to improve loco-regional control. On the basis of  the current analysis, a radiation 
boost to the FDG high area (SUV > 50% SUVmax) would on average miss 24% of the hypoxic 
volume, which seems in agreement with the residual activity after radiotherapy outside 
the high-FDG area as reported by Aerts and colleagues (11). Previous studies have already 
shown that radiotherapy dose distribution based on tumor hypoxia is possible and promis-
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ing (37, 38). Currently there are strategies available to investigate the original location of 
local recurrences inside the tumor volume (39). These studies will characterize the sub-
volumes inside the heteregenous tumour that are difficult to control.  Ultimately, the 
effect of tumour subvolume characterization and targeting, by radiotherapy or other 
therapeutic interventions, needs to be assessed in a randomized trial. 
 
This study has several limitations. First, most patients received chemotherapy before the 
start of radiotherapy and PET imaging. Chemotherapy can reduce the amount of tumor 
hypoxia and downregulates metabolism, resulting in a decreased uptake of HX4 and FDG 
(40). However, the focus of our research is on the correlation between both imaging 
modalities, therefore treatment differences between patients are less relevant. In addi-
tion, it is most important to have recent PET information before the start of (adaptive) 
radiotherapy. Second, we were not able to validate the current imaging observations on 
tumor specimens. Nevertheless, van Baardwijk and colleagues (41) showed previously that 
FDG-PET imaging is correlated to GLUT-1 and HIF-1α expression in NSCLC patients and 
Dubois and colleagues (8) showed a high correlation between HX4-PET uptake and pi-
monidazole staining in a rat rhabdomyosarcoma model. Third, the study acquired PET 
scans in free-breathing, which might cause blurring of the PET signal. Although, since both 
the FDG and HX4 scans were obtained in this setting, we do not expect any substantial 
bias for the comparison. Furthermore, advanced stage tumors are known to show little 
breathing induced motion (42, 43). Fourth, the FDG-PET/CT was rigidly registered to the 
HX4-PET/CT scan to compare spatial uptake patterns. Small errors in registration can have 
a significant effect on correlation (44). However, patients in the current study were 
aligned in radiotherapy treatment position providing a strong basis for accurate registra-
tion. Fifth, there was a small time interval between the FDG- and HX4-PET/CT scan. 
Changes in anatomy, tumor metabolism or hypoxia may have occurred in this interval and 
influenced the comparison results. The time interval in our study was short (median, 3 
days) and no interventions (e.g., chemotherapy or radiotherapy) were performed between 
the two scans, limiting the chances of anatomical or physiological changes. Finally, the 
usability of a tracer for radiation dose-painting is dependent on its spatial reproducibility. 
Aerts and colleagues (45) showed that the location of low and high FDG volumes were 
stable during radiotherapy. The short-time reproducibility for HX4 (2 vs. 4 hours) was 
confirmed, but the long-term reproducibility is still unknown (6). However, a high repro-
ducibility has been reported by Busk and colleagues (46) and Okamoto and colleagues (47) 
for the alternative hypoxia tracers FMISO and FAZA. 
 
In conclusion, there is a positive correlation between GTV, FDG- and HX4-uptake parame-
ters on a tumor level. The hypoxic tumor volume is on average three times smaller than 
the metabolic active tumor volume. Approximately half of the lesions showed a good 
spatial correlation between the PET tracers. In the other cases, a (partial) mismatch was 
observed.  Hypoxia PET imaging gives complimentary information to metabolic FDG 
imaging, which can potentially be used to individualize patient treatment by selecting 
patients for treatment with hypoxic sensitizers or hypoxia PET based radiotherapy dose 
escalation. 
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SUPPLEMENTARY DATA  

Table S6.1: Patient characteristics. 

 N % 

Gender   

Male 17 68 

Female 8 32 

Trial   

PET-Boost 15 60 

Nitroglycerin 10 40 

Stage   

IB 2 8 

IIB 2 8 

IIIA 7 28 

IIIB 13 52 

IV 1 4 

Pathology   

Adenocarcinoma 13 52 

Squamous cell carcinoma 5 20 

Large cell carcinoma 7 28 

Treatment   

Radical radiotherapy 3 8 

Sequential chemo-radiation 3 12 

Concurrent chemo-radiation 19 76 

Chemotherapy before imaging   

None 3 12 

1 cycle 15 60 

2 cycles 4 16 

3 cycles 3 12 

 

 
Figure S6.1: Example of the FDG and HX4 parameters (FDG-SUVmean, HX4-SUVmean and HX4-TBR) sub-classified by 
tumor pathology. Adenocarcinoma (AC), squamous cell carcinoma (SCC), large cell carcinoma (LCC). 
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Table S6.2: Pearson’s correlation coefficient (R) and corresponding p-values of GTVln based parameters on FDG 
and HX4 PET 

Volume GTVln HX4 -SUVmean HX4-SUVmax HX4-TBRmax HX4-HF HX4-HV 

Volume GTVln 

R - 0.19 0.54 0.72 0.43 0.95 

P - 0.48 0.03 0.001 0.07 <0.0001 

FDG-SUVmean 

R 0.30 0.06 0.33 0.50 0.49 0.25 

p 0.21 0.83 0.20 0.03 0.03 0.31 

FDG-SUVmax 

R 0.18 -0.08 0.18 0.37 0.29 0.09 

p 0.45 0.77 0.49 0.12 0.23 0.71 

FDG-HF 

R 0.04 0.21 0.06 -0.08 0.09 0.11 

P 0.87 0.41 0.81 0.74 0.71 0.65 

FDG-HV 

R 0.97 0.24 0.54 0.66 0.45 0.96 

p <0.0001 0.35 0.03 <0.01 0.05 <0.0001 

 
Table S6.3: Average distribution (mean+SD) of high (+) and low (-), HX4 and FDG uptake within the primary GTV. 
Thresholds varied from TBR 1.3-1.5 (HX4) and SUV>30-70% of SUVmax (FDG). The results for standard threshold 
used in this article are presented bold and underlined; the two alternative thresholds visualized in this article are 
presented in bold. 

 FDG threshold 

 >30%SUVmax >40%SUVmax >50% SUVmax >60%SUVmax >70%SUVmax 

HX4 threshold TBR>1.3 

FDG+HX4+ 18.9±18.1 17.5±17.1 15.1±15.1 11.8±12.2 7.6±8.6 

FDG+HX4- 54.4±22.3 39.4±21.9 26.3±19.3 16.4±16.2 8.7±11.4 

FDG-HX4+ 1.3±4.5 2.8±6.4 5.1±8.1 8.4±10.1 12.6±13.0 

FDG-HX4- 25.4±19.1 40.4±22.1 53.5±22.2 63.4±21.5 71.0±19.9 

HX4 threshold TBR>1.4 

FDG+HX4+ 12.7±14.5 11.8±13.7 10.4±12.2 8.4±10.0 5.6±7.0 

FDG+HX4- 60.6±21.1 45.1±21.5 31.1±19.5 19.8±16.4 10.7±11.7 

FDG-HX4+ 0.9±3.7 1.8±6.3 3.2±6.5 5.2±8.1 8.0±10.4 

FDG-HX4- 25.8±19.2 41.3±22.0 55.3±21.9 66.6±20.4 75.7±17.9 

HX4 threshold TBR>1.5 

FDG+HX4+ 8.2±11.5 7.7±11.0 6.8±9.9 5.6±8.1 3.8±5.5 

FDG+HX4- 65.1±20.5 49.2±21.4 34.6±19.7 22.6±16.6 12.6±12.0 

FDG-HX4+ 0.7±3.0 1.2±4.2 2.1±5.2 3.3±6.4 5.1±8.4 

FDG-HX4- 26.0±19.3 41.9±21.9 56.5±21.4 68.5±19.4 78.5±16.4 
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ABSTRACT 

Introduction: Tumour hypoxia and a high tumour metabolism increase radioresistance in 
patients with head and neck squamous cell carcinoma (HNSCC). The aim of this study was 
to evaluate the correlation between hypoxia ([18F]HX4-PET) and glucose metabolism 
([18F]FDG PET) molecular imaging.  
 
Materials and methods: [18F]HX4 and [18F]FDG-PET/CT images of 20 HNSCC patients were 
acquired prior to (chemo)radiotherapy, in an immobilization mask, with a median time 
interval of seven days (NCT01347281). Gross tumour volumes of the primary lesions 
(GTVprim) and pathological lymph nodes (GTVln) were included in the analysis. [18F]FDG 
PET/CT images were rigidly registered to the [18F]HX4 PET/CT images. The maximum and 
mean standardized uptake values (SUVmax, SUVmean) within both GTVs were determined. In 
addition, the overlap was compared between the [18F]HX4 high volume ([18F]HX4-HV) with 
a tumour-to-muscle ratio > 1.4 and the [18F]FDG high volume ([18F]FDG-HV) with an SUV > 
50% of the SUVmax. We report the mean ± standard deviation. 
 
Results: PET/CT scans including 20 GTVprim and 12 GTVlnwere analysed. There was a signifi-
cant correlation between several [18F]FDG and [18F]HX4 parameters, the most pronounced 
being the correlation between [18F]FDG-HV and [18F]HX4-HV (R=0.93, p<0.001). The frac-
tion of the GTVprim with a high HX4 uptake (9±10%) was on average smaller than the FDG 
high fraction (51±26%; P<0.001). In 65% (13/20) of the patients, the GTVprim was hypoxic. 
In four of these patients the [18F]HX4-HV was located within the [18F]FDG-HV, whereas for 
the remaining nine GTVprim a partial mismatch was observed. In these nine tumours 
25±21% (range: 5-64%) of the HX4-HV was located outside the FDG-HV. 
 
Conclusions: There is a correlation between [18F]HX4 and [18F]FDG uptake parameters on a 
global tumour level. In the majority of lesions a partial mismatch between the [18F]HX4 
and [18F]FDG high uptake volumes was observed, therefore [18F]FDG PET imaging cannot 
be used as a surrogate for hypoxia. [18F]HX4 PET provides complementary information to 
[18F]FDG PET imaging.  
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INTRODUCTION 

Tumour cell hypoxia decreases the effectiveness of anti-cancer treatment (i.e., surgery, 
radiotherapy and systemic treatment) and increases tumour aggressiveness in a number 
of solid tumours (1). Tumour cell hypoxia is present in the majority of head and neck 
squamous cell carcinomas (HNSCC) and can be visualized and quantified using positron 
emission tomography (PET) imaging (2, 3). This non-invasive imaging technique provides 
the opportunity to perform repeated tumour hypoxia measurements of the entire tu-
mour, and gives important information to predict locoregional control and survival (4, 5).  
 
3-[18F]fluoro-2-(4-((2-nitro-1H-imidazol-1-yl)methyl)-1H-1,2,3-triazol-1-yl)propan-1-ol 
([18F]HX4) is a hypoxia PET tracer used to visualise and quantify tumour hypoxia. In previ-
ous pre-clinical studies, [18F]HX4 was validated as a hypoxia tracer and the repeatability of 
the tracer uptake was assessed (6, 7). In addition, in patients with non-small cell lung 
cancer (NSCLC), [18F]HX4 was found to provide  additional information with respect to the 
metabolic PET tracer [18F]FDG (8). 
 
[18F]FDG PET imaging is the most frequently used molecular imaging modality in clinical 
practice to detect and stage malignancies. Sub-volumes of the tumour displaying a high 
glucose metabolism as identified by [18F]FDG PET were shown to often be the source of a 
local recurrences after (chemo)radiotherapy in NSCLC and HNSCC (9, 10). 
The uptake of [18F]FDG is dependent on the rate of glycolysis and the upregulation of 
glucose transporters (11). In the absence of oxygen, cells undergo several biological 
responses. Hypoxic tumors require an increased glycolysis to survive. In addition the 
hypoxia-inducible-factor 1α pathway is activated, which can causes an upregulation of the 
glucose transporters (1). This might indicate a relationship between hypoxia and metabo-
lism. Nevertheless, most cancer cells produce energy by a high rate of aerobic glycolysis, 
independent of the presence of oxygen, the ‘Warburg effect’ (12). Multiple cellular path-
ways can lead to the glycolytic phenotype, therefore an altered glucose metabolism can 
also be observed without hypoxia(11)  
 
The aim of this study was to characterize the relationship between the PET tracers 
[18F]FDG (glucose metabolism) and [18F]HX4 (hypoxia) in the primary tumour and meta-
static lymph nodes of patients with HNSCC. We evaluate the tracer uptake on a global 
tumour level and assess the spatial overlap between the high uptake volumes of both PET 
tracers.  
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MATERIALS AND METHODS 

Patients 

[18F]FDG and [18F]HX4 PET/CT images of 20 patients (17 male, 3 female) with a locally 
advanced HNSCC were acquired before the start of external beam (chemo)radiotherapy. 
The average age of the patients was 60 years (range 45 – 77 years). Tumour stages were; 
cT1-4, cN0-2b and cM0, with a stage grouping from II-IVA, located in the larynx (N = 8), 
oropharynx (N = 7) and hypopharynx (N = 5). The study was approved by the Ethical 
Review Committee of Maastricht University Medical Centre and registered on clinicaltri-
al.gov (NCT01347281). All patients provided written informed consent before study entry.  
 

 
Figure 7.1: Good spatial overlap between [18F]FDG and [18F]HX4 uptake in a patient with a cT3N0M0 laryngeal 
carcinoma prior to start of radiotherapy. The interval between both scans was 8 days. 

PET/CT imaging 

[18F]HX4 was produced as described previously (6, 13). After intravenous administration of 
an average (± SD) dose of 378 ± 84 MBq [18F]HX4, PET/CT imaging was performed at four 
hours post-injection (p.i.) for 20 minutes in a single bed position. The injected activity of 
[18F]FDG was based on the patient’s bodyweight according to the national guidelines (14). 
Patients fasted for at least six hours before the intravenous administration of [18F]FDG and 
blood glucose levels were measured. Imaging was performed one hour after the injection 
of [18F]FDG with a scan duration of five minutes per bed position. .  
 
[18F]HX4 and [18F]FDG PET/CT scans were performed in radiotherapy position, with the 
patient positioned on a flat table top using an immobilization mask and a movable laser 
alignment system. Image acquisitions were performed on the same PET/CT scanner 
(Biograph 40, Siemens Healthcare, Erlangen, Germany); scatter and attenuation correction 
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were applied; and PET images were reconstructed using OSEM 2D (Ordered Subset Expec-
tation Maximization, four iterations, eight subsets) and a Gaussian filter of 5 mm. The 
median interval between both PET scans was seven days (range: 4 – 28 days). 

 
Figure 7.2: [18F]FDG and [18F]HX4 uptake in a patient with a cT2N2bM0 squamous cell carcinoma of the orophar-
ynx. Even though both metastatic lymph nodes are highly [18F]FDG avid, only the lower lymph node (red arrow) 
also shows high [18F]HX4 PET uptake, whereas the other lymph node does not (white arrow). The Interval between 
both scans was 5 days. 

Image analysis 

The gross tumour volume of the primary tumour (GTVprim) and involved lymph nodes 
(GTVln), were delineated on the [18F]FDG PET/CT, by two experienced radiation oncologists 
in consensus. The [18F]FDG CT was rigidly registered to the [18F]HX4 CT. The same trans-
formation was subsequently applied to the [18F]FDG PET scan and the GTVs to co-register 
all images and contours. 
 
The maximum and mean standardized uptake values (SUVmax and SUVmean), were deter-
mined within the GTVprim and GTVln on the [18F]FDG and [18F]HX4 PET scans. For the 
[18F]HX4 PET scans, the maximum tumour-to-muscle ratio (TMRmax) was additionally 
calculated, being the SUVmax in the tumour divided by the SUVmean in the trapezius mus-
cles. The volume of interest in the trapezius muscles (left and right) were delineated on 
multiple slices of the CT scan. Subsequently, the [18F]HX4 high-fraction ([18F]HX4-HF) and 
[18F]HX4 high-volume ([18F]HX4-HV) were defined as the fraction/volume of the GTV with a 
TMR > 1.4. The [18F]FDG high-fraction ([18F]FDG-HF) and [18F]FDG high-volume ([18F]FDG-
HV) were calculated using the fraction/volume of the GTV with an SUV above 50% of the 
SUVmax, based on the ongoing clinical trials applying an [18F]FDG PET radiation dose redis-
tribution (15, 16). 
In addition, a voxel-wise comparison of the [18F]FDG and [18F]HX4 uptake within the 
GTVprim and GTVln was performed and DICE similarity coefficients were calculated using:  
 = 2 HX4 ∩ FDGHX4 	+	FDG  
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Statistical analysis 

For all parameters mean ± 1 standard deviation (SD) are reported. To evaluate correla-
tions between the tumour volume and [18F]HX4 and [18F]FDG imaging parameters, and to 
quantify the voxel-wise comparison of the [18F]HX4 and [18F]FDG uptake, linear regressions 
were performed and Pearson correlation coefficients were calculated. A Wilcoxon signed 
rank test was performed to evaluate a significant difference between the high uptake 
volumes. A p-value <0.05 was assumed to be statistically significant.  

RESULTS 

In this study we analysed the [18F]FDG and [18F]HX4 uptake in the primary tumour and 
lymph nodes of 20 patients with HNSCC before the start of (chemo)radiotherapy. Figure 
7.1 and Figure 7.2 provide examples of included patients. We detected tumour hypoxia in 
13/20 of the primary tumours and 9/12 of metastatic lymph nodes. The [18F]HX4-HV was 
therefore absent or smaller than the [18F]FDG-HV for 18/20 primary lesions and 9/12 
involved lymph nodes (p < 0.001). The average values of the GTV, [18F]FDG and [18F]HX4 
parameters are shown in Table 7.1. 

 
Table 7.1: [18F]FDG- and [18F]HX4-uptake parameters (mean±SD) for the primary lesions (GTVprim) and involved 
lymph nodes (GTVln). 

 GTVprim 
average (range) 

GTVln 
average (range) 

N 20 12 

Volume GTV 16±12 cm3 

(2-46 cm3) 
21±30 cm3 
(1-105 cm3) 

FDG-SUVmean 5.1±1.8 
(2.7-8.9) 

4.8±1.9 
(1.9-7.3) 

FDG-SUVmax 12.1±5.7 
(4.0-23.2) 

9.7±4.4 
(2.6-15.9) 

FDG-HF 51±26% 
(8-100%) 

66±24% 
(34-100%) 

FDG-HV 6±3 cm3 
(2-12 cm3) 

9.5±10.7 cm3 
(1-36 cm3) 

HX4-SUVmean 0.8±0.2 
(0.5-1.2) 

0.9±0.3 
(0.5-1.3) 

HX4-SUVmax 1.2±0.4 
(0.6-2.0) 

1.4±0.5 
(0.6-2.1) 

HX4-TMR 1.6±0.4 
(1.0-2.7) 

1.9±0.7 
(1.1-2.8) 

HX4-HF 9±10% 
(0-33%) 

27±27% 
(0-71%) 

HX4-HV 2±3 cm3 
(0-11 cm3) 

10±14 cm3 
(0-45 cm3) 
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Overall correlation of [18F]FDG and [18F]HX4 parameters 

Potential correlations between tumour volume, [18F]FDG and [18F]HX4 PET based parame-
ters were investigated (Table 7.2; Figure 7.3). Combining the parameters from both 
GTVprim and GTVln we observed a significant correlation between the volume of the lesion 
and the [18F]HX4 parameters SUVmax (R=0.39, P=0.03), TMRmax (R=0.62, P<0.001), [18F]HX4-
HF (R=0.52, P<0.01) and [18F]HX4-HV (R=0.87, P<0.001). Also all [18F]FDG parameters were 
significantly correlated with the tumour volume. A significant correlation was observed 
between all [18F]HX4 parameters and the [18F]FDG SUVmean, SUVmax and [18F]FDG-HV, with 
the most pronounced correlation between [18F]HX4-HV and [18F]FDG-HV (R=0.93, 
P<0.001). 
 
Table 7.2: Pearson’s correlation coefficient (R) and corresponding p-values of the [18F]FDG and [18F]HX4 PET 
parameters from both the primary lesions and involved lymph nodes. 

Volume GTV FDG -SUVmean FDG-SUVmax FDG-HF FDG-HV 

Volume GTV 

R - 0.39 0.50 -0.56 0.88 

p - 0.03 <0.01 <0.001 <0.001 

HX4-SUVmean 

R 0.21 0.55 0.41 -0.08 0.41 

p 0.25 0.001 0.02 0.67 0.02 

HX4-SUVmax 

R 0.39 0.56 0.54 -0.31 0.46 

p 0.03 <0.001 <0.01 0.09 <0.01 

HX4-TMRmax 

R 0.62 0.61 0.59 -0.42 0.66 

P <0.001 <0.001 <0.001 0.02 <0.001 

HX4-HF 

R 0.52 0.59 0.38 -0.12 0.73 

P <0.01 <0.001 0.03 0.52 <0.001 

HX4-HV 

R 0.87 0.41 0.36 -0.25 0.93 

p <0.001 0.02 0.05 0.16 <0.001 

GTV = Gross tumour volume, SUV = standardized uptake value, TMR = Tumor to muscle ratio,  
HF = high uptake fraction, HV = high uptake volume 
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Figure 7.3: Correlation plots of the relationship between the gross tumour volume (GTV), FDG and HX4 uptake 
parameters.  

Spatial relationship between [18F]FDG and [18F]HX4 uptake 

A visual representation of the [18F]FDG and [18F]HX4 high uptake fractions for each indi-
vidual patient are given in Figure 7.4 (GTVprim) and Figure S7.1 (GTVln). 
Of the 20 GTVprim, seven lesions showed no tumour hypoxia. In four lesions, the [18F]HX4-
HV was entirely located within the [18F]FDG-HV, whereas for the remaining nine lesions a 
partial mismatch between the [18F]HX4 and [18F]FDG high uptake volumes was found. In 
these nine lesions, 25±21% (range: 5-64%) of the HX4-HV was located outside the FDG-HV.  
 
Of the 12 metastatic lymph nodes, three showed no tumour hypoxia, in three other 
lesions the [18F]HX4-HV was within the [18F]FDG-HV, whereas for the other six lymph node 
regions a partial mismatch was observed. In these six lesions, 21±11% (range: 6-37%) of 
the HX4-HV was located outside the FDG-HV.  
 
To compare the spatial distribution of the tracer uptake, an uptake level above back-
ground is essential in both PET scans. Therefore the results of the voxel-wise comparison 
and DICE calculations are provided only for the lesions with observed tumour hypoxia 
(GTVprim; N = 13, GTVln; N = 9). The voxel-wise comparison of the [18F]HX4 and [18F]FDG 
uptake within the GTVs showed a large diversity for the primary lesion (R = 0.47 ± 0.31, 
range -0.04 to 0.85; Figure S7.2), whereas a good correlation was observed for the lymph 
nodes (0.73 ± 0.12 range: 0.59 to 0.91). For GTVprim the average DICE similarity coefficient 
was 0.38 ± 0.22, with a range from 0.04 (Patient 7) to 0.78 (Patient 11; Figure 7.4).  For 
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GTVln the average DICE was 0.57±0.32, with a range from 0.10 (Patient 11) to 0.88 (Patient 
5; Figure S7.1). Note that the small DICE coefficients were observed due to large differ-
ences in [18F]HX4 and [18F]FDG high volumes. 
 
For the hypoxic lesions, we observed no relationship between the interval of both scans 
and the voxel wise correlation coefficients for GTVprim (R = -0.11, p = 0.72) and GTVln (R=-
0.46, p=0.22). Also no correlation was observed between the time interval and the DICE of 
GTVprim (R=0.17, p=0.57) however there was a significant correlation between the time 
interval and the DICE coefficient of GTVln (R = -0.83, p < 0.01)  

 

Figure 7.4: Visual representation of the overlap of [18F]FDG high fraction (blue) and [18F]HX4 high fraction (red) of 
the primary tumour (black) of all patients.  The range of the [18F]FDG high fraction is from 8% (patient 18), to 
100% (patient 6). The range of the [18F]HX4 high fraction is from 0% (patient 4, 5, 6, 9, 14, 19 and 20) to 33% 
(patient 11). 
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DISCUSSION 

In this study we characterized the relationship between the PET tracers [18F]FDG (glucose 
metabolism) and [18F]HX4 (hypoxia) in patients with HNSCC. First, the relationship be-
tween the general [18F]FDG and [18F]HX4 uptake parameters were evaluated. Second, we 
assessed the similarity in spatial uptake pattern between [18F]FDG and [18F]HX4 PET 
imaging.  
 
On a general tumour level we observed a relationship between tumour volume, [18F]FDG 
and [18F]HX4 uptake parameters. These results are in agreement with the previous pub-
lished research, which also observed a moderate correlation between [18F]FMISO PET and 
[18F]FDG PET uptake parameters (17, 18). Conversely, no correlation between [18F]FDG PET 
imaging and pO2 polarography or HIF-1α staining was reported previously (17, 18). There-
fore, although we found a correlation between [18F]FDG and [18F]HX4 PET uptake, they 
both represent different biological properties of tumours, which can be useful to predict 
treatment response. Several studies in patients with head and neck cancer have shown 
that hypoxia PET imaging is superior to [18F]FDG PET imaging for the prediction of treat-
ment response (18, 19). However, Thorwarth et al. (20) showed that a combination of 
both imaging modalities has the highest potential to predict treatment success. 
 
In our study we observed that in the majority of HNSCC patients the hypoxic volume was 
smaller than the high metabolic tumour volume. This is in agreement with the results we 
previously reported in patients with NSCLC (8). This might allow a radiotherapy dose 
escalation to the smaller hypoxic tumour volume. At the moment an ongoing randomized 
phase III clinical study ‘adaptive radiation treatment for head and neck cancer’ (ART-
FORCE; NCT01504815), investigates the effect of an [18F]FDG PET based radiation dose 
redistribution, on the locoregional control in patients with HNSCC. In addition, several 
radiotherapy planning studies have shown that it is technically feasible to perform radio-
therapy dose escalation based on hypoxia PET imaging without increasing the dose to the 
normal tissue (21-23). Nevertheless, the most essential knowledge we need, is whether 
the hypoxic or metabolic volume is related to recurrences after treatment. This might 
indicate whether the hypoxic, metabolic or a combination of both volumes should be used 
in the adaptation of the radiation dose, with the aim to maximize the therapeutic ratio for 
each individual patient (24). Dirix et al. (25) showed for example that all recurrences after 
chemoradiotherapy (N = 9) were located within the high metabolic regions, however three 
of these recurrences were located outside the hypoxic volume. Due et al. (10), however, 
report that only 54% of the recurrences were located within the visually defined high 
metabolic area, while 96% of the recurrences were located within the clinical target 
volume (CTV; GTV with a 1 cm margin). This literature evidence prompted us to be careful 
redistributing the dose within the CTV.  Therefore, also alternative methods to decrease 
tumour hypoxia by the aid of hypoxia targeting or hypoxia-modification should be further 
explored. In these studies hypoxia PET imaging could be used to monitor the response to 
this treatment and stratify patients based on their pre-treatment hypoxic status. 
 
This study has several limitations. First, there was a time interval between the [18F]FDG 



Hypoxia and metabolism in HNSCC 145 

and [18F]HX4 PET/CT scans, in which changes in tumour metabolism or hypoxia may have 
occurred. We observed a relationship between the time interval and DICE coefficient of 
the GTVln, which might indicate that a shorter time interval could improve the spatial 
correlation between the [18F]FDG and [18F]HX4 uptake. However, this was not observed 
for the voxel-wise correlation coefficients. For most of the patients the time interval was 
small (median: seven days) and no interventions were performed between both scans. 
Second, small lesions were also included in the analysis. Small lesions are prone to present 
only a limited amount of tumour hypoxia. In addition, in these lesions the partial volume 
effect plays a larger role, causing an underestimation of the absolute uptake. This might 
influence the correlation between the tumour volume and the [18F]HX4 and [18F]FDG 
uptake measurements. Third, the thresholds to define a [18F]HX4 or [18F]FDG high uptake 
were defined based on previous literature  and ongoing clinical trials, a change in this 
definition will influence the results. However, based on the results of our previous study in 
patients with NSCLC, we can state that the mismatch between high [18F]HX4 and high 
[18F]FDG volumes is relative stable for different thresholds (8).  
 
In conclusion, there is a positive correlation between [18F]HX4 and [18F]FDG uptake pa-
rameters on a global tumour level. On average, the [18F]HX4-HV is smaller than the 
[18F]FDG-HV . In the majority of lesions a partial mismatch between the [18F]HX4 and 
[18F]FDG high uptake volumes was observed, therefore [18F]FDG PET imaging cannot be 
used as a surrogate for hypoxia. [18F]HX4 PET imaging provides complementary infor-
mation to [18F]FDG PET imaging.  
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SUPPLEMENTARY DATA  

 
Figure S7.1: Visual representation of the overlap of [18F]FDG high fraction (blue) and [18F]HX4 high fraction (red) 
for the metastatic lymph nodes (black) of all patients. 
 

Figure S7.2: Voxel wise comparison of the [18F]HX4 (tumor-muscle-ratio) and [18F]FDG PET (SUV) uptake within the 
primary lesions.  
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ABSTRACT 

Background and Purpose: Increased tumour hypoxia is associated with a worse overall 
survival in patients with head and neck squamous cell carcinoma (HNSCC). The aims of this 
study were to evaluate treatment-associated changes in [18F]HX4-PET, hypoxia-related 
blood biomarkers, and their interdependence.  
 
Material and Methods: [18F]HX4-PET/CT scans of 20 patients with HNSCC were acquired at 
baseline and after ±20Gy of radiotherapy. Within the gross-tumour-volumes (GTV; primary 
and lymph nodes), mean and maximum standardized uptake values, the hypoxic fraction 
(HF) and volume (HV) were calculated. Also, the changes in spatial uptake pattern were 
evaluated using [18F]HX4-PET/CT imaging. Of all patients, the plasma concentration of 
CAIX, osteopontin and VEGF was assessed.  
 
Results: At baseline tumour hypoxia was detected in 69% (22/32) of the GTVs. During 
therapy, we observed a significant decrease in all image parameters. The HF decreased 
from 21.7±19.8% (baseline) to 3.6±10.0% (during treatment; P<0.001). Only two patients 
had a HV>1cm3 during treatment which was located for >98% within the baseline HV. 
During treatment no significant changes in plasma CAIX or VEGF were observed, while 
osteopontin was increased.  
 
Conclusions: [18F]HX4-PET/CT imaging allows monitoring changes in hypoxia during 
(chemo)radiotherapy whereas the blood biomarkers were not able to detect a treatment-
associated decrease in hypoxia.  
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INTRODUCTION 

Tumour cell hypoxia is known to promote resistance to cancer treatment, to increase 
tumour aggressiveness, and to be a prognostic factor for survival (1). Non-invasive imaging 
of tumour hypoxia by means of positron emission tomography (PET) has been shown to 
predict loco-regional control and survival, and may be used to select patients for addition-
al anti-hypoxia therapy (2-4). In addition, PET imaging can be used to monitor the re-
sponse to treatment. Previous studies using the hypoxia PET tracer [18F]FMISO and the 
metabolic PET tracer [18F]FDG observed that the uptake changes (early) during 
(chemo)radiotherapy had a higher predictive value than pre-treatment measurements (3, 
5). Previously, Overgaard (6) showed that the modification of hypoxia during radiotherapy 
results in better loco-regional control and survival in patients with a squamous cell carci-
noma of the head and neck (HNSCC). However, stratifying patients undergoing ARCON 
(accelerated radiotherapy with carbogen and nicotinamide) based on their pre-
therapeutic hypoxic status (pimonidazole staining) demonstrated that the benefit in loco-
regional control was specifically observed for patients with initial tumour hypoxia before 
the start of treatment (7, 8). The pimonidazole staining of a biopsy, however can only 
provide information about local hypoxia before the start of treatment.  Non-invasive 
hypoxia PET imaging, on the other hand, provides to opportunity to perform repeated 
tumour hypoxia measurements in 3-dimensions. Therefore hypoxia PET measurements 
may be used to select patients likely to have a benefit of additional anti-hypoxia therapy.  
 
One of the hypoxia PET tracers to visualize and quantify tumour hypoxia is the 2-
nitroimidazole3-[18F]fluoro-2-(4-((2-nitro-1H-imidazol-1-yl)methyl)-1H-1,2,3-triazol-1-
yl)propan-1-ol, [18F]HX4. In previous pre-clinical studies [18F]HX4 was validated as a 
hypoxia tracer and the repeatability of the tracer uptake was assessed (9, 10). In addition, 
in patients with non-small cell lung cancer (NSCLC), [18F]HX4 showed promising results 
and was shown to provide  additional value to the metabolic PET tracer [18F]FDG (11, 12).  
In this paper, we will investigate the potential of this tracer to detect treatment-
associated changes in hypoxic tumour status in patients with HNSCC. 
 
Another method to obtain information on tumour hypoxia may be the measurement of 
hypoxia-related proteins or enzymes in plasma. Potential relevant hypoxia markers are 
plasma osteopontin, carbonic anhydrase IX (CAIX) and vascular endothelial growth factor 
(VEGF). Osteopontin is activated under hypoxic conditions and is inversely correlated with 
the PO2 value of the tumour (13). In addition plasma osteopontin is a significant predictor 
for the response to radiotherapy in patients with head and neck cancer (14). CAIX expres-
sion is upregulated under the influence of tumour hypoxia. Also, in patients with NSCLC a 
high level of plasma CAIX was associated with a shorter overall survival (15). Last, hypoxia 
activates hypoxia inducible factor (HIF-1) which induces a high expression of VEGF, the 
primary cytokine related to angiogenesis. VEGF may therefore serve as an indirect marker 
of tumour hypoxia. These three markers might have the potential to stratify patients 
based on their hypoxic tumour status.  
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The aims of this study were to evaluate the changes in hypoxia during treatment in pa-
tients with HNSCC, the spatial stability of the uptake pattern and the presence of plasma 
osteopontin, CAIX and VEGF in relationship to hypoxia imaging.  

MATERIALS AND METHODS 

Patients 

Between January 2012 and October 2014 we included 20 patients in this imaging study. 
Patient, tumour and treatment characteristics are shown in Table 8.1. The study was 
approved by the Ethical Review Committee of Maastricht University Medical Centre and 
registered on clinicaltrial.gov (NCT01347281). All patients provided written informed 
consent before study entry.  

PET/CT imaging 

[18F]HX4 was produced as described in previous publications (9, 16-18). After intravenous 
administration of an average (±SD) dose of 378±84 MBq [18F]HX4, PET/CT imaging was 
performed at 1.5h, 3h and 4h post-injection (p.i.) for 15, 15 and 20 minutes, respectively 
for a single bed position centred around the primary tumour. After 10 patients, an interim 
analysis showed highest contrast at the imaging time-point at 4h p.i., and this was used 
from then onwards. 
 
[18F]HX4 PET/CT scans were acquired before the start of external beam radiotherapy and 
during the radiation treatment; after an average (±SD) dose of 21±2 Gy using a Biograph 
40 PET/CT scanner (Siemens Healthcare, Erlangen, Germany). Scatter and attenuation 
corrections were applied, PET images were reconstructed using OSEM 2D (Ordered Subset 
Expectation Maximization, 4 iterations, 8 subsets) and a Gaussian filter of 5 mm. Imaging 
was performed in radiotherapy position, with the patient positioned on a flat table top 
using an immobilization mask and a movable laser alignment system.  

Image analysis 

The gross tumour volume of the primary lesion (GTVprim) and involved lymph nodes 
(GTVln), were delineated on the [18F]FDG PET/CT, used for radiotherapy planning purposes, 
by two experienced radiation oncologists in consensus. These contours were copied to the 
[18F]HX4 PET scans by rigid registration. Maximum and mean standardized uptake values 
(SUVmax and SUVmean), were determined within the GTVs. In addition, the maximum tu-
mour-to-muscle ratio (TMRmax), defined as the SUVmax in the tumour divided by the SU-
Vmean in the trapezius muscles was calculated. The hypoxic fraction (HF) and hypoxic 
volume (HV) were defined as the fraction or volume of the GTV with a TMR larger than 
1.4.  
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Table 8.1: Patient, tumour and treatment characteristics 

 N % 

Gender   
Male 17 85 
Female 3 15 
Pathology   
Squamous cell carcinoma 20 100 
Tumour site   
Oropharynx 7 35 
Larynx 8 40 
Hypopharynx 5 25 
HPV status (Oropharynx)   
Positive 3 43 
Negative 3 43 
Unknown 1 14 
cT-Stage   
T1 1 5 
T2 6 30 
T3 11 55 
T4 2 10 
cN-Stage   
N0 9 45 
N1 3 15 
N2a 1 5 
N2b 7 35 
Stage grouping   
Stage II 2 10 
Stage III 8 40 
Stage IV 10 50 
Treatment   
Radiotherapy 6 30 
Cisplatin chemo-radiotherapy 10 50 
Cetuximab-radiotherapy 4 20 
[18F]HX4 PET imaging   
Baseline 20 100 
During RT 17 85 
Radiotherapy dose between [18F]HX4 scans [Gy]   
18  3 18 
20  5 29 
22  6 35 
24 2 12 
26 1 6 
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To evaluate the spatial location of the [18F]HX4 PET uptake at baseline and during treat-
ment, the [18F]HX4 PET/CT acquired during radiotherapy was rigidly registered to the 
baseline [18F]HX4 PET/CT. The rigid transformation was determined by the registration of 
the CT scans; subsequently the same transformation was applied to the PET scans and 
GTV to co-register the images. A visual and voxel-wise comparison of the [18F]HX4 uptake 
before and during radiotherapy was performed to compare spatial uptake patterns for 
both GTVprim and GTVln.  

Blood biomarker analysis 

For all patients, blood samples were collected before and during (chemo)radiotherapy on 
the day of the [18F]HX4 PET/CT scan. All blood biomarkers were measured in EDTA plasma. 
Samples were analysed simultaneously in a certified laboratory, using commercially 
available kits. CAIX was measured by a sandwich-type immunoassay that uses a mouse 
monocolonal capture antibody (V10) and a biotinylated mouse monocolonal antibody 
(M75) as detector (Nuclea Diagnostic Laboratories LLC, Cambridge, MA). Osteopontin and 
VEGF were measured by an ELISA method. A monoclonal antibody specific for osteopon-
tin/VEGF was pre-coated onto the microplate and an enzyme-lined polyclonal antibody 
specific for osteopontin /VEGF was used as detector (R&D Systems (Minneapolis, MN).  
 
To compare the plasma hypoxia markers with the [18F]HX4 uptake in the GTVprim and 
GTVln, we hypothesize that these markers reflect the uptake in all lesions within one 
patient. Therefore the image parameters of multiple GTVs were combined, providing one 
SUVmax and TMRmax (the maximum of the present lesions). The hypoxic volumes were 
summed and for the SUVmean a weighted average was calculated. 

Statistical analysis 

For all parameters mean ± 1 standard deviation (SD) are reported. Non-parametric test 
were used to determine significant differences in image and blood plasma parameters 
(Wilcoxon signed rank test) and to evaluate correlations between imaging parameters and 
blood parameters (Spearman’s correlation coefficient; Rs). Linear regressions were per-
formed to quantify the voxel-wise comparison, and a Pearson correlation coefficient (Rp) 
was calculated. A p-value <0.05 was assumed to be statistically significant.  

RESULTS  

In this study we analysed the [18F]HX4 uptake of 20 patients with HNSCC before the start 
of radiotherapy.  For 3/20 patients the [18F]HX4 PET scan during radiotherapy was not 
performed due to the patient’s preference or health status. Eleven patients had involve-
ment of the lymph nodes (GTVln), which were separately analysed from the primary lesion 
(GTVprim). The average lesion sizes for GTVprim was 17.6±12.3 cm3 (range: 2.4-46.6 cm3) and 
for GTVln 22.6±30.5 (range: 1.3-105.2 cm3).  
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[18F]HX4 PET uptake at baseline 

In the first 10 patients, [18F]HX4 PET/CT imaging was acquired at 1.5, 3h and 4h p.i. In their 
lesions (10 GTVprim and 9 GTVln) we observed a significant increase in the TMRmax from 1.5h 
(1.5±0.3) to 3h p.i. (1.7±0.4; P<0.01), and from 3h p.i to 4h p.i. (1.8±0.6; P=0.02) (Figure 
8.1).  Therefore, [18F]HX4 PET/CT imaging at 4h p.i. was selected as the standard and 
applied as the single imaging timepoint for the remaining patients.  
At baseline we observed tumour hypoxia (TMR>1.4 at 4h p.i.) in 69% (22/32) of the 
GTVprim and GTVln. For all lesions we observed an average SUVmean, SUVmax and TMRmax of 
0.8±0.2, 1.3±0.5 and 1.7±0.5, respectively. The average HF and HV were 16±20% and 
4.9±9.6 cm3. All these image parameters were significantly correlated to the volume of the 
lesion, SUVmean (Rs=0.38, p=0.03), SUVmax (Rs=0.57, p<0.001), TMRmax (Rs=0.75, p<0.001), HF 
(Rs=0.63, p<0.001) and HV (Rs=0.74, p<0.001). 
 

 
Figure 8.1 [18F]HX4 PET/CT scans of a patient with a T2N2bMx squamous cell carcinoma of the oropharynx, 
scanned at 1.5h A), 3h B) and 4h p.i. C). D) The tumour to muscle ratio (TMRmax) for all patients. Shown are the 
gross tumour volumes of the primary lesions (GTVprim) and the metastatic lymph nodes (GTVln), which increased 
significantly (1.5h vs 3h: p<0.01, 3h vs 4h: p=0.02). 

 [18F]HX4 PET uptake during treatment 

We observed a significant correlation between the image parameters measured at base-
line and during treatment: SUVmean (Rs=0.66, P<0.001), SUVmax (Rs=0.63, P<0.001), TBRmax 

(Rs=0.57, P<0.01), HF (Rs=0.56, P<0.01), HV(R=0.52, P<0.01). Taking into account the 
hypoxic lesions (GTVprim and GTVln), with a [18F]HX4 PET/CT scan at baseline and during 
treatment (N=17), we observed a significant decrease in all image derived parameters 
during therapy (Table 8. 2; Figure 8.2). This decrease was independent of the given treat-
ment (Table S8.1). Of the 17 hypoxic lesions at baseline, only 7 had a HF>0 during treat-
ment. In the other 10 lesions hypoxia as measured by [18F]HX4 PET imaging had disap-
peared. 
 
Only one non-hypoxic lesion (TBR=1.37, HF=0) at baseline, changed its hypoxic status 
during treatment. However, The TBRmax increased only from 1.37 at baseline to 1.43 
during treatment resulting in a small HF and HV during treatment of 0.4% and 0.2cm3, 
respectively. 
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Table 8.2: [18F]HX4 PET/CT parameters at baseline and during therapy. Shown are the mean,  standard deviation, 
range and the percentage difference. Shown are the baseline hypoxic lesions (GTVprim and GTVln), with an [18F]HX4 
PET/CT scan at baseline and during treatment (total lesions N=17). The provided significance is based on the 
Wilcoxon signed rank test. 

 Baseline During treatment Difference [%] Significance  
(P-value) 

SUVmean 0.9±0.2 
(0.7 - 1.3) 

0.8±0.2 
(0.5 - 1.2) 

-13±19 0.02 

SUVmax 1.5±0.4 
(0.9 - 2.1) 

1.1±0.3 
(0.7 - 1.9) 

-25±18 0.001 

TMRmax 1.9±0.4 
(1.4 - 2.8) 

1.4±0.2 
(1.0 - 2.1) 

-27±11 <0.001 

Hypoxic fraction [%] 22±20 
(3 - 71) 

4±10 
(0 - 40) 

-93±15 <0.001 

Hypoxic volume [cm3] 4.6±5.2 

(0.1 - 18.0) 
0.8±2.5 
(0.0 - 10.1) 

-93±15 <0.001 

Spatial stability of [18F]HX4 PET uptake 

To perform an analysis of the spatial [18F]HX4 uptake, a significant tracer uptake in both 
[18F]HX4 PET/CT scans was necessary.  Only 2 lesions (both GTVln) had a HV larger than 1 
cm3 during treatment (2.9 cm3 and 10.1 cm3). These GTVln were selected for the voxel-
wise analysis of the [18F]HX4 uptake within the GTV, resulting in a Pearson’s correlation 
coefficient of 0.63 and 0.85, respectively. The HV during treatment largely overlapped 
within the HV at baseline (98% and 100%, respectively; Figure 8.3). 

Blood biomarkers   

At baseline (N=20) we measured an average concentration of 57±26 ng/ml osteopontin, 
190±120 pg/ml CAIX and 85±67 pg/ml VEGF. There was no inter-correlation between the 
different plasma parameters. During (chemo)radiotherapy (N=17), a non-significant 
decrease in CAIX (173±97 pg/ml; P=0.45) and VEGF (75±67 pg/ml; P=0.74) was observed, 
whereas the increase in osteopontin was significant (65±31 pg/ml; P=0.04; Figure S8.1).  

Relationship blood biomarkers and [18F]HX4 PET 

At baseline none of the blood biomarkers (CAIX, VEGF, osteopontin) showed a correlation 
with any of the [18F]HX4 PET image parameters. During treatment, only the osteopontin 
concentration was weakly correlated with the SUVmean on the [18F]HX4  PET (Rs=0.52, 
P=0.03; Figure S8.1).  
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Figure 8.2: [18F]HX4 PET/CT scan of a patient with a T3N2bMx squamous cell carcinoma of the hypopharynx 
treated with cisplatin chemo-radiation. A) Scan with hypoxic primary tumour at baseline, B) decreased level of 
hypoxia during treatment and C) Calculated hypoxic fraction (HF) of all primary tumours and lymph nodes before 
and during treatment, significant decrease (p<0.001). 

 
Figure 8.3: Spatial reproducibility of the [18F]HX4 PET uptake in two patients with persistent hypoxia during 
treatment (left: patient with cT2N2aM0 hypopharynx cancer, right: patient with cT2N2bM0 oropharynx cancer. 
The PET-CT scans during treatment were in both patients performed after 18 Gy). Visualised is the voxel-wise 
correlation of the [18F]HX4-uptake within the GTV.   

DISCUSSION 

In this study we evaluated tumour hypoxia with [18F]HX4 PET in patients with HNSCC 
before the start of (chemo)radiotherapy and during treatment, with the aim to monitor 
treatment response and evaluate the spatial variability of the [18F]HX4 uptake. In addition, 
the concentration of blood hypoxia markers (osteopontin, CAIX and VEGF) was evaluated 
at baseline and during treatment. Last, the interdependence between hypoxia PET imag-
ing and hypoxia-related blood biomarkers was investigated. 
 
Before the start of (chemo)radiotherapy, we observed tumour hypoxia in the majority of 
primary HNSCC and metastatic lymph nodes. However, in most of these lesions hypoxia 
disappeared during the course of treatment, regardless of the chosen treatment; radio-
therapy alone or in combination with cisplatin or cetuximab. The decrease of hypoxia 
during treatment has been described in several studies (3, 19-21). Lee et al. (19) showed 
with [18F]FMISO PET imaging a decrease in detectable tumour hypoxia from 90% (18/20 
patients) at baseline to 11% (2/18) after 4 weeks of chemoradiotherapy. In addition, 
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Servagi-Vernat et al. (20) observed a decrease of the [18F]FAZA PET uptake (SUVmax and HF) 
in all patients during chemoradiotherapy, which was recently confirmed by Bollineni et 
al.(21). From our current results and the previous literature we can conclude that in 
patients with HNSCC, hypoxia decreases during treatment, indicating tumour reoxygena-
tion. Nevertheless, also a decrease in cell number, changes in vasculature or perfusion 
could contribute to the altered hypoxia PET uptake.  
 
Additionally, our results show that the patients with a high uptake at baseline have the 
highest chance of persistent hypoxia during treatment. These patients may benefit most 
from anti-hypoxia therapy during the entire course of treatment. For the other cases, the 
addition of anti-hypoxia therapy will probably have the largest therapeutic effect when 
given prior to, or during the first weeks of treatment. Since after this period, the amount 
of tumour hypoxia is low. [18F]HX4 PET imaging has already shown its potential to monitor 
the response to the anti-hypoxia treatment with TH-302 (22). The ability to monitor the 
response to anti-hypoxia treatment with non-invasive imaging provides the potential to 
adapt the anti-hypoxia treatment based on the (changing) lesion characteristics.  
 
Another frequently discussed method to target resistant tumour volumes is by giving a 
radiation boost. Previous studies have shown that it is technically feasible to provide a 
radiotherapy boost to hypoxic or metabolically active tumour subvolumes, defined on PET 
(4, 23-25). For this purpose, information on the spatial repeatability of the hypoxia PET 
uptake and its stability during treatment is essential. In our current data-set only two 
lesions showed a significant amount of tumour hypoxia during treatment, with a spatially 
stable localization in comparison to the baseline scan. Where Bittner et al. (26) reported a 
geographically stable localization of the [18F]FMISO PET uptake during chemoradiotherapy, 
Nehmeh et al.(27), Lin et al.(28) and Servagi-Vernat et al.(20) reported changes in the 
distribution of hypoxia during treatment, and therefore adaptive radiotherapy based on 
serial hypoxia PET imaging was recommended.  
 
Serial hypoxia PET imaging during treatment may provide additional information for re-
sponse prediction. In preclinical setting, micro-environmental parameters (hypoxia, perfu-
sion) during treatment had a better potential to predict outcome after radiotherapy (29). 
This finding was confirmed in a clinical study by Zips et al. (3) in 25 patients with HNSCC. The 
authors found a significant correlation between [18F]FMISO-PET imaging before and during 
chemoradiotherapy and local progression free survival, and tumour hypoxia during treat-
ment was of higher prognostic relevance. In our study, accrual is ongoing and the assess-
ment of hypoxia in relationship to outcome will be performed as data have matured. 
 
We hypothesized that blood biomarkers could also be used to monitor treatment re-
sponse, because previous studies have showed that blood biomarkers have the potential 
to predict response to treatment (30). For example, a high concentration of plasma osteo-
pontin was related to a higher amount of locoregional tumour failure in patients with 
HNSCC (14). The blood biomarkers CAIX and VEGF, showed no significant changes during 
treatment and the osteopontin concentration was increased, while hypoxia PET imaging 
showed a clear reduction of the uptake in all patients. These results might be explained by 
the patient cohort. When comparing the plasma osteopontin levels of the patients in our 
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current trial to the levels reported in the large randomized trial from Overgaard et al.(14), 
we observed that all our patients should be assigned to the low or intermediate concentra-
tions of plasma osteopontin. Also in comparison to a study in 295 patients with advanced 
rectal cancer, our observed levels of osteopontin and CAIX were lower than their reported 
average values (30). In addition, plasma osteopontin is not only influenced by hypoxia, it is 
also known to play a role in the immune regulation and stress response (31). An elevated 
level of osteopontin was for example observed in patients with systemic inflammatory 
response syndrome or sepsis (32). The given anti-cancer treatment might have induced an 
immune/stress response causing an elevated level of hypoxia. Nevertheless, in the current 
population the blood biomarkers osteopontin, CAIX and VEGF were not suitable to measure 
a hypoxia related treatment response, which was measurable using [18F]HX4-PET. 
 
The correlation between the blood hypoxia markers and the [18F]HX4 PET uptake was 
absent to weakly present. This was in agreement with the results previously published by 
several groups comparing hypoxia PET imaging to tissue or blood markers. Vercellino et 
al.(33) observed no correlation between the uptake of the hypoxia tracer [18F]FETNIM and 
the plasma osteopontin concentration in 16 patients with cervical carcinoma. In addition, 
Gronroos et al.(34) found no correlation between hypoxia PET imaging using FETNIM and 
several tissue biomarkers in 15 patients with HNSCC.  While in patients with newly diag-
nosed glioma, the preoperative [18F]FMISO PET uptake was significantly, but weakly 
correlated to the expression of VEGF in the tumour(35). Although the current patient 
population is small, the results suggest that the tested blood biomarkers are not able to 
replace hypoxia PET imaging, or to pre-select patients for hypoxia PET imaging.  
 
To conclude, hypoxia PET imaging with [18F]HX4 is able to detect tumour hypoxia in pa-
tients with HNSCC, in addition it can monitor a decrease of tumour hypoxia during treat-
ment. In patients with persistent tumour hypoxia, a stable localization of the hypoxic 
volume was observed. This provides potential for radiotherapy dose escalation to the 
hypoxic volumes. The blood parameters osteopontin, CAIX and VEGF were not able to 
detect a decrease in hypoxia during treatment. In addition, there was no correlation 
between the blood plasma parameters CAIX and VEGF and hypoxia PET imaging, while 
only a weak correlation was observed between [18F]HX4 PET imaging and the osteopontin 
concentration during treatment. Based on the current data, we conclude that hypoxia PET 
imaging is the superior method to evaluate tumour hypoxia before and during treatment 
and cannot be replaced with the evaluated blood biomarkers. 
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SUPPLEMENTARY DATA 

 
Figure S8.1: A) Observed increase in plasma osteopontin during treatment and B) significant correlation between 
the blood biomarker osteopontin, measured during treatment and SUVmean on the [18F]HX4 PET/CT.  
 
Table S8.1: [18F]HX4 PET/CT image derived parameters at baseline and during therapy; data was split based on 
the anti-cancer treatment. Shown are the mean, standard deviation, range and the percentage difference of the 
baseline hypoxic lesions (GTVprim and GTVln), with an [18F]HX4 PET/CT scan at baseline and during treatment (total 
lesions: N=17).  

 Baseline During treatment Difference [%] 

Cisplatin chemo-radiotherapy (N=10)    
TMRmax 2.0±0.5 

(1.4-2.8) 
1.4±0.3 
(1.0-2.1) 

-29±12 

Hypoxic fraction [%] 28±24 
(3-71) 

6±13 
(0-40) 

-91±19 

Hypoxic volume [cm3] 27.8±23.6 
(2.9-70.5) 

1.4±3.2 
(0.0-10.1) 

-91±19 

Radiotherapy (N=4)    
TMRmax 1.9±0.3 

(1.7-2.3) 
1.4±0.1 
(1.3-1.5) 

-23±13 

Hypoxic fraction [%] 14±5 
(7-18) 

1±1 
(0-2) 

-94±6 

Hypoxic volume [cm3] 3.5±1.9 
(0.7 -5.1) 

0.2±0.3 
(0.0-0.6) 

-94±6 

Cetuximab-radiotherapy (N=2)    
TMRmax 1.7±0.4 

(1.5-2.1) 
1.3±0.2 
(1.2-1.5) 

-25±5 

Hypoxic fraction [%] 12±12 
(3-25) 

0.2±0.3 
(0.0-0.5) 

-99±1 

Hypoxic volume [cm3] 1.1±1.1 
(0.4-2.4) 

0.0±0.0 
(0.0-0.1) 

-99±1 
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ABSTRACT 

Purpose: Conventional anticancer treatments are often impaired by the presence of 
hypoxia. TH-302 selectively targets hypoxic tumor regions where it is converted into a 
cytotoxic agent. This study assessed the efficacy of the combination treatment of TH-302 
and radiotherapy in two preclinical tumor models. The effect of oxygen modification on 
the combination treatment was evaluated and the effect of TH-302 on the hypoxic frac-
tion (HF) was monitored using [18F]HX4-PET imaging and pimonidazole IHC stainings. 
 
Experimental Design: Rhabdomyosarcoma R1 and H460 NSCLC tumor-bearing animals 
were treated with TH-302 and radiotherapy (8 Gy, single dose). The tumor oxygenation 
status was altered by exposing animals to carbogen (95% oxygen) and nicotinamide, 21% 
or 7% oxygen breathing during the course of the treatment. Tumor growth and treatment 
toxicity was monitored until the tumor reached 4 times its start volume (T4xSV). 
 
Results: Both tumor models showed a growth delay after TH-302 treatment which further 
increased when combined with radiotherapy (enhancement ratio rhabdomyosarcoma 
1.23; H460 1.49). TH-302 decreases the HF in both models, consistent with its hypoxia-
targeting mechanism of action. Treatment efficacy was dependent on tumor oxygenation; 
increasing the tumor oxygen status abolished the effect of TH-302, whereas enhancing the 
HF enlarged TH-302’s therapeutic effect. An association was observed in rhabdomyosar-
coma tumors between the pretreatment HF as measured by [18F]HX4-PET imaging and the 
T4xSV.  
 
Conclusions: The combination of TH-302 and radiotherapy is promising and warrants 
clinical testing, preferably guided by the companion biomarker [18F]HX4 hypoxia PET 
imaging for patient selection.  
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INTRODUCTION 

Hypoxia is a common feature of solid tumors and is known to negatively influence treat-
ment outcome (1, 2). Because of the disorganized vessel formation and consequently low 
oxygen concentrations, conventional chemotherapies and radiotherapies are less effec-
tive. To overcome hypoxia-induced treatment resistance, drugs have been developed that 
specifically target hypoxic tumor regions. These so-called ‘hypoxia activated prodrugs’ 
(HAP) are non-toxic under normal oxygen concentrations but are activated in environ-
ments with low oxygen concentrations. TH-302 is a second generation HAP of which the 
activation mechanism is based on the reduction of its 2-nitroimidazole moiety. Only in the 
presence of certain reductases under low oxygen concentrations is the toxic effector 
bromo-isophosphoramide mustard (Br-IPM) selectively released and able to crosslink DNA 
leading to cell death. 
 
Preclinical studies have assessed the therapeutic effect of TH-302 alone or in combination 
with conventional chemotherapies in multiple xenograft models. TH-302 monotherapy led 
to reduced tumor growth in many of the xenograft models profiled, and was dependent 
on the hypoxic fraction (HF; ref 3). Combining TH-302 with several clinically used chemo-
therapeutics offers advantage over single-agent treatment, although the treatment 
schedule and order of administration is of importance (4). A phase 1 study demonstrated 
the safety of TH-302 monotherapy in patients with solid malignancies (5). Other clinical 
phase I and II trials successfully combined the standard treatment doxorubicin with intra-
venous administration of TH-302 in patients with advanced soft tissue sarcoma (6, 7) and 
standard treatment gemcitabine with TH-302 in patients with advanced pancreatic cancer 
(8).  
 
However, there are no published studies to assess the combination therapy of TH-302 and 
radiotherapy. Radiotherapy is one of the conventional treatment options applied to 
multiple cancer types and tumor hypoxia is a known radioresistance factor. The combina-
tion of TH-302 and radiotherapy is hypothesized to be complementary; where TH-302 
specifically targets hypoxic cells, radiotherapy has the highest therapeutic gain in the well-
oxygenated cells.  
 
PET imaging is a non-invasive method characterizing the tumor oxygenation status in a 
three-dimensional manner. Several PET tracers have been developed that specifically 
visualize hypoxic regions. One of those tracers, based on the same 2-nitroimidazole 
hypoxia sensing mechanism as TH-302, is [18F]HX4. Preclinical and clinical trials have 
shown that [18F]HX4 is a reliable tool for the noninvasive detection of hypoxic tumor 
regions (9-11). Because TH-302, like tirapazamine, is  expected to have only a therapeutic 
effect when hypoxic regions are present in the tumor (12), [18F]HX4 PET imaging may 
function as a useful predictive biomarker. 
 
In the current study we investigated the treatment effect of TH-302 in combination with 
radiotherapy in two preclinical tumor models. We hypothesize that this combination 
therapy will enhance the therapeutic effect. Furthermore we investigate the causal rela-
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tionship between TH-302 efficacy and the modified tumor oxygenation status which was 
assessed before and after treatment using [18F]HX4 hypoxia PET imaging and only after 
treatment with pimonidazole staining. We hypothesize that the pretreatment hypoxia 
[18F]HX4 PET imaging will correlate with the treatment outcome. 

MATERIALS AND METHODS 

Animal, tumor models and treatment schedules 

All animal experimental procedures were approved by the Animal Ethical Committee of 
Maastricht University and were in accordance with the Helsinki Declaration of 1975 as 
revised in 2000. All animals were monitored at least 3 times a week and their tumor 
volume was calculated using the formula: A x B x C x π/6 in which A, B and C are the three 
orthogonal diameters of the tumor as measured using a Vernier caliper, each corrected for 
the thickness of the skin. Animals were randomized into the different treatment groups 
(Figure S9.1A) and were monitored until four times start volume (T4xSV) was reached. For 
this calculation the start volume of the first day of TH-302 treatment was used and fitting 
of the data was based on the regrowth phase. TH-302 was supplied by Threshold Pharma-
ceuticals and dissolved in 0.9% NaCl to a concentration of 5 mg/mL. 

Experimental models 

Syngeneic rhabdomyosarcoma R1 tumors (1 mm3) were implanted subcutaneously in the 
lateral flank of adult WAG/Rij rats. Experiments were started upon a mean tumor volume 
of 4.2 cm3 (range, 2.0-8.1) to ensure a stable HF. Treatment was administered on 4 con-
secutive days (Figure S9.1A) and consisted of an intraperitoneal injection (i.p.; QDx4) with 
either NaCl or TH-302 (25, 50 or 75 mg/kg). Before the start of treatment a PET scan was 
made using [18F]HX4. Radiotherapy (Varian Truebeam linear accelerator; 15 MeV elec-
trons) was applied in a single dose of 0, 4, 8 or 12 Gy on day 3 of the treatment, 3 hours 
after NaCl or TH-302 injection, 1 hour after oxygen modification. During both PET imaging 
and radiotherapy rats were anaesthetized using a mixture of ketamine/xylazine (i.p; 66.7 
and 6.7 mg/kg, respectively). During the 5 days of treatment (1 day PET imaging, 4 days of 
injections with TH-302 or vehicle), animals were exposed to modified oxygen concentra-
tions for 4 hours per day in order to alter the HF of the tumor. The combination oxygen 
modification of nicotinamide (i.p. 500mg/kg) and carbogen (95% oxygen, 5% CO2; 5 L/min) 
consisted of a nicotinamide injection and 30 minutes later the exposure to carbogen 
breathing for 3.5 hours. In the middle of the nicotinamide/carbogen treatment NaCl/TH-
302 was administered. Reduced oxygen breathing (7%, residual N2; 2.5 L/min) was given 
for 4 hours with the NaCl/TH-302 injection after the first two hours. The injection of the 
[18F]HX4 PET tracer [mean 18.8 MBq, range 7.1-25.1 MBq; lateral tail vein using an intra-
venous line (Venoflux 0.4mm G27) flushed with 10% heparine] was given 2 hours before 
the end of the oxygen modification. PET imaging was performed 3 hours after tracer 
injection, as previously assessed (13). [18F]HX4 PET scans could not be performed on all 
treated animals due to production and supply difficulties. For the histological control 
animals, PET imaging was also performed on day 4 of the treatment.  
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H460 lung carcinoma cells were resuspended (1 x 106 cells/mL; ATCC HTB-177) in Base-
ment Membrane Matrix (MatrigelTM BD Biosciences) and injected in the lateral flank of 
NU-Foxn1-nu (NU/NU) mice. Experiments were started upon animals reaching a mean 
tumor volume of 225 mm3 (range 89-273 mm3). Mice were treated with either NaCl or TH-
302 (50 mg/kg) for 5 consecutive days (QDx5). Treatment was combined with radiothera-
py in a single dose of 0 or 8 Gy on day 4 for which the animals were anaesthetized using a 
mixture of ketamine/xylazine (i.p; 66.7 and 6.7 mg/kg respectively). During the 5 days of 
treatment, animals were exposed to different oxygen concentrations; either a combina-
tion of nicotinamide (500 mg/kg i.p.) and carbogen breathing (95% oxygen, 5% CO2), 21% 
oxygen breathing (pressured air) or 7% oxygen breathing (residual N2). Total treatment 
time for all oxygen breathing schedules was 2.5 hours with the NaCl/TH-302 injection 
given 1 hour after the start of the treatment. Nicotinamide was administered 30 minutes 
before carbogen breathing was started, which was then applied for another 2 hours. 
Radiotherapy was given within 1 hour after the oxygen treatment. Histological controls 
were administered with pimonidazole (60 mg/kg, i.p.; Hypoxyprobe kit, HP3-1000; Bio-
connect) and Hoechst 33342 (15 mg/kg, i.v.; Sigma-Aldrich) 1 hour and 1 minute before 
sacrificing, respectively, followed by excision of the tumors which were snap frozen in 
liquid nitrogen and stored at -80 degrees Celsius until being processed. 

PET Image acquisition and analysis 

Tracer synthesis of [18F]HX4 was performed as described previously (14). [18F]HX4 positron 
emission tomography (PET) images were acquired and analyzed using a clinical PET/CT 
scanner (Siemens Biograph 40, Siemens Healthcare) as previously described (13). A vol-
ume of interest in the heart (sphere with a radius of 3mm) was defined as background 
region. The threshold to define the hypoxic fraction (HF) was set at 4.5 times the back-
ground uptake, because this method results in a HF which is in agreement with the pi-
monidazole staining- based results of a previous study on the rat rhabdomyosarcoma 
model (15). 

Immunohistochemical staining and analysis 

Frozen H460 xenograft tumors were sectioned (5 µm) and stained for hypoxia (pimonida-
zole), blood vessels (CD31) and perfusion (Hoechst 33342). Sections were fixed using cold 
acetone, rehydrated in TBS with 0.2% Tween-20 (TBST) and preincubated with normal 
goat serum before exposing them to the primary antibody rabbit anti-pimonidazole 
(1:150; HP3-1000, Bio-connect) and rat anti-mouse CD31 (1:500; BD biosciences). After 
washing with TBST, incubation with the secondary antibody goat anti-rabbit Alexa594 
(1:500) and goat anti-rat Alexa488 (1:750, both Invitrogen) was performed. Sections were 
mounted using fluorescent mounting medium (DakoCytomation) and scanned for pimoni-
dazole, blood vessels and perfusion. After scanning, sections were stained for hematoxylin 
and eosin (H&E). 
Images were acquired using an Olympus BX51WI microscope equipped with a Hamamatsu 
EM-CCD C9100 digital camera, a motorized stage (Ludl Mac 2000) and a 10x objective. 
Micromanager 1.4 software was used for automated image acquisition (16). ImageJ 
version 1.49e (http://rsb.info.nih.gov/ij/) was used to stitch the images and perform 
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quantitative analyses. All image recordings and analyses were performed by an investiga-
tor blinded to the subject coding. Viable tumor tissue was first delineated manually by 
excluding epidermis, stroma and necrotic tumor regions based on H&E staining. The 
thresholds were set manually by two independent observers to discriminate signal from 
background. Finally the relative HF, microvessel density and perfusion were calculated by 
determining the positive fraction within the viable tumor area.  

Statistics 

GraphPad Prism software (version 5.01 for Windows) was used to perform statistical 
analyses. To determine the statistical significance of differences between two independ-
ent groups of variables we used an unpaired t test, whereas for matched groups a paired t 
test was applied. A two-way ANOVA was performed in R v3.0.1 to determine synergistic 
effects. P values <0.05 were considered to be significant. 

RESULTS  

Combination of TH-302 and radiotherapy 

The effect of TH-302 in combination with radiotherapy was assessed in two tumor models, 
a rhabdomyosarcoma rat syngeneic model and a H460 human non-small cell lung cancer 
(NSCLC) xenograft mouse model. The treatment dose of TH-302 for rhabdomyosarcoma 
was assessed in a ‘tolerability’ study, showing 25 mg/kg (QDx4) to be the most optimal 
dose without adverse effects (Figure S9.2). This dose was therefore selected for further 
experiments. The TH-302 treatment dose of 50 mg/kg (QDx5) for H460 was based on 
literature (3).  
In both tumor models TH-302 treatment showed an inhibition of the tumor growth which 
was further reduced when TH-302 administration was combined with a single dose of 
radiotherapy (8 Gy; Figure 9.1A). The time to reach 4 times start volume (T4xSV, Figure 
9.1B) was significantly delayed upon TH-302 monotherapy from 12.4 ± 1.7 (mean ± SD) to 
20.4 ± 3.5 days for rhabdomyosarcoma (P < 0.001) and 7.1 ± 2.4 to 13.6 ± 4.8 days for 
H460 (P = 0.003). Compared to radiotherapy alone, T4xSV for the combination treatment 
was delayed from 24.9 ± 3.0 to 30.8 ± 5.9 for rhabdomyosarcoma (P = 0.026) and from 
16.9 ± 7.1 to 25.2 ± 4.9 for H460 (P = 0.014), resulting in an enhancement ratio (ER) of 1.23 
and 1.49 respectively (Figure 9.1B and Tables S9.1 and S9.2). In addition, the effect of TH-
302 was also assessed in the rhabdomyosarcoma model in combination with 4 and 12 Gy 
of radiotherapy leading to an ER of 1.28 and 1.59, respectively (Figure S9.3A and S9.3B 
and Table S9.1). TH-302 has a radio-sensitizing effect in both tumor models and all radio-
therapy doses. Moreover, the effect of the combination therapy TH-302 and 12 Gy radio-
therapy in the rhabdomyosarcoma model was even synergistic. 
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Figure 9.1: The combination of TH-302 and radiotherapy (8 Gy) reduces tumor growth (RT; 8Gy) in a rhabdomyo-
sarcoma (n = 8) and H460 (n ≥ 8) tumor model.A) growth curves; B) time to reach 4 times start volume (T4xSV). 
Animals were treated with either control (NaCl) or TH-302 administered to the rhabdomyosarcoma model for 4 
consecutive days with a dose of 25 mg/kg and for the H460 model for 5 consecutive days using a dose of 50 
mg/kg . Radiotherapy was applied on either the third or fourth day of TH-302 treatment.The HF of the control 
animals and the animals treated with TH-302 was analyzed in C) for rhabdomyosarcoma (n = 6) both before and 
immediately after treatment using [18F]HX4 hypoxia PET imaging (top, representative [18F]HX4 PET images with 
the delineation of the total tumor volume in black and the HF in red. bottom: quantification of HF per group) and 
in D) for H460 (n = 6) immediately after treatment using pimonidazole IHC staining [top: representative stainings, 
with hypoxia (pimonidazole) in green, perfusion (Hoechst) in blue and vessels (CD31) in red. The white scale bar 
indicates 500 µM. bottom: quantification]. Data, mean ± SEM. *P<0.05, **P<0.005, ***P<0.001, ****P<0.0001 
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Figure 9.2: The effect of oxygen modification on the combination treatment of TH-302 and radiotherapy. A) 
exposing animals to 95% oxygen (nicotinamide 500 mg/kg i.p. / carbogen breathing 95% oxygen, 5% CO2), or 7% 
oxygen (residual N2) decreases or increases the hypoxic fraction respectively before the start of treatment 
compared to 21% oxygen breathing (ambient air). Representative [18F]HX4 PET images with the delineation of the 
tumor in black and the HF in red. *P<0.05, ****P<0.0001. Exposing the B) rhabdomyosarcoma (n ≥ 7) or C) H460 
(n ≥ 8) model to modifying oxygen concentrations for the duration of the treatment for 4 and 2.5 hours per day, 
respectively. Data represent mean ± SEM. 
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Hypoxic fraction   

The effect of TH-302 on the HF in the rhabdomyosarcoma model was assessed using 
[18F]HX4 hypoxia PET imaging and revealed a significant decrease from a baseline of 
23.1% ± 6.7 to 2.5% ± 4.2 after TH-302 treatment (P < 0.001). NaCl treatment, as expected, 
did not affect the HF (Figure 9.1C). In the H460 model the HF was assessed immediately 
after the treatment using histological controls injected with pimonidazole. The HF in 
subjects treated with TH-302 significantly decreased compared to the control animals 
(NaCl: 7.8% ± 3.0; TH-302: 1.3% ± 0.5; Figure 9.1D). 

Effect of oxygen modification on the efficacy of TH-302 and radiotherapy 

To investigate if a causal relationship exists between TH-302 efficacy and tumor oxygena-
tion, the amount of oxygen present in the tumor was modified on the days of TH-302 
treatment by 7% or 95% oxygen breathing to increase or decrease the HF, respectively. 
Oxygen modification was performed 1 day in advance for the rhabdomyosarcoma model 
in order to assess the effect of this modification on the baseline HF using [18F]HX4-PET 
imaging. Ambient air breathing animals had a HF of 22.2 ± 13.8%. A significant reduction in 
the HF to 2.1 ± 4.7% was seen after 95% oxygen breathing (P < 0.001), whereas 7% oxygen 
breathing significantly increased the HF to 29.5 ± 14.7% (P = 0.029; Figure 9.2A). Exposing 
rhabdomyosarcoma-bearing rats to increasing oxygen conditions abolished the effect of 
TH-302 and reduced the T4xSV from 20.4 ± 3.5 to 15.3 ± 2.5 days (P = 0.007, Figure 9.2B, 
Figure S9.3C and Table S9.1), whereas control animals had an increased T4xSV. Upon 
combination with radiotherapy, the T4xSV of TH-302 treated tumors decreased from 30.8 
± 5.9 (TH-302 + radiotherapy) to 25.7 ± 2.9 days (TH-302 + radiotherapy + 95% O2). This is 
comparable with the T4xSV of 23.2 ± 1.7 days for animals treated with NaCl + radiotherapy 
under 95% O2 conditions resulting in an ER of 1.11 (Table S9.1). Exposing animals to 7% 
oxygen breathing resulted in a T4xSV of 22.6 ± 4.2 days for TH-302 which is significantly 
delayed compared to the animals treated with NaCl (T4xSV: 16.1 ± 1.9, P = 0.001) although 
7% oxygen treatment itself also had an effect on tumor growth in control animals. In the 
combination therapy of 7% oxygen breathing with radiotherapy, animals treated with TH-
302 had a further reduction in the T4xSV to 35.4 ± 6.1 days with an ER of 1.29 compared 
to the animals treated with NaCl (Figure S9.3C and Table S9.1). 
 
Oxygen modification treatments were also applied to the H460 model where reducing the 
HF resulted in a decreased T4xSV from 25.2 ± 4.9 (TH-302 + radiotherapy) to 20.2 ±7.0 
(TH-302 + radiotherapy + 95% O2) for the combination treatment. This decrease was not 
significant, however. The ER of TH-302 under high oxygen concentration remained stable 
at 1.50 versus 1.49 at 21% O2 breathing. The tumor growth rate itself was unaffected by 
95% oxygen breathing (Figure 9.2C, Figure S9.3D and Table S9.2). Increasing the HF signifi-
cantly enlarged the therapeutic potential of TH-302 compared to normal breathing ani-
mals (P = 0.011), resulting in a T4xSV of 22.7 ± 7.9 (T4xSV TH-302 21% O2: 13.6 ± 4.8). 
While 7% oxygen breathing reduced the tumor growth slightly, radiotherapy increased the 
tumor growth of control animals under this condition.  
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Figure 3: The effect of TH-302 treatment and oxygen modification on the HF.  A) HF was measured in the rhab-
domyosarcoma model (n = 6) using [18F]HX4 hypoxia PET imaging the day before treatment and the last day of 
treatment with either control (NaCl) or TH-302 in combination with 95% oxygen (nicotinamide and 95% O2 
breathing), ambient air or 7% oxygen. ND = not detected. B) pimonidazole staining was used to determine the HF 
after treatment in the H460 model. Top: a representative image is depicted per group. Bottom: quantification per 
group (n = 6). **P<0.01, ***P<0.001 
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The effect of the TH-302 and radiotherapy combination increased to an ER of 2.45 for TH-
302 + radiotherapy under low oxygen concentrations versus 1.49 for TH-302 + radiothera-
py under 21% O2 concentrations (Figure S9.3D and Table S9.2).  
 
No toxic effects were observed for the different treatments in any of the groups as moni-
tored by following changes in body weight (Figure S9.4A and S9.4B).  

Oxygen modification and hypoxic fraction 

To assess the effect of TH-302 treatment in combination with oxygen modification on the 
HF, a [18F]HX4 scan was acquired before and after treatment on the rhabdomyosarcoma 
histological control animals. The HF of ambient air breathing animals decreased from 23% 
± 6.7% at baseline to 2.5% ± 4.2% after TH-302 treatment. For 95% oxygen breathing 
animals the HF was low before the start of the treatment, and this remained unchanged 
after either NaCl or TH-302 administration (Figure 9.3A). The spread in HF of 7% oxygen 
breathing animals was very large. On average the HF after treatment was lower than 
before treatment independent of NaCl or TH-302 treatment although this was not signifi-
cant. 
The HF in the H460 model was determined after the last TH-302 injection using pimonida-
zole staining. TH-302 treatment significantly reduced the HF compared to the control 
animals (Figure 9.1D and Figure 9.3B). The different oxygen breathing conditions revealed 
a similar pattern; in combination with 95% oxygen breathing control animals had a HF of 
10.0% ± 5%.9 while animals treated with TH-302 had a HF of 2.1% ± 1.0%. Animals ex-
posed to low oxygen concentrations in combination with NaCl had a HF of 8.4% ±4.5% 
which was lower in the animals treated with TH-302 (1.1% ± 1.0%). Furthermore, TH-302-
treated tumors had a decreased necrotic fraction, although this was only significant when 
animals were exposed to 21% oxygen. No differences were observed in the relative vessel 
area or perfusion (Figure S9.5). 
 
Furthermore, we investigated whether the HF at the start of the therapy was associated 
with the treatment outcome expressed as T4xSV. The T4xSV for TH-302 treated tumors 
increased with increasing HF at onset meaning that 95% oxygen breathing animals 
reached their endpoint first, followed by ambient air and then 7% oxygen breathing 
animals (Figure 9.4). The control animals, with or without radiotherapy, did not show this 
association. 
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Figure 9.4: The association between the pretreatment [18F]HX4-based HF and the treatment outcome in rhabdo-
myosarcoma tumors. HF (%) as measured before the start of the treatment plotted to the time to reach 4 times 
the start volume (T4xSV) for the control group (NaCl) and animals treated with TH-302 either with or without 
radiotherapy. Hypoxic fraction is determined using [18F]HX4 hypoxia PET imaging after 95% oxygen breathing (n = 
32), ambient air breathing (n = 43) and 7% oxygen breathing (n = 33). The T4xSV is calculated for NaCl for all 
oxygen concentrations using 8 animals, TH-302 95% oxygen( n = 7), ambient air and 7% oxygen (n = 8). Data 
represent mean ± SEM. 

DISCUSSION 

This study demonstrates the combination efficacy of the HAP TH-302 with radiotherapy in 
two preclinical tumor models, which was causally related to the tumor oxygen status. 
Additionally, the [18F]HX4 determined HF was associated with the treatment outcome. 
Pharmacokinetic studies in nontumor-bearing rats showed no adverse effects when the 
animals were treated with TH-302 (17). Although rhabdomyosarcoma-bearing rats showed 
no adverse effect after a 25 mg/kg TH-302 dose, dose-dependent adverse effects, such as 
a significant drop in body weight, diarrhea and general malaise, were observed after 
higher dosing. Initial clinical studies also reported some adverse effects with skin and 
mucosal toxicities being dose limiting, while common adverse events were nausea, skin 
rash, fatigue and vomiting (5, 6).  
 
In this study two different methods were used to assess the HF: noninvasive, clinically 
used [18F]HX4 PET imaging (11, 13), and IHC of pimonidazole adducts (9). While [18F]HX4 
hypoxia PET imaging represents the whole tumor in a noninvasive, reproducible, three-
dimensional manner, IHC stainings can, in addition to hypoxia, extract more tumor micro-
environmental information from the same tumor section. In both techniques, [18F]HX4 and 
pimonidazole, are reduced under low oxygen concentrations (18) and a significant colocal-
ization relationship was demonstrated at the tumor sub-regional level (9). Although 
monitored by different techniques, these data indicate that TH-302 has the same reducing 
effect on the HF in both tumor models. Furthermore, based on these data, [18F]HX4 
imaging could be used as biomarker of response in a window-of-opportunity clinical trial. 
By performing a pretreatment scan, the initial tumor HF can be determined, followed by a 
single injection of TH-302. A posttreatment [18F]HX4 hypoxia scan can assess whether 
there is a response in HF to this HAP, without interference of other anticancer therapies. 
This new approach is designed to test new molecular entities in a clinical trial while being 
cost and patient efficient (19, 20).  
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A correlation has previously been reported between the HF and the tumor growth inhibi-
tion in xenograft models (3). This endorses our findings of a pronounced effect of TH-302 
since the preclinical tumor models in this study were observed to have respectively 
somewhat higher and lower HF than the reported HF of 18.6% for rhabdomyosarcoma 
(15) and 16.3% for H460 (3). Although the HF in tumors was significantly decreased after 
TH-302 treatment, not all hypoxic cells were eliminated, as observed in both tumor mod-
els. The remaining hypoxic cells might be resistant, unreachable by TH-302, or caused by 
cycling hypoxia. In addition to the decrease in the HF, this study shows a decrease in the 
necrotic fraction of the TH-302 treated tumors. This indicates that the dead cells are 
resorbed, which is supported by the stagnation in tumor growth after 3 days of TH-302 
treatment. Other microenvironmental characteristics like relative vessel area and perfu-
sion were not affected by TH-302 treatment, suggesting that the tumor maintains its 
vasculature. This is in agreement with previously published results on solid tumors (3).  
 
 Although TH-302 exhibits antitumor effects as a monotherapy, it has been shown that its 
therapeutic efficacy increases when combined with conventional anticancer therapies 
mainly targeting the nonhypoxic cells. On the basis of favorable outcomes of two clinical 
phase II trials (7, 8), phase III trials in metastatic or locally advanced unresectable pancre-
atic adenocarcinoma (NCT01746979) and advanced soft-tissue sarcoma (NCT01440088) 
are currently ongoing. However, to our knowledge, no study has investigated the combi-
nation treatment of TH-302 with radiotherapy and [18F]HX4 hypoxia imaging. This combi-
nation is thought to be effective especially since radiotherapy can be locally applied, 
specifically targeting the tumor while preserving normal tissue. In this study we show that 
this combination is effective and causes a delayed tumor growth and increased T4xSV for 
both investigated tumor models, confirming the hypothesis that the combination therapy 
of TH-302 and radiotherapy will lead to an enhanced therapeutic effect. In the rhabdomy-
osarcoma tumor model, TH-302 treatment was combined with a single dose of 4, 8 and 12 
Gy of radiotherapy resulting in a dose dependent effect. In subsequent studies the single 
radiotherapy dose of 8 Gy was used, reasoning that the regrowth of the tumor solely 
depends on hypoxic cells (21), providing a basis for TH-302 efficacy. This approach is 
different from clinical practice where fractionated radiotherapy schedules are used. By 
applying 2 Gy fractions to the tumor, reoxygenation occurs and the HF gradually decreases 
(22, 23). We speculate that the combination of TH-302 with fractionated radiotherapy 
would also increase the therapeutic effect of the radiotherapy since the HF is reduced by 
the pretreatment of TH-302, increasing the potential of radiotherapy.  
 
In this study we further wanted to elucidate if TH-302 efficacy is dependent on the tumor 
oxygen status. Exposing animals to either nicotinamide and carbogen or 7% oxygen 
breathing has been demonstrated to be effective in modulating the HF in tumors (9, 24, 
25). Altering oxygen breathing before the TH-302 treatment did modify the tumor HF in 
rhabdomyosarcoma animals as measured by [18F]HX4. However, in the H460 model, the 
HF was only determined after TH-302 treatment and at this point no differences were 
observed in control animals of the various oxygen modifications. A possible explanation 
would be that the mice adapted to the oxygen breathing schedule, preventing the tumor 
HF from changing, which has been observed for mice exposed to long-term carbogen 
breathing (26, 27). In the rhabdomyosarcoma model, the tumor growth of control animals 



Chapter 9 178 

was significantly reduced upon oxygen modification as well as in the mice exposed to 7% 
oxygen breathing. No effect on tumor growth was observed after oxygen modification in 
another study using H460 tumors exposed to 95% or 10% oxygen breathing (3). This 
unexpected finding could possibly be explained by the stress induced by the exposure to 
the oxygen modifications, although TH-302 or radiotherapy treatment groups did not 
seem to be influenced by this. However, by calculating the enhancement ratio these 
oxygen modification effects are taken into account. Despite these effects on growth delay 
a positive effect of the therapy is observed. Radiotherapy was applied 1 hour after carbo-
gen breathing without any beneficial effect. This can be explained by the fact that tumor 
oxygen concentrations return to pre-carbogen levels within 1 minute after stopping 
carbogen treatment as detected by Eppendorf electrode measurements (28). Further-
more, clinical studies have shown that the presence of hypoxia and the pretreatment 
selection of patients with hypoxic tumors is essential for the combination of nicotinamide 
administration and carbogen breathing to be effective (29, 30). Breathing low oxygen 
concentrations reduced the effect of radiotherapy in the H460 model, indicating that, 
although not detected on pimonidazole immunohistochemical staining, low oxygen 
concentrations counteracted the irradiation. The effect of TH-302 is abolished by carbo-
gen breathing in the rhabdomyosarcoma model independent of radiotherapy. This can be 
explained by the reduced HF leaving almost no cells present to convert TH-302 into its 
cytotoxic metabolite. For the H460 model the HF did not decrease upon carbogen breath-
ing what reflects in the unchanged tumor growth compared to control tumors. Upon 
radiotherapy however, there is a trend towards a faster tumor growth that also indicating 
abolishment of the TH-302 efficacy. In tumors with an enlarged HF, TH-302 caused a slight, 
non-significant, delay in tumor growth compared to TH-302 under normal air conditions. 
Moreover, TH-302 decreased the HF to almost zero under ambient air conditions, while 
with 7% oxygen breathing the HF is still 28%. Although this result could be caused by the 
counteracting effects of TH-302 reducing the HF and the 7% oxygen breathing increasing 
the HF, we speculate that it is caused by a limited availability of TH-302 to target all 
hypoxic cells. In H460 tumors, 7% oxygen breathing resulted in an increased therapeutic 
effect with an enhancement ratio of 2.2 for TH-302 alone and 2.5 for the combination 
therapy of TH-302 and radiotherapy. This result demonstrates that when sufficient TH-302 
is present, more TH-302 is reduced upon low oxygen concentrations, causing an increased 
cytotoxicity.  
 
A causal relation between the pretreatment HF measured by [18F]HX4 and the TH-302 
treatment outcome was observed. These results indicate that pretreatment evaluation of 
hypoxia could be a useful tool in selecting tumors that benefit from the additional hypoxia 
targeting treatment. This hypoxia-based patient selection could also be used in other 
therapy strategies for instance to target hypoxic subvolumes by escalate radiation dose 
(31). Furthermore this information could be implemented in decision-support systems to 
predict tumor response and optimize patient therapy (32). These applications demon-
strate the importance of gaining pretreatment information by hypoxia imaging. 
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CONCLUSION 

This study demonstrates that TH-302 treatment together with conventional radiotherapy 
is a promising combination with an increased therapeutic potential, and warrants further 
testing. Furthermore, detecting the tumor hypoxic fraction by [18F]HX4 PET imaging may 
allow the ability to predict which patients will benefit most from the hypoxia targeted TH-
302 treatment and gives the possibility to noninvasively monitor TH-302 efficacy in the 
context of window-of-opportunity trials. Based on this preclinical study we suggest a 
clinical trial for treating patients with the combination of TH-302 and radiotherapy while 
monitoring the hypoxic fraction before and during the treatment. 
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SUPPLEMENTARY DATA 

 
Figure S9.1: Treatment schedule for the rhabdomyosarcoma and H460 models. All animals were randomized over 
either the treatment or the control group. These groups were both treated with either NaCl or TH-302 (rhabdo-
mysarcoma 25mg/kg, H460 50mg/kg). Rhabdomyosarcoma bearing animals started with oxygen modification at 
day 0 and a [18F]HX4 hypoxia PET scan. For histological controls only, this scan was repeated on day 4. Animals 
from the treatment group were exposed to radiotherapy (RT) at the end of treatment day 3 and their tumor 
volume was monitored until 4 times start volume was reached. H460 tumor bearing animals from the histological 
control group were injected with pimonidazole and Hoechst on the last treatment day and sacrificed. Animals 
from the treatment group were exposed to radiotherapy at day 4 and monitored until a tumor volume of 4 times 
start treatment volume was reached.  

 

 
Figure S9.2: Optimal TH-302 dose assessment for rhabdomyosarcoma bearing rats. Animals were treated on 4 
consecutive days with either the control (NaCl), 25, 50 or 75mg/kg TH-302. Tumor volume A) and body weight B) 
was monitored over time. Data represent mean {plus minus} SEM, for all groups n=9. 
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Figure S9.3: A) Tumor growth of rhabdomyosarcoma bearing animals (n=8) treated with TH-302 (25mg/kg) in 
combination with 4, 8 or 12Gy of RT. Data represent mean {plus minus} SEM. B) T4xSV for rhabdomyosarcoma 
bearing animals treated with TH-302 in combination with RT 0, 4, 8 or 12Gy. C) T4xSV for rhabdomyosarcoma 
bearing animals exposed to different oxygen concentrations in combination with TH-302 and RT. D) T4xSV for 
H460 bearing animals exposed to different oxygen concentrations in combination with TH-302 and RT.  
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Figure S9.4: Body weight was monitored during and after treatment for both rhabdomyosarcoma A) and H460 B) 
tumor-bearing animals. The change in body weight is represented in percentage. Data represent mean ±SEM.  
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Figure S9.5: Quantification of H460 histological staining for A) necrotic fraction (NF), B) relative vessel area (RVA), 
C) perfusion fraction (PF) and D) relative perfusion area (RPA). Data represent mean ±SEM.  

 
Table S9.1: Time to reach 4 times start volume per treatment group for rhabdomyosarcoma bearing animals. 
Data represent mean ±SD, p-value and sensitization enhancement ratio. 

Rhabdomyosarcoma T4xSV 
NaCl 

T4xSV 
TH-302 

P-value ER 

21% 12.4 ±1.7 20.4±3.5 <0.0001 1.64 

21% RT 4Gy 17.7±3.6 22.7±5.6 0.0583 1.28 

21% RT 8Gy 24.9±3.0 30.8±5.9 0.0261 1.23 

21% RT 12Gy 26.8±4.4 42.5±3.6 <0.0001 1.58 

95% 18.4±4.4 15.3±2.5 0.1234 0.83 

95% RT 23.2±1.7 25.7±2.9 0.0601 1.11 

7% 16.1±1.9 22.6±4.2 0.0013 1.40 

7% RT 27.4±3.4 35.4±6.1 0.0072 1.29 

 
Table S9.2: Time to reach 4 times start volume per treatment group for H460 bearing animals. Data represent 
mean ±SD, p-value and sensitization enhancement ratio. 

H460 T4xSV 
NaCl 

T4xSV 
TH-302 

P-value ER 

21% 7.1±2.4 13.6±4.8 0.0027 1.90 

21% RT 16.9±7.1 25.2±4.9 0.0136 1.49 

95% 9.9±5.2 12.8±3.6 0.1917 1.29 

95% RT 13.5±4.6 20.2±7.0 0.0260 1.50 

7% 10.3±3.6 22.7±7.9 0.0009 2.21 

7% RT 10.7±3.8 26.2±5.6 <0.0001 2.45 
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GENERAL DISCUSSION AND SUMMARY 

Tumor cell hypoxia is known to be a major factor that negatively influences treatment 
effectiveness, it promotes resistance to surgery, radiotherapy and chemotherapy and 
increases tumor aggressiveness, angiogenesis, and metastatic potential, resulting in a poor 
prognosis (1, 2). Tumor hypoxia is present in the majority of solid lesions. Detection and 
quantification of tumor hypoxia could help selecting patients who may benefit from 
hypoxia targeting treatment (3, 4). Non-invasive positron emission tomography (PET) 
imaging techniques provide the opportunity to perform repeated tumor hypoxia meas-
urements, additionally it allows visualization of the spatial distribution of hypoxia (5, 6). 
 
Several 2-nitroimidazoles, labeled with fluor-18 [18F], have already been applied to identify 
hypoxia (5, 7). The selective binding and retention of 2-nitroimidazoles allows detection 
and quantification of tumor hypoxia prior to and during treatment (8-10). An extensive 
literature overview of hypoxia PET imaging, using 2-nitroimadazoles is given in chapter 2. 
The preclinical and clinical use of hypoxia PET imaging is described, with a focus on its 
validation, quantification and (clinical) applications. From this study we observed that 
several 2-nitroimidazole-based PET tracers have the ability to reliably measure tumor 
hypoxia, that these tracers have a prognostic value for treatment outcome in several 
cancers and that it is feasible to use hypoxia PET imaging to select patients for additional 
anti-hypoxia treatment.   

Comparison of hypoxia PET tracers 

The diversity in the available hypoxia PET tracers raises the question which tracer is the 
most optimal. In the available literature a large variety of different tracers, tumor models 
or patient populations were used, in addition, the scan time points and image analysis 
varied (5, 11). Therefore, there is a need for comparative studies, investigating different 
hypoxia PET tracers within one tumor model using the same acquisition protocol and 
analysis parameters. We performed an extensive comparison of the frequently used 
hypoxia PET tracers [18F]HX4, [18F]FAZA and [18F]FMISO within one preclinical (rat rhabdo-
myosarcoma) tumor model. This tumor model was previously characterized and used for 
hypoxia PET imaging with [18F]FMISO, [18F]EF3 and [18F]HX4 and clinical relevant fractions 
of hypoxia were reported (12-14). The direct comparison of the tracers, described in 
chapter 3, provides more insight into the strengths and weaknesses of the hypoxia PET 
tracers. We observed that [18F]HX4 provides a significantly higher tumor-to-background 
ratio in comparison to [18F]FAZA or [18F]FMISO at the same image time point. These results 
are in agreement with the clinical observation of Chen et al. which showed that [18F]HX4 
at 1.5h p.i. reached the same contrast than [18F]FMISO at 2h p.i. (15). Carlin et al. (16), on 
the other hand, reported no statistical difference in the tumor-to-muscle ratios of the 
hypoxia PET tracers [18F]HX4, [18F]FAZA and [18F]FMISO in mice bearing SQ20b xenograft 
tumors. This difference might be explained by the low number of tumors (3-5 per tracer) 
investigated by Carlin et al. and the short injection-acquisition time interval. In chapter 3 
we also observed a high repeatability of the [18F]HX4 and [18F]FMISO uptake in a test-
retest (48h interval) setting, while for [18F]FAZA lower spatial reproducibility was ob-
served. However, in mice bearing a human SiHa cervix tumor xenograft [18F]FAZA PET 
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imaging showed a high spatial reproducibility (17). From the current literature and our 
analysis in chapter 3 we can conclude that each tracer has its own strengths. Nevertheless, 
in clinical practice a high image contract within a short time interval is preferred, since the 
patient has to wait between injection of the radioactive tracer and the scan time p.i. Also, 
a good (spatial) reproducibility is necessary to allow additional anti-hypoxia treatment 
based on hypoxia PET imaging.  

Repeatability [18F]HX4 PET 

The ultimate aim of anti-cancer therapy is to improve the outcome of patients. We believe 
that targeting of tumor hypoxia with the aid of hypoxic cell sensitizers or a higher radio-
therapy dose to the hypoxic regions could contribute to reach this goal.  To select patients 
for additional anti-hypoxia therapy and to monitor the response to treatment, it is im-
portant to gain insight in the clinical day to day variability of the hypoxia PET uptake and 
the spatial location of the high uptake volumes. To answer this research question we 
performed image analysis on repeated [18F]HX4 PET data, acquired within a time interval 
of 1 to 6 days, from a multi-centered study (NCT01075399) in patients with head and neck 
and lung cancer (Chapter 4). The results of this study showed a high repeatability of the 
[18F]HX4 PET uptake parameters (SUVmax, SUVmean, TBR, hypoxic volume), with for example 
a repeatability percentage of 17% and 15% for SUVmax and SUVmean, respectively. These 
percentages are much lower than the repeatability expected based on [18F]FDG PET 
images, which would be approximately 35% in the SUV range (18). A previous study with 
[18F]FMISO in eleven patients with head and neck cancer reported similar results, showing 
a high reproducibility of the [18F]FMISO PET parameters SUVmax, TBR and hypoxic volume 
(19). The observed repeatability of the [18F]HX4 PET parameters provides evidence for a 
reliable detection and quantification of tumor hypoxia. [18F]HX4 PET parameters on a 
global tumor level might therefore be able to monitor the response to treatment or guide 
the identification of patients who might benefit from additional anti-hypoxia treatment 
(4). However, for radiotherapy dose escalation also the repeatability of the PET uptake on 
a sub-volume or voxel level is important, since this will provide information on the spatial 
distribution of tumor hypoxia and the possibility to target these radio-resistant sub-
volumes with a higher radiation dose (5, 20). In the patient population studied in chapter 
4, we observed also a high spatial repeatability in the majority of patients. These results 
confirmed the observation in the preclinical study (chapter 3). However, previous repeat-
ability studies using the alternative hypoxia tracers [18F]FMISO or [18F]FAZA reported 
contradictory results regarding the spatial uptake pattern of the hypoxia PET tracers (10, 
17, 19, 21).  Nevertheless, our current results show that [18F]HX4 PET can reliably identify 
the hypoxic volumes before the start of treatment, which might benefit from treatment 
with an increased radiation dose.  

Optimal imaging 

The beneficial properties of [18F]HX4, observed in the preclinical tumor model (chapter 3), 
the promising results of the phase I clinical trial (22) and the observed clinical repeatability  
(chapter 4) provide a good basis for phase II clinical trials. [18F]HX4 PET imaging was 
incorporated as a translational research part in two clinical studies at Maastro Clinic 
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(NCT01024829 & NCT01210378) and additionally a new imaging study with [18F]HX4 in 
patients with HNSCC was initiated (NCT01347281). As mentioned previously, the available 
hypoxia PET data in the literature is diverse and acquisition protocols frequently vary, 
which makes it hard to compare and combine the published hypoxia PET studies (5, 11). 
Our aim was to standardize acquisition and image analysis in an early stage. Therefore we 
defined in the first 15 non-small cell lung cancer (NSCLC) patients the optimal image 
parameters for [18F]HX4 PET/CT imaging (chapter 5). We observed heterogeneous but 
stable uptake patterns between PET images acquired at 2h or 4h p.i., indicating a high 
short-time reproducibility of the PET uptake. However, at 4h p.i. imaging contrast (tumor-
background ratio) was superior to 2h p.i. These results were confirmed in the first 10 
patients with a HNSCC, where the image contrast increased significantly up to 4h p.i. 
(chapter 8). In addition, preliminary results of another research group, investigating the 
use of [18F]HX4 PET in patients with pancreatic and esophageal cancer report similar 
observations (AMC Amsterdam, NCT01995084, (23)). 
Unfortunately, it was clinically not feasible to perform imaging beyond 4h p.i. and no 
information was acquired regarding the clinical [18F]HX4 PET image contrast at later time 
points. In preclinical setting the contrast in the images remained stable from 4h to 6h p.i. 
(12). However, comparing the preclinical and clinical results in this thesis, we observed 
that the estimated half life of [18F]HX4 (clearance from blood) was 2.2 hours for the rat 
rhabdomyosarcoma study (chapter 3), while this was 4.3 hours for the first NSCLC patients 
described in chapter 5. Therefore, a later acquisition time point might be beneficial in 
patients. Nevertheless, the continuing decay of the radionuclide would cause a decrease 
of the signal to noise ratio, requiring the injection of a higher tracer dose or a longer 
acquisition time. These technical aspects in combination with the practical disadvantages 
supports the decision not to increase the time interval between the [18F]HX4 injection and 
PET scan in clinical setting. 

[18F]HX4 versus [18F]FDG PET 

Hypoxia PET imaging is still in the research stage, and is not used in routine clinical prac-
tice. [18F]FDG PET, on the other hand, is a frequently used tracer to visualize tumor me-
tabolism and may indirectly reflect the tumor microenvironment, including areas of 
hypoxia (1, 24, 25). We defined the hypoxic and metabolic status of NSCLC (chapter 6) and 
HNSCC (chapter 7), with the aid of [18F]HX4 and [18F]FDG PET imaging. In both studies we 
observed a correlation between the volume of the lesion and the overall [18F]HX4 and 
[18F]FDG PET uptake. This was in agreement with previous studies investigating the corre-
lation between [18F]FMISO PET and [18F]FDG PET parameters in patients with head and 
neck cancer (26-28). However, for patients with NSCLC contradictory results were report-
ed in literature (29-31). General correlations on a tumor level, however, provide no infor-
mation about the spatial orientation of a high metabolism or hypoxia. Therefore addition-
al analysis on a sub-volume level were performed evaluating the agreement between 
volumes with a high metabolism (uptake>50% SUVmax) and tumor hypoxia (TBR>1.4). Note 
that the thresholds to define a high metabolism and hypoxia were defined arbitrarily, 
based on ongoing [18F]FDG boost trials (32, 33), and previous publications on hypoxia PET 
imaging (12, 13, 34, 35). A change in the definition will result in different high uptake 
volumes and results. In radiotherapy dose escalation,  pre-defined thresholds are only 
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relevant if a ‘dose painting by contour’ approach is selected, treating the high uptake 
volumes with a higher dose level. For ‘dose painting by numbers’, on the other hand, 
thresholds do not play a role, since the dose is based on the local voxel intensity values 
within the tumor (36).  
Nevertheless, based on our predefined threshold to define high metabolism and hypoxia a 
(partial) mismatch was observed in approximately 50% and 70% of the primary NSCLC and 
HNSCC lesions, respectively (chapter 6 and 7). The fraction of the hypoxic volume, located 
outside the high [18F]FDG volume, was on average similar for NSCLC (24%) and HNSCC 
(25%). However, only in the NSCLC patients a distinct uptake pattern between the high 
[18F]HX4 and [18F]FDG uptake volumes was observed in 2 cases. This can be explained by 
the patient populations used in the studies. The NSCLC population consists of tumors with 
a heterogeneous pathology, including mainly patients with an adenocarcinoma of the 
lung, while the head and neck cancer patients all suffered from a squamous cell carcino-
ma. In the literature it is described that adeno and squamous cell carcinomas show differ-
ences in their metabolism. Where adenocarcinomas rely mainly on aerobic glycolysis, 
squamous cell carcinomas have a more physiologically metabolism, using mitochondrial 
oxidation with anaerobic glycolysis under hypoxia (37). Although we observed in both 
patient populations a partial agreement between the extend and location of hypoxia and 
metabolism, they represent different properties of the tumor and provide complementary 
information which can be used as a prognostic marker for outcome (2, 9, 38-40), to select 
patients for additional therapy (4, 41, 42) or to target the resistant (high metabolic or 
hypoxic) volumes within the tumor (32, 33, 43, 44). 

Monitoring response 

The ability to monitor the response to treatment could provide valuable information to 
adapt the treatment in an early stage. The results of previous studies showed that hypoxia 
PET imaging with [18F]FMISO and metabolic [18F]FDG PET imaging were able to observe 
changes in the uptake during (chemo)radiotherapy, and that these changes had a higher 
predictive value for the treatment outcome than pre-treatment measurements (9, 39, 45, 
46). We performed a study to investigate the treatment-associated changes in tumor 
hypoxia using [18F]HX4 PET imaging and hypoxia-related blood biomarkers (chapter 8). In 
agreement with previous literature, a significant decrease of the hypoxia [18F]HX4 PET 
uptake was observed during treatment with radiotherapy alone or in combination with 
cisplatin or cetuximab. The evaluated blood biomarkers, on the other hand, were not 
specific enough to measure a significant decrease in tumor hypoxia during treatment. This 
might be caused by the included patient cohort, since the observed plasma levels of 
plasma osteopontin and CAIX were relative low in comparison to previous studies, report-
ing the osteopontin and CAIX levels in large numbers of head and neck cancer and rectal 
cancer patients (42, 47). In addition, plasma osteopontin is also known to play a role in the 
immune regulation and stress response which might also be induced by radiation (48). In 
our patient cohort, and based on our definition of tumor hypoxia (TBR>1.4), only 2 lesions 
had a remaining hypoxic volume (>1cm3) during treatment. For these lesions, the localiza-
tion of the hypoxic volume was (almost) completely within the hypoxic volume defined at 
baseline, which suggests that the localisation of persistent hypoxia is stable during treat-
ment. This would allow the boosting of hypoxic subvolumes defined at the start of treat-
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ment. However, previous studies using alternative hypoxia PET tracers showed contradic-
tory results, reporting a stable localisation (10) or a spatial move during treatment (21, 49, 
50). All studies show results of a relative low number of patients, and should be interpret-
ed with care. Nevertheless, potential changes in the spatial distribution of hypoxia should 
be taken into consideration when applying hypoxia-guided dose escalation (49-51). 

Targeting of tumor hypoxia 

Tumor hypoxia can be targeted with the aid of hypoxia-activated prodrugs, which are 
activated in an environment with a low oxygen concentration. TH302 is a one of these 
drugs, which is activated on the reduction of its 2-nitroimidazole component, eventually 
releasing the active drug bromo-isophosphoramide mustard that acts as a DNA cross-
linker which leads to cell death. Several clinical Phase I and II studies have been per-
formed, investigating the safety and the potential of TH302 in combination with chemo-
therapy, with promising results (52-55). Since TH302 specifically targets the hypoxic cells, 
which are more resistant for radiation, the combination of radiotherapy with TH302 might 
have also the potential to improve tumor control. In chapter 9 we studied in a preclinical 
setting, for the first time, the effect of radiotherapy in combination with the anti-hypoxia 
drug TH302. [18F]HX4 PET was used to evaluate the response to treatment. In addition the 
relationship between hypoxia PET imaging and the therapeutic outcome was assessed. We 
observed that the efficiency of the treatment was dependent on the oxygenation status, 
where a decreased oxygenation status increased the therapeutic effect of TH302. The pre-
treatment hypoxic fraction was associated with tumor growth delay (time to reach 4x 
startvolume) and [18F]HX4 PET imaging was able to detect a decrease in the hypoxic 
fraction after treatment with TH302. These results confirm that hypoxia PET imaging could 
be used to select patients with a hypoxic tumor, which will benefit the most from the 
additional treatment with TH302. In addition, serial imaging of tumor hypoxia could be 
useful to assess the effect of TH302. These promising results will be translated to a clinical 
trial in patients with esophageal cancer, with the aim to assess the maximum tolerated 
dose and anti-tumor activity of TH302 in combination with chemoradiation. In addition 
the prognostic value of [18F]HX4 PET imaging at baseline and after administration of TH302 
will be explored.  
  



General discussion and summary 195 

REFERENCES 

1. Harris AL. Hypoxia—a key regulatory factor in tumour growth. Nat Rev Cancer. 
2002;2:38-47. 

2. Lambin P, van Stiphout RG, Starmans MH, Rios-Velazquez E, Nalbantov G, Aerts HJ, et 
al. Predicting outcomes in radiation oncology--multifactorial decision support 
systems. Nat Rev Clin Oncol. 2013;10:27-40. 

3. Overgaard J. Hypoxic modification of radiotherapy in squamous cell carcinoma of the 
head and neck - A systematic review and meta-analysis. Radiother Oncol. 
2011;100:22-32. 

4. Wilson WR, Hay MP. Targeting hypoxia in cancer therapy. Nat Rev Cancer. 
2011;11:393-410. 

5. Horsman MR, Mortensen LS, Petersen JB, Busk M, Overgaard J. Imaging hypoxia to 
improve radiotherapy outcome. Nat Rev Clin Oncol. 2012;9:674-87. 

6. Bussink J, van Herpen CM, Kaanders JH, Oyen WJ. PET-CT for response assessment 
and treatment adaptation in head and neck cancer. Lancet Oncol. 2010;11:661-9. 

7. Lopci E, Grassi I, Chiti A, Nanni C, Cicoria G, Toschi L, et al. PET radiopharmaceuticals 
for imaging of tumor hypoxia: a review of the evidence. Am J Nucl Med Mol Imaging. 
2014;4:365-84. 

8. Bollineni VR, Wiegman EM, Pruim J, Groen HJ, Langendijk JA. Hypoxia imaging using 
Positron Emission Tomography in non-small cell lung cancer: implications for 
radiotherapy. Cancer Treat Rev. 2012;38:1027-32. 

9. Zips D, Zophel K, Abolmaali N, Perrin R, Abramyuk A, Haase R, et al. Exploratory 
prospective trial of hypoxia-specific PET imaging during radiochemotherapy in patients 
with locally advanced head-and-neck cancer. Radiother Oncol. 2012;105:21-8. 

10. Bittner MI, Wiedenmann N, Bucher S, Hentschel M, Mix M, Weber WA, et al. 
Exploratory geographical analysis of hypoxic subvolumes using 18F-MISO-PET 
imaging in patients with head and neck cancer in the course of primary 
chemoradiotherapy. Radiother Oncol. 2013;108:511-6. 

11. Thorwarth D, Monnich D, Zips D. Methodological aspects on hypoxia PET acquisition 
and image processing. Q J Nucl Med Mol Imaging. 2013;57:235-43. 

12. Dubois LJ, Lieuwes NG, Janssen MH, Peeters WJ, Windhorst AD, Walsh JC, et al. 
Preclinical evaluation and validation of [18F]HX4, a promising hypoxia marker for PET 
imaging. Proc Natl Acad Sci U S A. 2011;108:14620-5. 

13. Dubois L, Landuyt W, Haustermans K, Dupont P, Bormans G, Vermaelen P, et al. 
Evaluation of hypoxia in an experimental rat tumour model by [(18)F] 
fluoromisonidazole PET and immunohistochemistry. Br J Cancer. 2004;91:1947-54. 

14. Dubois L, Landuyt W, Cloetens L, Bol A, Bormans G, Haustermans K, et al. [18F]EF3 is 
not superior to [18F]FMISO for PET-based hypoxia evaluation as measured in a rat 
rhabdomyosarcoma tumour model. Eur J Nucl Med Mol Imaging. 2009;36:209-18. 

15. Chen L, Zhang Z, Kolb HC, Walsh JC, Zhang J, Guan Y. (1)(8)F-HX4 hypoxia imaging 
with PET/CT in head and neck cancer: a comparison with (1)(8)F-FMISO. Nucl Med 
Commun. 2012;33:1096-102. 



Chapter 10 196 

16. Carlin S, Zhang H, Reese M, Ramos NN, Chen Q, Ricketts SA. A comparison of the 
imaging characteristics and microregional distribution of 4 hypoxia PET tracers. J Nucl 
Med. 2014;55:515-21. 

17. Busk M, Mortensen LS, Nordsmark M, Overgaard J, Jakobsen S, Hansen KV, et al. PET 
hypoxia imaging with FAZA: reproducibility at baseline and during fractionated 
radiotherapy in tumour-bearing mice. Eur J Nucl Med Mol Imaging. 2013;40:186-97. 

18. de Langen AJ, Vincent A, Velasquez LM, van Tinteren H, Boellaard R, Shankar LK, et 
al. Repeatability of 18F-FDG uptake measurements in tumors: a metaanalysis. J Nucl 
Med. 2012;53:701-8. 

19. Okamoto S, Shiga T, Yasuda K, Ito YM, Magota K, Kasai K, et al. High reproducibility of 
tumor hypoxia evaluated by 18F-fluoromisonidazole PET for head and neck cancer. J 
Nucl Med. 2013;54:201-7. 

20. Grootjans W, de Geus-Oei LF, Troost EG, Visser EP, Oyen WJ, Bussink J. PET in the 
management of locally advanced and metastatic NSCLC. Nat Rev Clin Oncol. 2015. 

21. Nehmeh SA, Lee NY, Schroder H, Squire O, Zanzonico PB, Erdi YE, et al. 
Reproducibility of intratumor distribution of (18)F-fluoromisonidazole in head and 
neck cancer. Int J Radiat Oncol Biol Phys. 2008;70:235-42. 

22. van Loon J, Janssen MH, Ollers M, Aerts HJ, Dubois L, Hochstenbag M, et al. PET 
imaging of hypoxia using [18F]HX4: a phase I trial. Eur J Nucl Med Mol Imaging. 
2010;37:1663-8. 

23. Klaassen R, van Laarhoven H, Tienhoven G, Bijlsma M, Geijsen E, Besselink M, et al. 
Timing and reproducibility of [18F]HX4 PET-CT for the detection of hypoxia in 
esophageal and pancreatic cancer Journal of nuclear medicine; May 2014 vol 55, 
abstract 1433  2014. 

24. Gatenby RA, Gillies RJ. Why do cancers have high aerobic glycolysis? Nat Rev Cancer. 
2004;4:891-9. 

25. Dierckx RA, Van de Wiele C. FDG uptake, a surrogate of tumour hypoxia? Eur J Nucl 
Med Mol Imaging. 2008;35:1544-9. 

26. Rajendran JG, Mankoff DA, O'Sullivan F, Peterson LM, Schwartz DL, Conrad EU, et al. 
Hypoxia and glucose metabolism in malignant tumors: evaluation by 
[18F]fluoromisonidazole and [18F]fluorodeoxyglucose positron emission tomography 
imaging. Clin Cancer Res. 2004;10:2245-52. 

27. Zimny M, Gagel B, DiMartino E, Hamacher K, Coenen HH, Westhofen M, et al. FDG--a 
marker of tumour hypoxia? A comparison with [18F]fluoromisonidazole and pO2-
polarography in metastatic head and neck cancer. Eur J Nucl Med Mol Imaging. 
2006;33:1426-31. 

28. Sato J, Kitagawa Y, Yamazaki Y, Hata H, Okamoto S, Shiga T, et al. 18F-
fluoromisonidazole PET uptake is correlated with hypoxia-inducible factor-1alpha 
expression in oral squamous cell carcinoma. J Nucl Med. 2013;54:1060-5. 

29. Bollineni VR, Kerner GS, Pruim J, Steenbakkers RJ, Wiegman EM, Koole MJ, et al. PET 
Imaging of Tumor Hypoxia Using 18F-Fluoroazomycin Arabinoside in Stage III-IV Non-
Small Cell Lung Cancer Patients. J Nucl Med. 2013. 

30. Cherk MH, Foo SS, Poon AM, Knight SR, Murone C, Papenfuss AT, et al. Lack of 
correlation of hypoxic cell fraction and angiogenesis with glucose metabolic rate in 
non-small cell lung cancer assessed by 18F-Fluoromisonidazole and 18F-FDG PET. J 
Nucl Med. 2006;47:1921-6. 



General discussion and summary 197 

31. Vera P, Bohn P, Edet-Sanson A, Salles A, Hapdey S, Gardin I, et al. Simultaneous 
positron emission tomography (PET) assessment of metabolism with (1)(8)F-fluoro-2-
deoxy-d-glucose (FDG), proliferation with (1)(8)F-fluoro-thymidine (FLT), and hypoxia 
with (1)(8)fluoro-misonidazole (F-miso) before and during radiotherapy in patients with 
non-small-cell lung cancer (NSCLC): a pilot study. Radiother Oncol. 2011;98:109-16. 

32. van Elmpt W, De Ruysscher D, van der Salm A, Lakeman A, van der Stoep J, Emans D, 
et al. The PET-boost randomised phase II dose-escalation trial in non-small cell lung 
cancer. Radiother Oncol. 2012;104:67-71. 

33. Heukelom J, Hamming O, Bartelink H, Hoebers F, Giralt J, Herlestam T, et al. Adaptive 
and innovative Radiation Treatment FOR improving Cancer treatment outcomE 
(ARTFORCE); a randomized controlled phase II trial for individualized treatment of 
head and neck cancer. BMC Cancer. 2013;13:84. 

34. Zegers CM, van Elmpt W, Wierts R, Reymen B, Sharifi H, Ollers MC, et al. Hypoxia 
imaging with [(18)F]HX4 PET in NSCLC patients: Defining optimal imaging parameters. 
Radiother Oncol. 2013;109:58-64. 

35. Rasey JS, Koh WJ, Evans ML, Peterson LM, Lewellen TK, Graham MM, et al. 
Quantifying regional hypoxia in human tumors with positron emission tomography of 
[18F]fluoromisonidazole: a pretherapy study of 37 patients. Int J Radiat Oncol Biol 
Phys. 1996;36:417-28. 

36. Thorwarth D, Geets X, Paiusco M. Physical radiotherapy treatment planning based on 
functional PET/CT data. Radiother Oncol. 2010;96:317-24. 

37. Meijer TW, Schuurbiers OC, Kaanders JH, Looijen-Salamon MG, de Geus-Oei LF, 
Verhagen AF, et al. Differences in metabolism between adeno- and squamous cell 
non-small cell lung carcinomas: spatial distribution and prognostic value of GLUT1 
and MCT4. Lung Cancer. 2012;76:316-23. 

38. Thorwarth D, Eschmann SM, Holzner F, Paulsen F, Alber M. Combined uptake of 
[18F]FDG and [18F]FMISO correlates with radiation therapy outcome in head-and-
neck cancer patients. Radiother Oncol. 2006;80:151-6. 

39. van Elmpt W, Ollers M, Dingemans AM, Lambin P, De Ruysscher D. Response 
assessment using 18F-FDG PET early in the course of radiotherapy correlates with 
survival in advanced-stage non-small cell lung cancer. J Nucl Med. 2012;53:1514-20. 

40. Sato J, Kitagawa Y, Yamazaki Y, Hata H, Asaka T, Miyakoshi M, et al. Advantage of 
FMISO-PET over FDG-PET for predicting histological response to preoperative 
chemotherapy in patients with oral squamous cell carcinoma. Eur J Nucl Med Mol 
Imaging. 2014;41:2031-41. 

41. Rischin D, Hicks RJ, Fisher R, Binns D, Corry J, Porceddu S, et al. Prognostic 
significance of [18F]-misonidazole positron emission tomography-detected tumor 
hypoxia in patients with advanced head and neck cancer randomly assigned to 
chemoradiation with or without tirapazamine: a substudy of Trans-Tasman Radiation 
Oncology Group Study 98.02. J Clin Oncol. 2006;24:2098-104. 

42. Overgaard J, Eriksen JG, Nordsmark M, Alsner J, Horsman MR. Plasma osteopontin, 
hypoxia, and response to the hypoxia sensitiser nimorazole in radiotherapy of head 
and neck cancer: results from the DAHANCA 5 randomised double-blind placebo-
controlled trial. Lancet Oncol. 2005;6:757-64. 

43. Thorwarth D, Eschmann SM, Paulsen F, Alber M. Hypoxia dose painting by numbers: 
a planning study. Int J Radiat Oncol Biol Phys. 2007;68:291-300. 



Chapter 10 198 

44. Toma-Dasu I, Uhrdin J, Antonovic L, Dasu A, Nuyts S, Dirix P, et al. Dose prescription 
and treatment planning based on FMISO-PET hypoxia. Acta Oncol. 2012;51:222-30. 

45. Servagi-Vernat S, Differding S, Hanin FX, Labar D, Bol A, Lee JA, et al. A prospective 
clinical study of (1)(8)F-FAZA PET-CT hypoxia imaging in head and neck squamous cell 
carcinoma before and during radiation therapy. Eur J Nucl Med Mol Imaging. 
2014;41:1544-52. 

46. Bollineni VR, Koole MJ, Pruim J, Brouwer CL, Wiegman EM, Groen HJ, et al. Dynamics 
of tumor hypoxia assessed by 18F-FAZA PET/CT in head and neck and lung cancer 
patients during chemoradiation: possible implications for radiotherapy treatment 
planning strategies. Radiother Oncol. 2014;113:198-203. 

47. Buijsen J, van Stiphout RG, Menheere PP, Lammering G, Lambin P. Blood biomarkers 
are helpful in the prediction of response to chemoradiation in rectal cancer: a 
prospective, hypothesis driven study on patients with locally advanced rectal cancer. 
Radiother Oncol. 2014;111:237-42. 

48. Wang KX, Denhardt DT. Osteopontin: role in immune regulation and stress 
responses. Cytokine Growth Factor Rev. 2008;19:333-45. 

49. Lin Z, Mechalakos J, Nehmeh S, Schoder H, Lee N, Humm J, et al. The influence of 
changes in tumor hypoxia on dose-painting treatment plans based on 18F-FMISO 
positron emission tomography. Int J Radiat Oncol Biol Phys. 2008;70:1219-28. 

50. Servagi-Vernat S, Differding S, Hanin FX, Labar D, Bol A, Lee JA, et al. A prospective 
clinical study of F-FAZA PET-CT hypoxia imaging in head and neck squamous cell 
carcinoma before and during radiation therapy. European journal of nuclear 
medicine and molecular imaging. 2014. 

51. Servagi-Vernat S, Differding S, Sterpin E, Hanin FX, Labar D, Bol A, et al. Hypoxia-
guided adaptive radiation dose escalation in head and neck carcinoma: A planning 
study. Acta Oncol. 2015:1-9. 

52. Weiss GJ, Infante JR, Chiorean EG, Borad MJ, Bendell JC, Molina JR, et al. Phase 1 
study of the safety, tolerability, and pharmacokinetics of TH-302, a hypoxia-activated 
prodrug, in patients with advanced solid malignancies. Clin Cancer Res. 
2011;17:2997-3004. 

53. Borad MJ, Reddy SG, Bahary N, Uronis HE, Sigal D, Cohn AL, et al. Randomized Phase 
II Trial of Gemcitabine Plus TH-302 Versus Gemcitabine in Patients With Advanced 
Pancreatic Cancer. J Clin Oncol. 2015;33:1475-81. 

54. Ganjoo KN, Cranmer LD, Butrynski JE, Rushing D, Adkins D, Okuno SH, et al. A phase I 
study of the safety and pharmacokinetics of the hypoxia-activated prodrug TH-302 in 
combination with doxorubicin in patients with advanced soft tissue sarcoma. 
Oncology. 2011;80:50-6. 

55. Chawla SP, Cranmer LD, Van Tine BA, Reed DR, Okuno SH, Butrynski JE, et al. Phase II 
study of the safety and antitumor activity of the hypoxia-activated prodrug TH-302 in 
combination with doxorubicin in patients with advanced soft tissue sarcoma. J Clin 
Oncol. 2014;32:3299-306. 

  



CHAPTER

 

 

Concluding remarks and future perspectives 

  



Chapter 11 200 

CONCLUDING REMARKS AND FUTURE PERSPECTIVES 

In this thesis we described hypoxia PET imaging with [18F]HX4 in preclinical setting, in 
patients with NSCLC and HNSCC. We showed its potential to reliably detect, visualize and 
quantify tumor hypoxia. Also, the additional value hypoxia PET imaging in comparison to 
metabolic FDG PET imaging was observed and we showed the ability to monitor the 
response to treatment with the aid of [18F]HX4 PET. 

[18F]HX4 PET for other solid lesions. 

The focus of this thesis was the use of hypoxia PET imaging in patients with head and neck 
and lung cancer. However, hypoxia also plays an important role in other solid cancers and 
[18F]HX4 PET might have the potential to visualise and quantify hypoxia in more divers 
tumor types (1-6). For this reason we initiated clinical trials to investigate the potential of 
[18F]HX4 PET in patients with cervical cancer (NCT02233387), esophagus, prostate, glioblas-
toma, rectum or brain metastases (submitted to Medical Ethical Review Board). In addition, 
another research group recently completed a clinical trial investigating [18F]HX4 PET in 
patients with pancreatic and esophageal cancer (AMC Amsterdam, NCT01995084, (7)). 

Anti-hypoxia treatment 

A more individualized anti-cancer treatment could be obtained by the selection of patients 
for additional anti-hypoxia therapy. Studies including hypoxia PET imaging as part of the 
anti-hypoxia treatment intervention should be initiated, to stratify patients based on their 
hypoxic status. For example, treatment with accelerated radiotherapy in combination with 
carbogen inhalation and nicotinamide (ARCON; to decrease diffusion and perfusion 
limited hypoxia) was shown to result in additional benefit only in patients with a hypoxic 
tumor, which was assessed by pimonidazole staining (8). Also, the Phase II study of Rischin 
et al. (9) showed that the addition of the hypoxic cell cytotoxin tirapazamine to the stand-
ard chemoradiotherapy treatment was shown to be beneficial only for patients with a 
hypoxic tumor, which was identified by [18F]FMISO PET imaging. Previous results have also 
shown that the hypoxic status (based on plasma osteopontin concentration) had an 
important impact on the treatment effectiveness of the radiosensitizer nimorazole in 
combination with radiotherapy (10). This was confirmed in preclinical setting, where 
stratification of tumors, based [18F]FAZA PET imaging, showed only a significant improve-
ment of the additional treatment with nimorazole in group with more tumor hypoxia (11).   
At MAASTRO Clinic we are currently investigating or initiating ‘window-of-opportunity’ 
trials. Using repeated hypoxia PET imaging before and after the therapeutic intervention, 
the effect of the drug on the hypoxic tumor status can be evaluated. One ongoing trial is 
evaluating the effect of the nitric oxide donor, nitroglycerin on the hypoxic status of 
NSCLC lesions. Our preliminary results show that nitroglycerin reduces the hypoxic frac-
tion in patients with NSCLC (Figure 11.1, (12)). The effect of nitroglycerin in combination 
with radiotherapy on loco-regional control and the influence of the hypoxic status on the 
treatment effect are research questions that can be answered as soon as accrual and 
follow up has completed (NCT01210378). In addition, we will initiate a clinical trial, as-
sessing the effect of TH302 in combination with chemoradiation. Also in this setting 
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repeated hypoxia PET imaging will be performed, providing the opportunity to assess the 
hypoxic status before the start of treatment and evaluate the effect of TH302 on tumor 
hypoxia. In all studies using hypoxia interventions, the addition of hypoxia PET imaging will 
provide the opportunity to stratify patients based on their hypoxic status. Performing 
studies without the assessment of the hypoxic status, might give inconclusive results, 
since the treatment effect will be the average of patients with and without and hypoxic 
lesions (8, 10).  
 

 
Figure 11.1: Effect of nitroglycerin on the hypoxic fraction (left) measured with [18F]HX4 PET (p-value based on 
Wilcoxon signed rank test). A decrease in tumor uptake is clearly visible (right panel). 

Adaptation of the radiotherapy dose  

Currently, several studies are investigating the effect of a radiotherapy dose redistribution 
based on metabolic FDG PET imaging (13). The ongoing PET-Boost trial (NCT01024829, 
(14)) and ARTFORCE trial (NCT01504815, (15)) investigate the effect of higher radiation 
dose to the high FDG uptake volumes in patients with NSCLC and HNSCC patients, respec-
tively. The results of this thesis, however, show that the volumes with a high [18F]FDG 
uptake do not always contain the total hypoxic volume. A boost to the high [18F]FDG 
volume could therefore miss part of the hypoxic sub-volume. The feasibility of a boost to 
the hypoxic regions was confirmed in several radiotherapy planning studies (16-20). Also a 
clinical trial is ongoing (University Hospital Tübingen, NCT02352792, (21)), investigating a 
hypoxia ([18F]FMISO) based radiotherapy dose escalation in combination with chemother-
apy in patients with HNSCC. Nevertheless, conclusive information about the relationship 
between hypoxia, metabolism and the localization of recurrences after treatment is still 
lacking. There is a need for more information about the pattern of relapse and its associa-
tion with hypoxia PET imaging. The current literature shows that recurrences are more 
likely to appear within the high [18F]FDG uptake volumes, defined before the start of 
treatment (22, 23). For hypoxia PET imaging, on the other hand, these results are limited. 
The study of Dirix et al. (24) showed for example in patients with a HNSCC, that all recur-
rences (N=9) were located within the high metabolic volume, however 3 of these recur-
rences appeared outside the hypoxic volume defined at baseline. As soon as the data of 
the patients included in this thesis have matured, a pattern of relapse analysis might give 
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more information about the relationship between the localization of a high metabolism, 
hypoxia and loco-regional recurrences.  

Conclusion 

Imaging of tumor hypoxia with the aid of [18F]HX4 PET has the potential to contribute to 
individualized anti-cancer treatment by the accurate identification and quantification of 
tumor hypoxia and has the potential to monitor the response to treatment. Clinical stud-
ies investigating the use of hypoxia PET imaging to select patients for additional anti-
hypoxia therapy, and an extensive pattern of relapse analysis are necessary to bring 
individualized treatment with the aid of hypoxia PET to the next level.    
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VALORISATION ADDENDUM 

Tumor hypoxia is a property of cancer with a negative impact on the prognosis of the 
patient. In this thesis the possibilities to visualize, monitor and target tumor hypoxia are 
described.  Since cancer is one of the leading causes of death in the Netherlands and its 
incidence is expected to rise due to an increased life expectancy of our elderly population, 
the scientific results of this thesis can be of benefit for the general society.  

Social relevance  

The treatment of cancer patients is continuously improving, with the aim to tailor cancer 
treatment to the needs of each individual patient. The presence of tumor hypoxia is 
known to have detrimental effects on the ability to control the disease. The non-invasive 
detection of tumor hypoxia provides the opportunity to individualize anti-cancer treat-
ment by the ability (1) to improve the prediction of the response to treatment, (2) to 
monitor the response to treatment and (3) to select patients for additional anti-hypoxia 
treatment.  
 
There are several prediction models available which estimate the chances of survival or 
local recurrences in cancer patients based on their general health and tumor characteris-
tics. Several studies have shown that hypoxia is an important prognostic marker for 
treatment response. The addition of hypoxia PET parameters to already existing prediction 
models could improve the accuracy of these predictions. In the future these models can 
be used to intensify treatment in patients with a high chance of local recurrences. 
 
The visualization of tumor hypoxia during treatment allows us to monitor the response to 
the given treatment and provides the ability to act on this information. This window-of-
opportunity trial design might be very useful in the development of anti-hypoxia treat-
ment strategies. The effect of hypoxia targeting by visualization before and after the 
treatment shows the effect of the (additional) treatment and its potential to target hypox-
ia. These studies are very effective, because with a limited amount of patients the effect 
of the treatment can be visualized, since each patient acts as its own control. 
 
In addition, hypoxia imaging before treatment and the effect of anti-hypoxia treatment in 
the individual patients can be used for patient selection. Only patients with tumor hypoxia 
will have additional gain of anti-hypoxia treatment. Also the anti-hypoxia treatment 
should cause a decrease in hypoxia in the individual patient. Therefore patients that do 
not have significant hypoxia before the start of treatment, or patients that do not have a 
response to the additional treatment, could be excluded from unnecessary anti-hypoxia 
treatments.   
 
Besides the clinical benefit, the ability to stratify patients based on their hypoxia status 
also provides economical benefit, since additional treatments to counteract hypoxia can 
be applied to only those patients who benefit from it, increasing their prognosis. There-
fore, also unnecessary treatment, with additional costs and potential side-effects, can be 
omitted in the patients with no clinical benefit.  
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Target groups 

Patients and their doctors could benefit from the implementation of hypoxia imaging and 
targeting. An optimized and individualized treatment can be given, with less recurrences 
and a longer life expectancy. In addition, in the current health care environment patients 
are more and more involved in the treatment decisions. Improved prediction models and 
treatment monitoring will guide the doctors and patients in their treatment decisions.  
Last, the opportunity to visualize tumor hypoxia can be of general interest to all health 
care companies which develop hypoxia targeted agents. The hypoxia PET tracers allow in 
an early stage to detect, in vivo, the effect of a hypoxia targeting drug, which can guide 
them in the development.  

Activities and products 

In this thesis the included number of patients is still limited. However, patient accrual is 
still ongoing in the described clinical trials and new clinical trials are initiated. As soon as 
sufficient data are gathered, the additional value of hypoxia PET imaging to the current 
prediction models can be evaluated. There are already several prediction models available 
(for example on www.predictcancer.org). Hypoxia PET imaging data could be integrated 
into these prediction models. The current data might provide additional information 
improving the response prediction.  
At Maastro there is a research group investigating the potential of quantitative features 
from medical images (RADIOMICS) to monitor the response to treatment 
http://www.radiomics.org/. At the moment research is performed mainly on CT and 
[18F]FDG PET imaging. Hypoxia PET imaging could be integrated in this extensive image 
analysis, and analysis are planned for the near future. 

Innovation 

The detection of tumor hypoxia is not new. However the clinical use of hypoxia PET 
imaging to monitor or predict the response to treatment is limited. Also, treatment selec-
tion based on hypoxia PET imaging is not yet implemented. In this thesis we mainly de-
scribe the use of the hypoxia PET tracer HX4, this is a relative new PET tracer for hypoxia 
PET imaging. Comparing this tracer with the alternative hypoxia PET tracers on the market 
showed beneficial characteristics which motivated the use of this tracer in clinical trials. 
We showed the ability of HX4 PET imaging to monitor the response to radiotherapy, in 
patients with head and neck cancer, and the response to TH302 treatment in preclinical 
setting.    
 

Planning and realisation 

The research described in this thesis is the basis of several new initiatives to implement 
hypoxia PET imaging. The follow-up data of all patients described in this thesis will provide 
information on the ability to predict the response to treatment. This information on tumor 
hypoxia will be implemented in the available prediction models. To perform the research 
described in this thesis, a close collaboration with Threshold Pharmaceuticals was started. 
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This led to new opportunities regarding clinical trials. The next step is a phase I trial inves-
tigating the use of TH302 in combination with radiotherapy in patients with esophageal 
cancer. In this setting HX4 PET imaging will be used to monitor the effect of the treatment. 
Also, preclinical trials are performed investigating radiotherapy dose escalation based on 
HX4 PET imaging, in comparison to FDG-PET imaging. The information from these studies 
will be essential for the clinical implementation of hypoxia boost trials. Last, the use of 
hypoxia PET imaging in the RADIOMICS project will be started in the near future, which 
will show us if hypoxia PET imaging provides additional information to the image features 
derived from standard CT (and FDG-PET) imaging for response prediction. 
 
To summarize, this thesis provides valuable information on the use of hypoxia HX4 PET 
imaging. The implementation of hypoxia PET imaging in our clinical trial setting is opti-
mized and based on the results of this thesis new initiatives are taken, with the aim to 
improve our cancer treatment. This thesis was therefore an important step to individual-
ized cancer treatment.   
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