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FOREWORD 
Hypoxia or lack of oxygen is the common feature of most solid tumors. The hypoxic 
environment is associated with the reduced efficacy of cancer treatments, especially 
radiation therapy. Although modification of tumor hypoxia improves the outcome of 
radiation therapy, screening for the presence of hypoxia has not been the entry criterion 
prior to hypoxia modification trials. To bridge the gap between the occurrence of tumor 
hypoxia and the routine clinical practice, there is an important need to have a method to 
robustly map tumor oxygenation for patient stratification and treatment adaptation.   

Among the methods that have been developed to measure hypoxia, oxygen sensitive 
MRI endogenous contrast biomarkers, including R1 and R2*, appear to be a relevant 
approach for this purpose. Since there is a lack of study comparing R1 and R2* in 
response to oxygen modifiers, the aim of this thesis is to address the value of R1 and 
R2* to assess tumor oxygenation and response to radiation therapy using different 
oxygen modifiers. 

The introduction first presents an overview of hypoxia, the causes, consequences and 
characteristics of hypoxia. The next part introduces different approaches that have been 
developed to assess tumor hypoxia along with their advantages, drawbacks and their 
characteristics such as sample volumes (macroscopic or microscopic); time intervals of 
sampling; compartment sampled; invasiveness; resolution; sensitivity; and repeatability. 
The third part discusses about treatment strategies to overcome hypoxia in radiation 
therapy. Then, the role of imaging on tumor hypoxia identification is addressed. The 
predictive value of radiation therapy outcome of different methods to measure tumor 
oxygenation is highlighted in the last part of introduction.  

The aims of thesis are described in the second section. 

The results section is divided in two parts corresponding to two major axes of the thesis. 
The first part addresses the validation of MRI biomarkers using a hyperoxic challenge 
(i.e. carbogen) to improve tumor pO2, with two associated publications. The first article 
assesses the sensitivity of MRI biomarkers to the change in tumor oxygenation and 
validates these MRI parameters as predictive markers of response to the outcome of 
radiation therapy. The second article focuses on the combined MRI biomarkers 
predictivity of the basal tumor oxygenation and of the response to carbogen breathing. 
This article also discusses the importance of the analysis of heterogeneity and applies 
the voxel-wise analysis of the combined R1 and R2* to predict different tumor hypoxic 
fractions. In the second part, a third publication shows the application of MRI biomarkers 
to assess changes in tumor oxygenation induced by an allosteric effector of hemoglobin, 
ITPP.  
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The final section summarizes the principal findings of the thesis and discusses about 
important issues arising from the thesis as well as suggests possible future perspectives. 

 

  



11 
 

INTRODUCTION 



12 
 

  



13 
 

1. TUMOR HYPOXIA 

1.1. Introduction 

Hypoxia or oxygen deprivation occurs when oxygen delivery to the tissue is not enough 
for oxygen consumption of the tissue. Hypoxia compromises the function of cells and is 
commonly observed in solid tumors.  

1.2. Causes 

The transport of oxygen to tissue is guaranteed by hemoglobin. In normal tissue, the 
oxygen delivery is supported by an intact, structured vascular system. Oxygen is then 
released by hemoglobin and consumed by cells. Oxygen status in normal tissue is 
regulated by an appropriate balance between oxygen supply and OCR of cells. 
However, in tumor tissue, the oxygen supply cannot fulfill the high oxygen demand of 
tumor cells that contributes to the arising of hypoxia. Figure 1 summarizes the main 
causes of hypoxia. 

 

 

Figure 1: Causes of tumor hypoxia. Adapted from [1] 

On the one hand, tumor cells have a high metabolic activity. Moeller et al. have reported 
that the OCR of tumor could rise up to five-fold comparing to normal tissue because of 
the rapid and uncontrolled proliferation of tumor cells [2].   
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On the other hand, multiple factors could contribute to the decrease in the oxygen supply 
to tumor. Tumor vasculature is often immature, leaky, tortuous, elongated with excessive 
branching which results in a chaotic organization and a lack of regulation in response to 
metabolic demand. This leads to the structural deficiencies and aberrant functionality of 
tumor microvessel, e.g. increase in the geometry resistance to blood flow as well as in 
the transcapillary and vascular permeability, which impairs the oxygen distribution to 
tumor. Besides, tumor- or therapy-related anemia decreases the oxygen transport 
capacity of blood, thus enhancing tumor hypoxia [3]. Tumors also have a lower pH than 
normal tissue. The reasons are two folds. First, the tumor cells are highly metabolically 
active which increase the production of H+ [4]. On one hand, the enhanced glycolysis in 
anaerobic tumor areas results an increase in lactate production and renders the tumor 
more acidic. On other hand, the hydration of CO2 in the aerobic tumor areas also 
produces H+ ions.  Second, the chaotic architecture of tumor vasculature hinders the 
drainage of H+ thus leads to an accumulation of H+ in tumor microenvironment [4]. 
Hence, tumor related acidosis reduces the binding capacity of hemoglobin to oxygen 
according to Bohr Effect thus reduces the blood capacity to transport oxygen. 

1.3. Classifications 

One remarkable feature of hypoxia is that the level of hypoxia fluctuates over time. 
Traditionally, hypoxia is classified in two main forms: chronic and acute (Figure 2).  

Thomlinson and Gray first reported chronic hypoxia in lung carcinoma [6]. Other names 
of chronic hypoxia such as continuous hypoxia, diffusion-limited hypoxia, sustained 
hypoxia, long-term hypoxia depict characteristics of this type of hypoxia. Chronic hypoxia 
can last from a few hours to many days and is assumed to be caused by a gradually 
decrease in oxygen diffusion from the perfused blood vessel into the surrounding tissue. 
As the diffusion distance increases, the oxygen gradient rapidly tapers off because of 
the high oxygen extraction rate of tumor cells within a functionally impaired vascular 
network.  

Brown first mentioned the existence of acute hypoxia in 1979 [7]. Later on, in 1986, 
Chaplin et al. experimentally evidenced this type of hypoxia [8]. Acute hypoxia is also 
called transient hypoxia, short-term hypoxia, perfusion-limited hypoxia, cyclic hypoxia, 
fluctuating hypoxia and intermittent hypoxia. The time frame of acute hypoxia is 
assumed to be relatively shorter than chronic hypoxia, which lasts from minutes to hours. 
Contrary to chronic hypoxia, acute hypoxia occurs more intermittently and does not 
depend on the distance from blood vessel. This form of hypoxia is believed to be the 
result of temporary, local disturbances in perfusion.  
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Figure 2: Illustration of diffusion-limited chronic hypoxic cells (A) and perfusion-limited 
acute hypoxic cells (B) growing as a cord around blood vessels. As the diffusion distance 
increases, the oxygen gradient decreases (C) in chronic hypoxic conditions (A). 
Representative flows of pO2 over time in the occluded regions are shown for comparison 
(D) in acute hypoxic conditions (B). Reprinted from [5]. 

 

However, this traditional way of classification is oversimplified and overlooks the 
pathogenesis involved. Thus, the group of Vaupel proposed a refined classification 
based on pathogenesis of hypoxia as follows [9, 10].  

Chronic hypoxia is divided in three subtypes: (1) Diffusion-limited hypoxia, referring to 
the increase in oxygen diffusion distances is linked to low vascular density that enlarges 
diffusion distances or to elongated, tortuous vessels. This subtype of hypoxia decreases 
longitudinal intravascular oxygen gradient. (2) Hypoxemic hypoxia is caused by either a 
reduction in total hemoglobin (e.g. tumor-associated or therapy-induced anemia) or by 
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a decrease in blood capacity to transport O2 (e.g. Hb blocked by carbon monoxide in 
heavy smokers). (3) Hypoxia that arises from compromised perfusion of microvessels 
(e.g. intratumor thrombosis). 

Acute hypoxia is divided into two subtypes: (1) Hypoxia can raise from temporary flow 
stop in microvessels, that results in a complete or heavily reduction in perfusion. The 
cause could be the development of vessel obstruction (from fibrin or blood cells or tumor) 
or vascular remodeling. (2) Transient hypoxemia that reduces temporary oxygen content 
in microvessels. This subtype of hypoxia could occur when there is a fluctuation in red 
blood cell fluxes or in plasma flow in tumor microvessels.  

Perfusion-related parameters such as nutrient supply, waste removal or delivery of drugs 
vary depending on the causative mechanisms of hypoxia as resumed in Table 1. The 
refinement of classification of the different types of hypoxia may contribute to the 
understanding of the impact of acute and chronic hypoxia on treatment strategies. 

Table 1: Associated consequences according to causative mechanism of types/ 
subtypes of hypoxia (adapted from [9, 10]) 

Type of 
hypoxia 

Causes of hypoxia Perfusion Nutrient supply, waste removal, delivery of 
drugs 

Chronic 
hypoxia 

Diffusion limitation Maintained Reduced/ abolished dependent on diffusion 
distance 

Hypoxemia Maintained Maintained 

Compromised 
perfusion of 
microvessels 

Reduced/ 
abolished 
dependent on 
blood pressure 

Reduced/ abolished dependent on blood 
pressure 

Acute 
hypoxia 

Flow stop Abolished Abolished 

Transient 
hypoxemia 

Maintained Maintained 

 

Baudelet et al. have successfully monitored the acute and chronic hypoxia via the 
combined T2*-weighted gradient echo (GRE) MRI and dynamic contrast-enhanced 
(DCE) MRI in a fibrosarcoma mouse model [11]. Authors observed two categories of T2* 
fluctuations during 1h sampling period. The true fluctuations were characterized by the 
sequential signal increase and decrease and the frequency of fluctuation ranged from 
3 min to 1 hour per cycle. The fluctuations were associated with functional vessels tumor 
regions. The other category of signal fluctuation was characterized by a profound drop 
in signal intensity without signal recovery. This type of signal was associated with tumor 
regions that were impacted by vessel functional impairment.  
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1.4. Consequences 

 

Figure 3: Consequences of hypoxia (adapted from [1]) 

 

A reduction in partial oxygen pressure below a critical value results in the death of both 
cancer cells and normal cells. However, cancer cells have the intrinsic ability to adjust 
the cell physiology and biochemistry in order to survive and even proliferate in the hostile 
environment. Hypoxia is known to induce important proteomic and genomic changes in 
cells. Experimental and clinical evidences reported a possible relation between tumor 
hypoxia and the promotion of metastasis, selection of malignant cellular phenotype, 
angiogenesis, apoptosis, induction of genetic instability, increase in tumor resistance to 
treatments [1, 12].   

1.4.1. HIF-1α and molecular mechanism of hypoxia  

Hypoxia-inducible factors (HIFs) signaling is a key mediator of tumor response to 
hypoxia. HIFs predominantly regulate the proteomic and genomic transforms of cells, 
which lead to alteration in multiple biological processes such as angiogenesis, cell 
proliferation and survival, glucose metabolism, pH regulation, and apoptosis [13, 14]. 
Among the family of heterodimeric transcription factors HIFs that are up-regulated in 
hypoxic condition, HIF-1 acts as a master regulator of oxygen homeostasis. HIF-1 
orchestrates genes that increase O2 delivery or helps cells to survive under the 
deprivation of O2. HIF-1 consists of two subunits: HIF-1β, the aryl hydrocarbon receptor 
nuclear translocator, and HIF-1α, the subunit sensitive to oxygen concentration.  

Figure 4 depicts the protein stability of HIF-1α under different conditions of oxygenation.  
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The expression of HIF-1α is oxygen-dependent. Under normoxic condition, the HIF-1α 
is rapidly degraded. The hydroxylation of HIF-1α by the prolyl hydroxylase-domain 
protein (PDH) allows the binding with Von Hippel-Lindau suppressor protein (VHLp). The 
complex is subsequently ubiquitynated and labeled for degradation by 26S proteasome. 
HIF-1α can also be hydroxylated by a factor inhibiting HIF-1 (FIH), a hydroxylase with a 
different oxygen sensitivity level than PDH. 

Under hypoxic conditions, oxygen is not enough to warrant the activity of PDH or FIH. 
As a result, HIF-1α does not undergo the proteasome degradation and accumulates in 
the cells. HIF-1α interacts with CREB-binding protein/ E1A-binding protein p300 
(CBP/p300, the essential coactivator of HIF) then heterodimerizes with HIF-1β. The 
heterodimer binds to the HIF-responsive element (HRE) in the promoter regions of 
hypoxia-regulated genes resulting an upregulation of its target genes.  

Erythropoietin (EPO) was the first gene discovered to be under HIF regulation [16]. 
Besides erythropoietin, another well-characterized HIF-regulated gene is VEGF 
(vascular endothelial growth factor), which is involved in the regulation of endothelial cell 
proliferation and blood vessel formation in both normal cells and cancer cells. Hypoxia 
also promotes the undifferentiated cell state in stem cells through interaction with the 
Notch signaling pathway. The Notch intracellular domain interacts with HIF-1α, leading 
to recruitment of HIF-1α to Notch responsive promoters and to activation of Notch 
downstream genes [17]. HIF-1α and VEGF, a direct transcriptional target of HIF-1α, have 
also been shown to up-regulate Delta 4, a ligand for the Notch receptor, which is 
important for physiological and pathological angiogenesis [18]. HIF-1α is also known to 
regulate tumor pH via carbonic anhydrase IX (CA-IX), glucose metabolism via glucose 
transporter 1 (GLUT-1), cell proliferation, cell survival via nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB), and apoptosis via signal transducer and 
activator of transcription 3 (STAT3, p53). Many of the known oncogenic signaling 
pathways overlap with hypoxia-induced pathways, and a recent review placed HIF at the 
center of the major oncogene and tumor-suppressor gene pathways [19].  

Clinical and experimental evidences supported HIF-1 as one molecule responsible for 
hypoxia-related tumor aggressiveness and for resistance to therapy. Indeed, numerous 
studies found a direct correlation between HIF-1α and cancer progression, invasiveness, 
resistance to therapy and poor patient outcome [13, 20, 21]. However, it should be noted 
that HIF-1α can also be stabilized in an oxygen-independent process (e.g some 
signaling pathways such as prostaglandin E2 receptor, receptor tyrosine kinase, 
mitogen-activated protein kinase MAPK) [22].  
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Figure 4: Regulation of HIF-1α protein stability under different oxygenation conditions 
(reprinted from [15]). 

1.4.2. Resistance to cancer therapy 

Tumor hypoxia impairs the outcome of radiotherapy, of chemotherapy and even of 
surgery, the three actual mainstays of cancer treatment.  
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Tumor hypoxia increases the resistance to chemotherapy 

Hypoxia-induced chemoresistance of cancer cells is multifactorial. (1) Hypoxia impedes 
the effectiveness of drug delivery. Tumor vasculature is tortuous, disorganized with 
structural deficiencies and aberrant functionalities. Under hypoxic condition, angiogenic 
factors such as VEGF are up-regulated in order to increase the oxygen and nutrition 
supply to the tumor. However, the newly formed microvessels fail to address the 
metabolic demand and create a vicious loop that further worsens the hypoxic condition. 
As a consequence, the delivery of chemotherapy becomes more irregular and may be 
insufficient under hypoxia. (2) Hypoxia induces the cell cycle arrest (quiescence) which 
reduces the growth rate and the proliferation of tumor cells [23, 24]. The quiescent and 
undifferentiated state would protect cancer cells from external stress. Thus, quiescent 
cells are not sensitive to conventional chemotherapy drugs which mainly target the 
rapidly proliferation characteristic of cancer. (3) Hypoxia inhibits apoptosis and 
senescence of cancer cells. Deprivation of oxygen induces apoptosis in normal cells and 
in neoplastic cells mainly via the p53 pathway. However, tumor cells are able to escape 
the cell death programming by acquiring mutations in genes regulating apoptosis. 
Additionally, the hypoxic condition creates a selective force for cells that lost the 
apoptotic potential [25]. (4) Hypoxia may interfere with cell uptake of conventional 
chemotherapeutic agents via the alteration of tumor pH [26]. Indeed, the low extracellular 
pH increases the uptake of weakly acidic drugs (e.g. cyclophosphamide and cisplatin) 
but slows down the uptake of weakly basic drug (e.g. doxorubicin and vinblastine) [26]. 
Besides, hypoxia can also be associated with the expression of drug efflux pump such 
as P-glycoprotein [27]. (5) Finally, lack of oxygen impedes the generation of free radicals 
required for the cytotoxic effect of some chemotherapeutic agents [28].  

Tumor hypoxia increases the resistance to radiotherapy 

The response of cancer cells to radiotherapy depends on the nature of radiation, the 
state of cell cycle and especially the level of oxygenation. (1) Different types of radiations 
including gamma, X-ray, neutron radiation, or alpha and beta particles, possess different 
linear transfer energy levels that affect the penetration and damage induced by the 
radiation. (2) The sensitivity of cells to radiation depends on its cell cycle phase. Indeed, 
the level of radiosensitivity increases from “the end of S phase” to “G1 phase” to “G2/M 
phase” [29]. Thus, the most radiosensitive cells are in a fast proliferation phase whereas 
the most radioresistant cells are in a quiescent, low-proliferating state which is more 
likely be found in hypoxic niche of tumor. (3) Besides, oxygenation plays a key role in 
the response of cell to radiotherapy since the highly reactive free radical R• produced 
after the absorption of radiation energy is most likely responsible for the biological 
damage (usually DNA) [30]. The widely accepted mechanism is the oxygen-fixation 
hypothesis (Figure 5). Free radical R• can be produced either directly in the target 
molecule (usually DNA) or indirectly via the production of OH• consecutive to hydrolysis 
of molecules that can diffuse far enough to reach DNA and form R• in DNA. These 
unstable R• molecules have different fate depending on the presence of oxygen. The R• 
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free radicals rapidly react with the oxygen available to produce RO2• and then undergo 
further reactions to yield the stable ROOH which leads to irreversible DNA damage. 
Without oxygen, or in the presence of reducing species, R• has a longer half-life and can 
react with H+ leading to the restitution of the original form. Thus, hypoxic cells are about 
three times more radioresistant than normoxic cells [31].  

 

Figure 5: The oxygen fixation hypothesis. Reprinted from [30] 

 

The mutations acquired during hypoxia also contribute to the radioresistance of cancer 
cells. Hypoxia creates a niche that protect malignant cells against irradiation. Indeed, 
hypoxic cells with reduced apoptotic potential are still able to proliferate and the DNA 
damage from radiation is reduced under this condition.  Moreover, the expression of 
proteins controlled by HIF-1, e.g. VEGF and basic fibroblast growth factor (bFGF) were 
reported to enhance the radioresistance of cells [32, 33].  

Tumor hypoxia reduces the outcome of surgery 

Hypoxia has been found to be responsible for poorer surgical outcome. Clinical evidence 
in advanced cancers of the uterine cervix treated with primary surgery showed a 
significantly better overall and disease-free survival probabilities in patients with 
normoxic tumors (pO2 > 10 mmHg) compared to those with hypoxic tumors 
(pO2 < 10 mmHg) [34]. The treatment failure in hypoxic tumors was mainly due to 
locoregional recurrence with and without the development distant metastases [34]. 
Although the reason has not fully understood, authors believed that the recurrence of 
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hypoxic tumors might be linked to hypoxic pressure that selected aggressive phenotype 
and favoured the development of metastatic disease. Studies have suggested the 
mechanism of the acquisition of metastatic phenotype as a stepwise selection process 
driven by hypoxia [35]. The expression of proteins regulated under hypoxic condition 
supports the formation of distant metastasis via the enhancement of tumor cell motility 
and invasion, intravasation, extravasation, and metastatic colonization [36]. The 
deterioration of tumor vasculature due to pericytes detachment from the basement 
membrane and the overexpression of VEGF result in leaky vasculature and high vessel 
permeability, which promote both intravasation and extravasation of tumor cells and 
cancer stem cells. In addition, both chemokine stromal cell-derived factor-1 (SDF-1) and 
its receptor CXCR4 have been reported to be hypoxia-inducible. Evidences suggested 
that the SDF-1/CXCR4 axis could involve in tumor progression and the development of 
distant metastases [37]. 

1.5. Characteristics of tumor hypoxia 

1.5.1. Tumor hypoxia classification 

Normoxia: Each peripheral tissue exhibits a distinct normal oxygenation level. According 
to the data from a meta-analysis of Vaupel et al [38], the median oxygen levels from 
normal tissue range from 26 to 52 mmHg. Individual tissues maintain their optimal 
median oxygen levels by homeostasis, which implies that oxygen sensitivities of cells 
are determined by their origins.  

Physiological hypoxia: A slight drop in oxygen level triggers tissue-response to maintain 
a sufficient oxygen level (e.g. vasodilation, increasing blood flow, and/or temporary 
stabilization of HIF). As a result, the tissue oxygenation rapidly returns to normoxia. 
Mckoewn defined this oxygen level as “physiological hypoxia” [39]. This homeostasis 
mechanism that is able to regulate oxygenation may be activated at different 
oxygenation levels in different tissues. 

Pathological Hypoxia: Below “physiological hypoxia” is hypoxia or “pathological hypoxia” 
as suggest by Mckoewn [39] where the homeostatic mechanisms cannot respond 
effectively to reverse the situation. In tumors, hypoxia level variations depend not only 
on the tumor localization but also on the surrounding microenvironment. Indeed, tumor 
vasculature is generally recognized to be chaotic, unstructured with blind ends and 
prone to collapse leaky vessels. Hence, it is understandable this type of vasculature is 
unable to fulfil the fast growing oxygen demand of tumor regardless evidence that HIF-
1 is up-regulated most of the time [40]. Despite the fact that angiogenesis is often 
enhanced in tumors, numerous studies have shown that the average oxygen level of 
tumors is significantly lower than the oxygenation of the corresponding normal tissue, 
ranging from 2 to 32 mmHg with a majority falling below 10 mmHg [38]. 
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It is widely accepted that under an adequate oxygen supply, the oxygen consumption 
rate (OCR) and the production of adenosine triphosphate (ATP) in tumors are usually 
comparable to the ones found in the corresponding normal tissues [41]. Under hypoxic 
conditions, tumor oxygenation drops below a critical value causing a progressive fall of 
OCR and ATP production rate. Consequently, the prolonged exposure to hypoxia 
creates a selection pressure that kills the putative hypoxic sensitive cells and leaves 
hypoxia tolerant cells. These surviving cells are reported to be stress resistant and more 
malignant [41]. The term “Janus face” describes well the characteristic of tumor hypoxia. 
On the one hand, hypoxia can exert antiproliferative effects: restraint proliferation, 
promotion differentiation, and induction apoptosis and necrosis [42]. On the other hand, 
as a result of a Darwinian process, tumor cells acquire new mutations that changes the 
gene expression, confers a more aggressive phenotype, and promotes local and distant 
spread in order to adapt to hypoxic stress [42].  

It is difficult to determine the precise threshold of hypoxia but it is assumed that hypoxia 
begins when the oxygen level falls below 1% (7 mmHg) and may well be significantly 
lower [41]. Lack of oxygenation below 7 mmHg stimulates angiogenesis via upregulation 
of growth factors (such as vascular endothelial growth factor, platelet-derived growth 
factor-B, transforming growth factor β, insulin-like growth factor-2, and epidermal growth 
factor) and switch-off of angiogenesis inhibitors (i.e., angiostatin, endostatin, 16 kDa 
protactin, leukemia inhibitory factor) [43]. HIF-1s and especially HIF-1α is the master 
transcriptional factor that regulates the expression of genes involved in the adaptation 
process (tumor progression and aggressiveness) [44].  

Severe oxygen depletion below 0.1% or 0.7 mmHg will impair molecular mechanism 
such as gene amplification, apoptotic potential, OCR, oxidation status of cytochromes, 
inducing genomic and epigenomic instabilities and increased selection pressure [45]. In 
order to survive in the hostile and nutrient-deprived microenvironment, the Darwinian 
process on cancer cells results in the selection of highly aggressive and therapy resistant 
phenotype that further enhances hypoxia and leads to a vicious circle.  

It should be noted that the fraction of cells with malignant phenotype is minor in quantity 
(perhaps < 5 %) and hypoxia selection pressure may favour the survival of this small cell 
population which can determine the fate of patient outcome [43].  

To summarize, a single hypoxic threshold for a general application does not exist. 
Moreover, it should be kept in mind that there is also no sharp threshold between hypoxia 
and normoxia for any functional parameter. 

1.5.2. Heterogeneity of hypoxia 

Tumor oxygenation is heterogenous both between and within tumors. Intratumoral 
hypoxia is characterized by temporal and 3D-spatial variations, which could be seen as 
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the “4D heterogeneity” of hypoxia. The presence of hypoxia is shown to be independent 
on tumor stage or histological type [45].  

The spatial variations are characterized by the degree of hypoxia (level and severity), 
the topographical distribution (center vs. periphery of tumor), the extension of hypoxic 
area, number of hypoxic subvolumes (single vs. multiple) [45].  

As a matter of fact, tumor oxygenation is usually communicated as a median value, 
which ignores the heterogeneity within individual tumor. The gradient of oxygen diffused 
to cancer cells changes longitudinally and axially, that depends strongly on the 
functionality of local blood vessels. The longitudinal O2 diffusion gradient decreases 
along the blood vessel from the arterial to the venous end. The radial O2 diffusion 
gradient relies on the proximity of local blood vessels and decreases from microvessels 
to surrounding cell layers. Indeed, the cellular proliferation pushes cells away from the 
capillaries resulting in a progressively decrease in oxygen delivery. The diffusive 
distance ranging from 70 to 200 µm [6, 46, 47, 48] around the perfused blood vessel 
creates the “cord” of actively growing cells. The two factors determining the slope of 
these gradients are the O2 availability (capacity to transport O2 of the blood x flow rate) 
and O2 extraction rate (OCR, O2 diffusivity and the cell packing density) [49].  Considering 
the radial O2 gradient, the more oxygen the cells require, the smaller the tumor “cords” 
will be. Outside the tumor cord, the hypoxia tolerance of cells determines their survival 
in hypoxic region. These cells remain viable under the quiescent state. The more tolerant 
cells will remain quiescent longer resulting in the extension of hypoxic region over the 
cord and a deeper degree of hypoxia.  

In case of acute hypoxia, the oxygen supply is abolished or strongly reduced either by 
the spontaneous fluctuations of red blood cell fluxes that cause temporary drop of 
intravascular hematocrit or by physical obstructions that cause transient flow stops or 
critically reduced perfusion [10]. Consequently, the temporal disruption of microvessels 
function leads to the development of hypoxia in regions where the affected microvessels 
are responsible for O2 supply.  

Nevertheless, tumor oxygenation not only depends on the O2 diffusion gradients as 
described above but also on numerous pathophysiological features e.g. O2 shunt 
diffusion, the abnormality of tumor vasculature.  Hence, no singular “typical” O2 diffusion 
distance but a broad distribution (continuum) of O2 diffusion distances is usually 
observed in malignant tumor. Of note, hypoxic region could be at a micron scale and 
present a steep pO2 gradient between well-oxygenated and hypoxic subvolume (up to 
60 mmHg/mm) [49]. This fact has a significant clinical implication e.g. for dose painting 
to precisely target the hypoxic region in order to effectively eradicate the tumor. 
However, we are still unable to assess this subregional heterogeneity with the currently 
available techniques due to the averaging problem of an insufficient spatial resolution.  
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One fallacy, which is widely accepted, claims that malignant tumor is usually hypoxic 
and necrotic in the center and better oxygenated in the periphery. The concept may be 
true for some human tumors (e.g. glioblastoma) but could not apply for all cases. Clinical 
evidences in numerous tumor types proved at microscopic scale that hypoxic subregions 
are distributed all over the viable tumor mass [50, 51]. 

2. ASSESEMENT OF TUMOR OXYGENATION 

Acknowledging the highly complexity of tumor oxygenation, we do not expect any 
measurement method that is able to cover the full extent of spatial and temporal 
heterogeneity of tumor hypoxia. If there were a method that could completely resolve 
the complexity of tumor hypoxia, it would not be a useful tool but a burden of an 
overwhelming data far more than needed to solve the investigated problem. Methods 
currently available for oxygenation measurement differ in several ways. They can 
measure tumor oxygenation directly (e.g. pO2) or indirectly (e.g. hemoglobin saturation, 
perfusion, endogenous markers). Other characteristics have to be taken into account 
such as sample volumes (macroscopic or microscopic); time intervals of sampling; 
compartment sampled (intravascular, interstitial, or intracellular); invasiveness; 
resolution; sensitivity; and repeatability. A well comprehension of how these factors 
change in each technique can help the interpretation of the data. Besides, the 
combination of multiple techniques increases the precision and robustness of the 
measurement since each technique reflects different facets of tumor oxygenation.   

The assessment of tumor oxygenation may have profound clinical implications in at least 
three scenarios: (1) to provide an early prediction about the prognostic of the disease; 
(2) to improve the treatment outcome by identification of patients who could benefit from 
oxygen modification agents; (3) to select an adaptive treatment regime in patients whose 
tumor is resistant to radio- or chemotherapy.   

In this part, different techniques along with their intrinsic parameters are reviewed to 
highlight their value on the outcome of cancer treatment.  

2.1. Direct oxygen mesurements 

2.1.1. Oxygen Probes 

a. Polarographic electrodes – Eppendorf histograph 

Back to 1960s, tumor oxygenation was measured directly by the homemade glass 
electrodes. The method involved the insertion of electrode into the tissue. The negative 
voltage between cathode and anode reduced oxygen at the surface of cathode, which 
generated a current that is proportional to the local pO2. These cumbersome, fragile 
polarographic electrodes only allowed a few measurements at a depth of 3-4 mm [52]. 



26 
 

The commercialization of Eppendorf histograph marked a revolution in the measurement 
of oxygenation. Two outstanding improvements were made: (1) the oxygen sensor was 
protected inside a metal needle resulting in a more robust electrode; (2) multiple 
measurements in sub-millimeter steps could generated along the electrode thanks to a 
stepping motor attached to the electrode. The measurement provided extracellular pO2 
histogram of a tissue volume about 50–100 cells located around the probe [53]. The 
method was then widely applied in clinical investigation on numerous tumor types and 
yielded up to 70 research articles between 1988 and 2005 [38]. These studies came up 
to a conclusion that hypoxia may determine the patient prognosis and influence the 
outcome of therapy. Evidences have been reported in head and neck cancer (H&NC) 
[54, 55], cervix [56, 57], soft tissue sarcomas [58], and prostate [59]. Interestingly, a 
study in cervix found that primary tumors of patients with metastases were less 
oxygenated than those of patients without metastases [60]. 

Although Eppendorf electrode is considered safe without adverse effects [38] and is 
widely cited as the “gold standard” for hypoxia determination [61], nowadays it is no 
longer commercially available.  The invasiveness is the major inconvenience of 
Eppendorf electrode, which impedes repeated measurements on the same site. 
Besides, the technique is operator-dependent and demands a technically skilled user. 
The probe is also unable to map tumor hypoxia heterogeneity thus hinders therapy 
planning. Furthermore, the tumor location should be easily accessible to employ the 
technique. Importantly, the probe does not distinguish between viable and necrotic 
tissue that may lead to an overestimation of hypoxic fraction. Likewise, the Eppendorf 
electrode cannot access the temporal fluctuation in tumor oxygenation since it consumes 
oxygen for each measurement, thus differentiation between acute and chronic hypoxia 
is impossible. It should also be kept in mind that the technique was never predictive for 
treatment outcome at the individual level. One of the first clinical studies in head-and-
neck [62] clearly demonstrated this. Thirty-five patients were stratified in two subgroup 
based on the oxygenation/ hypoxia status using Eppendorf electrode for irradiation. 
Despite the significant difference in local tumor control after radiation therapy (RT) 
between two groups, 40% of the patients did not fall within the correct category, meaning 
that some hypoxic patients were controlled by irradiation while some non-hypoxic 
patients failed to respond to irradiation.  

b. Fibre optic probe/ Fluorescence quenching 

Another approach to measure tumor oxygenation is the fibre optic probes with the 
commercialized brand name OxyLiteTM [63]. The technique measures the quenching 
time of a fluorophore by oxygen, which is inversely proportional to oxygen tension at the 
tip of the probe where the fluorophore is located. As the technique does not consume 
oxygen, the major advantage of the fibre optic probes is the ability to perform continuous 
measurement, thus allowing the assessment of the temporal heterogeneity in tumor pO2 
as well as the effect of hypoxia modification therapies. The method is however sensitive 
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to temperature, thus an attached thermocouple to the probes is needed for temperature 
correction. Moreover, the probe only reports on an average pO2 of a volume that is 
several hundred times larger than the tip of the electrode, where the fluorophore is 
located. Consequently, pO2 heterogeneity cannot be assessed by this approach. 
Nonetheless, the method still encounters drawbacks similar to Eppendorf electrode such 
as invasiveness, operator-dependence, and accessibility of tumor. Hitherto, fibre optic 
probes have not been applied in the clinical setting.  

c. Phosphorescence tomography 

The method involves the infusion of water-soluble phosphor probes into the vasculature 
[64]. A pulse of light excites the phosphorescent probes to emit their own light from which 
the decay rate is proportional to the local oxygen concentration. The technique is 
independent of probe concentration since O2 concentration relies on the lifetime of the 
emission light but not on signal intensity. Phosphorescence tomography also has a high 
temporal resolution. It takes only a few seconds or less for a measurement, thus real-
time measurement of tumor oxygenation is possible. The method may aid therapy 
planning thanks to the possibility to construct a map of the tumor oxygenation as well as 
to repeat the measurements. However, the penetration of the excitation pulse 
determines the sample volume. Therefore, the application of the technique depends on 
tumor location. Importantly, the administration of external probe to the vasculature 
system results in the oxygen measurement from blood vessel but not from tissue. These 
features limit the application of the method to map tumor oxygenation only in preclinical 
animal models [65, 66] but not yet in patients.  

2.1.2. Magnetic Resonance Oximetry 

a.  19F-MRI 

Perfluorocarbons (PFCs) are used as probes for 19F-NMR spectroscopy and imaging to 
quantify tissue oxygenation at the pixel level [67]. The highly hydrophobic PFCs have a 
better O2 solubility than water. The principle of the method lays on the interaction of PFC 
with dissolved O2. The change of the 19F spin-lattice relaxation rate at a given 
temperature is proportional to the O2 concentration [68]. Hence, the technique provides 
a non-invasive and quantitative mapping of tissue oxygenation when temperature is 
tightly controlled [69].  

PFCs show some features that facilitate the in vivo applications including high sensitivity 
to changes in pO2, high reproducibility even at low pO2, and low toxicity [70]. The 
sensitivity of the method can reach 1 – 3 mmHg in hypoxic region [71]. The pO2 
assessed by 19F-MRI has been compared with more traditional techniques such as 
Eppendorf electrode [72], immunohistochemistry [71], and near-infrared spectroscopy 
[73]. Both the 19F echo planar imaging approach and the Eppendorf histograph showed 
similar oxygen tension distributions in experimental tumors and determined that larger 
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tumors were significantly less oxygenated than smaller tumors [72]. 19F-MRI also 
successfully characterized the hypoxic status of two Dunning prostate R3327 rat tumor 
sublines that was confirmed by immunohistochemistry [71]. Significant correlations were 
found between the variations in vascular HbO2 concentration (reported by near-infrared 
spectroscopy) and the change in tumor pO2 (reported by 19F-MRI) in rat breast 13762NF 
tumors with respect to hyperoxic gas breathing [73].  

The FREDOM procedure (fluorocarbon relaxometry using echo planar imaging for 
dynamic oxygen mapping) using fast 19F-MRI technique allows a dynamic mapping of 
tumor pO2 as well as monitoring the tumor pO2 change in response to hyperoxic 
challenge [74, 75]. Monitoring pO2 by FREDOM evidenced a successful elevation of 
tumor pO2 during irradiation correlating with delayed tumor development [76]. Jordan et 
al. further used a snapshot inversion recovery pulse sequence to reduce the acquisition 
time up to 1.5 min allowing the identification of spontaneous oxygen fluctuation [75, 77].  

There are three protocols to administer PFCs. The first one involves the systematic 
introduction of PFCs emulsion via intravenous injection. This approach allows the 
measurement of the vascular oxygenation, the tissue uptake and sequestration of the 
compound. However, most of PFCs are sequestrated in the reticuloendothelial system 
including liver, spleen, and bone marrow leading to the risk of hepatomegaly [78] and 
reducing the signal in tumor. Moreover, the delivery of PFCs depends on the 
vasculature, thus PFCs are preferentially sequestered in well-perfused areas instead of 
hypoxic poor- perfused area. The second protocol is the intratumoral injection of pure 
PFCs to resolve the problem. The echo planar imaging FREDOM method (fluorocarbon 
relaxometry using echo planar imaging for dynamic oxygen mapping) relies on this 
second protocole to map the pO2. The procedure involves the multi-injection of 
hexafluorobenzene directly into the tumor in a fan pattern using of a fine needle (32 G) 
to ensure distribution of hexafluorobenzene throughout a plane across the tumor [79]. 
However, intratumoral injection limits its potential clinical application because of the 
tumor accessibility issue. Both protocols allow repeated measurements within a certain 
period. For a long follow-up, a repeated administration is needed because of the 
clearance of PFCs over time. The third protocol employs the encapsulation of the PFCs 

in an oxygen‐free diffusible material that does not require the re-injection of PFCs for a 
stable pO2 readout. Yet, the protocol requires surgery for probe implantation. In addition, 
the oxygenation reported is locally at the site of implantation and the spatial information 
is lost. Limitations of these protocols make 19F-MRI using PFCs suitable for research in 
pre-clinical application but not yet in clinical setting.  

b. Electron paramagnetic resonance EPR 

The principle of EPR relies on the capacity to detect the electron spin of paramagnetic 
unpaired electron species. Although molecular oxygen is paramagnetic, the direct 
detection of oxygen is impossible since the EPR spectra of dissolved oxygen in tissue 
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are too broaden to be detectable. Hence, an indirect method including the introduction 
of a paramagnetic probe is required to assess the tissue oxygenation. The principle is 
based on the paramagnetic properties of oxygen that makes the molecule an efficient 
relaxer for other paramagnetic probes. The interaction with oxygen modifies the 
resonance characteristics of the probes and thus its EPR spectrum of which the 
enhancement of relaxation rates is proportional with the oxygen concentration [12]. The 
most common method to measure oxygenation relies on the broadening of the principal 
hyperfine line, which is related to T2 of EPR spin probe. The measurement of the 
linewidth of the EPR spectrum provides a non-invasively real-time monitoring of tissue 
oxygenation. An ideal EPR probe should have a single and narrow resonance line, a 
linewidth that is proportional to pO2, no toxicity and a good metabolic stability. 
Interestingly, the natural presence of endogenous paramagnetic material is minor and 
undetectable in vivo. Consequently, by introducing an external paragmagnetic probe, 
the sensitivity of EPR is higher than that of nuclear magnetic resonance NMR (about 
700 times greater [12]) thanks to the absence of a background signal.  Of note, the EPR 
technology operates at higher frequencies and lower fields than NMR because the 
gyromagnetic ratio of an unpaired electron is much larger than that of a proton. The high 
frequency decreases the sample size thickness that can be analyzed because of the 
non-resonance absorption of the electromagnetic radiation by water in the sample, e.g. 
the depth of measurement is less than 1 mm at 9.5 GHz and increases up to 1 cm at 
1 GHz. For in vivo application, the low operating frequency (200 MHz to 1.5 GHz [12]) 
extents the sensitive deepness of the sample. Another feature of EPR that should be 
kept in mind is the short relaxation times of paramagnetic species (nanosecond) 
comparing to that of NMR protons (millisecond) [80]. Consequently, the EPR spectra are 
obtained via continuous wave experiments, which means the sample is irradiated 
constantly and the resonant response is recorded by sweeping the applied magnetic 
field [81]. Thus, the acquisition time of EPR is longer than that of NMR. Recently, Yasui 
et al. have developed the pulsed technique (like for NMR) for in vivo EPR application to 
reduce the acquisition time [82]. 

Nowadays, two classes of probes are used for in vivo studies, the soluble probes for 
EPR imaging (EPRI) and the insoluble probes for EPR spectroscopy.  

EPRI provides a spatial quantification of tissue pO2 but the soluble probes are less 
sensitive to changes in oxygenation than insoluble particle probe [12]. The repeated 
measurements are possible in EPRI but re-introduction of probe is required for longtime 
follow-up. Lately, the development of the instrument for the co-registration of EPRI and 
MRI allowed an integration of anatomical information and pO2 distribution [82 - 85]. The 
coil operates at low frequency (300 MHz) at which both the detection of EPRI probe 
(OX63, a paramagnetic oxygen-sensitive triaryl methyl radical) and MRI acquisitions are 
feasible. The co-registration has been applied to monitor the changes in tumor 
oxygenation following a hyperoxic challenge [82, 85] or the effects of radiation [86].  
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Compared to the soluble probes, the insoluble particles are unable to provide the spatial 
distribution of pO2 but are more sensitive to changes in pO2 (less than 0.2 mmHg [22]) 
and once being implanted, the particles remain at the sites indefinitely allowing repeated 
measurements over time. Thanks to these advantages, EPR spectroscopy oximetry is 
widely used to monitor the changes in tumor oxygenation e.g. the effect of hypoxia 
targeted co-treatment on pO2 as well as on outcome of cancer therapy [87 - 93].  

The application of the EPR technique in human remains limited, with only two clinical 
systems being available worldwide. The first clinical trials using EPR oximetry involved  
OxyChip - an oxygen-sensing paramagnetic crystal LiNc-BuO encapsulated in a 
biocompatible polymer matrix [94]. The implantation of the chips allows repeated 
measurements in tumor tissues located within 20 mm from skin surface. The oximetry 
measurement using India Ink were performed on patients with melanoma, basal cell, soft 
tissue sarcoma, and lymphoma tumors during radiation and chemotherapy [95]. The 
current limitations to further implement EPR in the clinical setting are due to the 
availability of instrumentation but also to the limitation of sample thickness, limiting its 
applications to accessible tumors/tissues.  

2.2. Indirect oxygen measurements - Exogenous markers 

Different exogenous probes have the ability to specifically accumulate in hypoxic cells. 
Hypoxia is then indirectly measured via different techniques that are able to detect these 
markers. 

2.2.1. 2-nitroimidazole markers 

The most known exogenous markers are 2-nitroimidazole-based markers, which are 
characterized by an NO2 group attached to the imidazole ring (Figure 6). The markers 
diffuse passively into the cells. Under hypoxic condition, the stable NO2 moiety can 
undergo 6 successive electrons reductions to give rise to the NH2 moiety that is also 
unreactive.  Of note, one of the intermediate forms is highly reactive and can bind to any 
cellular macromolecule that traps the markers within the cell [96]. The reduction only 
takes place under the activity of active enzymes, thus nitroimidazole uptake is specific 
to viable hypoxic cells but not necrotic. With the presence of O2, the markers rapidly re-
oxidize into the stable form. The unreactive species are gradually washed out from the 
cell, leaving only the bound molecules, which will be detected afterwards. The 2-
nitroimidazole-based markers are widely detected with immunohistochemistry (IHC), 
positron emission tomography (PET) or single photon emission computed tomography 
(SPECT).  

It should be noted that the distribution 2-nitroimidazole-based markers relies on the 
tumor vasculature system. The chaotic, disorganized structure of tumor vessels may 
hinder the accessibility of markers to hypoxic regions where the blood supply is usually 
reduced. Consequently, a paradoxical situation may occur where the nitroimidazole 
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uptake in severe hypoxic regions is weakened because of the limited drug delivery in 
these regions.    

The effectiveness of nitroimidazole markers relies on the specificity of markers to 
accumulate into hypoxic areas. Two useful factors can be used to predict the relative 
quality of a nitroimidazole marker, including the hypoxic-specific factor (HSF) and the 
oxygen dependency. HSF is the ratio between the binding marker within the cells 
incubated under severe hypoxic conditions and that of cells incubated at 21% O2. An 
ideal value of HSF ranges from 30 -100. The oxygen dependency is the cellular oxygen 
concentration at which the bound markers is at 50% of its maximum rate. An oxygen 
dependency of 0.3% to 0.5% oxygen in the equilibrium gas phase is optimal [97]. 

 

 

Figure 6: Mechanism of nitroimidazoles (R-NO2) reduction. Under hypoxic condition 
(red arrow), NO2 group can reduce to NH2 group. These two groups are inactive but 

one of the intermediate products is highly active that can bind to macromolecules 
within cells. Under normoxic condition (blue arrows), the reduction is reversible with the 

presence of O2. (adapted from [96]) 

 

a. Immunohistochemistry (IHC) 

Two IHC 2-nitroimidazole-based markers are approved for clinical applications: 
pimonidazole PIMO and EF5 [98, 99]. Both markers are administered to patients 
intravenously prior to biopsy or surgery (several hours for PIMO and 24-48h for EF5). 
Hypoxia is assessed by estimation of stained cells fraction. The detection of compound 
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adducts relies on the specific binding of antibodies to antigens (EF5 or PIMO) in 
biological tissues. The antigen-antibody binding can be visualized thanks to the tagged 
fluorophore to antibody. Strong linear correlations have been found between PIMO 
accumulation and pO2 in vivo [100].  

The main advantage of IHC is that the approach provides the most precise spatial 
information of tumor microenvironment compared to other methods. However, the trade-
off is its invasiveness. To perform the measurement, biopsy or surgical is required to 
examine the tumor tissue. Thus, repetitive measurements to evaluate the dynamic 
change of hypoxia are difficult. In addition, the sampling size is limited in certain regions 
of the tumor resulting the loss of the spatial heterogeneity information of the whole tumor. 
Consequently, one IHC image is only the snapshot of the tumor oxygenation at a giving 
moment. 

b. Radiolabeled hypoxia markers 

The detection of radiolabeled markers depends on the decay half-life of the labelled 
radioisotopes and the pharmacology of the markers. Hence, an ideal radiolabeled 
marker should rapidly and homogenously distribute to all tissues. To have a good signal, 
markers should remain in the tissue long enough to accomplish the bioreductive 
process. Besides, the unreactive markers should be cleared from the cells fast enough 
to decrease the background signal. For the patient’s convenience, the imaging should 
be done within a short-time frame depending on the half-life of the radionuclide. [22] 

PET tracers 

PET techniques involve the detection of tracers labelled with positron-emitting 
radioactive isotopes. The isotope undergoes the positron decay. The positron emitted 
(e+) interacts with an electron (e-) leading to the annihilation of both particles, which 
induces a pair of photons with opposite directions that are detected by a PET scanner.  
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Figure 7: Structures and logP-values of PET hypoxia radiotracers (logP > 0: lipophilic 
molecule, logP < 0: hydrophilic molecule). Adapted from [101] 

 

18F-fluoromisonidazole. 18F-FMISO is the first hypoxia-tracer developed for PET and 
also the most extensively studied hypoxia PET tracer in clinical studies [101]. The tracer 
is lipophilic (logP = 0.4) which ensures a good penetration and diffusion to cells. 
Evidences have proved that the intracellular binding of FMISO requires an oxygen level 
less than 10 mmHg and can rise up to 28 times higher than in normoxic conditions [102]. 
However, the high lipophilicity could also be the reason of the FMISO intense 
background since the excretion of the tracer is as low as 3 % of the total administration 
dose [103]. Consequently, a tissue showing a tumor to blood ratio of more than 1.2 after 
minimum 2 h post-injection is generally considered to be hypoxic. Studies on gliomas, 
head and neck, breast, lung and renal cancer patients showed that the FMISO retention 
is specific for hypoxic regions [104]. However, results in sarcomas are variable, the 
accumulation of FMISO in rectal cancer was non-specific, and no FMISO uptake was 
observed in pancreatic tumors [101]. Previously, the accumulation of FMISO was found 
to be significantly correlated with pO2 (fraction pO2 < 2.5 mmHg or < 5 mmHg), as 
assessed by Eppendorf polarographic method [104, 105] in H&NC patients. However, 
recently, in an extensive study by Mortensen et al. in the same cancer type, the authors 
showed a lack of correlation between FMISO retention and Eppendorf measurements 
using virtual voxel model [106], a method that treated the information of PET and 
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Eppendorf histogram on the same site. Although having a high hypoxic selectivity and 
being widely studied, FMISO failed to be accepted in clinical routine due to its slow 
clearance kinetics limiting image contrast.  

To overcome the limitation of FMISO, other tracers have been developed which are more 
hydrophilic than FMISO, including fluoroetanidazole (FETA), fluoroerythronitroimidazole 
(FETNIM), fluoroazomycinarabinofuranoside (FAZA) and HX4. Among them, FAZA and 
HX4 are currently in clinical evaluation [107, 108].  

18F-fluoroazomycinarabinofuranoside. The hydrophilicity of 18F-FAZA (logP = -0.4) 
improves the clearance from blood and normal tissues resulting in a higher signal-to-
noise ratio compared to 18F-FMISO. In preclinical studies, 18F-FAZA uptake correlated 
with tumor pO2 reflecting that this tracer was able to quantify tumor hypoxia [110, 111]. 
In clinical studies, 18F-FAZA has been successfully used to image hypoxia in gliomas, 
lymphomas, lung, head and neck, cervical and rectal tumors, with better results than 18F-
FMISO thanks to an improvement in hypoxic/ normoxic contrast and an earlier 
acquisition time point [101]. The report of the DAHANCA 24 trial on H&NC patients 
involving the 18F-FAZA image before and after treatment (including primary radiotherapy, 
nimorazole, and concomitant cisplatin) showed that the tracer uptake was a non-invasive 
prognostic marker of treatment outcome [112].  

18F-flortanidazole. 18F-HX4 is the most hydrophilic PET tracer (logP = -0.69) 
possessing a good water solubility and faster background clearance, resulting in 
improved pharmacokinetic and clearance properties as compared with 18F-FMISO [101]. 
Although 18F-HX4 has the potential for shorter acquisition times than 18F-FMISO [113], 
later scan times (2–4 h post injection) can increase the hypoxic-to-normoxic contrast 
[114] with the trade-off of the reduced radioactivity and noisier data. 

It should be noted that the cells must be hypoxic for significant time periods to be 
detected by the nitroimidazole-based hypoxia PET markers [96]. In other words, 
diffusion-limited chronic hypoxia is more likely be detected than acute hypoxia resulting 
from transient fluctuations in blood flow.  

Alternatively, nitroimidazole is also labelled with 124I, which has a longer haft-life than 
18F. For example, two 124I labelled nitroimidazole: [124I]-iodoazomycin arabinoside (124I-
AZA) and [124I]-iodoazomycin galactoside (124I-AZG) allow to delay scans up to 24 and 
48 h post-injection, respectively [52]. The long scan delay is expected to increase the 
normoxia/hypoxia contrast by maximizing the clearance of unbound tracers from blood 
and tissue. However, the results did not show any improvement in image contrast with 
a poor counting statistic [115, 116].  
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SPECT tracers 

 

Figure 8: Structures of 99mTc-labelled SPET hypoxia radiotracers.                         
Adapted from [119, 120] 

 

Unlike PET tracers labelled with positron-emitting radioactive isotopes, the SPECT 
tracers are labelled by gamma-emitting radioactive isotopes and the radiation is 
measured directly. In PET, the annihilation of positrons creates two gamma photons 
leading to a higher resolution than in SPECT. Whereas the advantage of SPECT is the 
low cost. The first hypoxic SPECT tracer undergone clinical evaluation is [123I]-
iodoazomycin arabinoside (IAZA) [117]. However, this tracer has inconsistent uptake 
into various tumors [117, 118]. The alternative radioisotope, which is more widely 
available, less expensive, and easily chelated to different compounds, is 99mTc. Some 
representative nitroimidazole 99mTc-labelled compounds for hypoxia study are BMS 
181321 and BRU59-21, and complex ligand HL91. Although BMS 181321 selectively 
accumulates in hypoxic cells, the instability and high background level limit the 
application of the tracer [119]. The latter generation BRU59-21showed a better stability 
and higher tumor/ normal tissue contrast [120].  

2.2.2. Bioreductive complexes Cu-ATSM – PET tracer 

An alternative class of PET markers for hypoxia study is Cu-ATSM [Cu(II)-diacetyl-bis(N 
4-methylthiosemicarbazone)]. Cu-ATSM can be labelled with different positron-emitting 
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radionuclides of copper including 60Cu (t1/2 = 0.39 h), 61Cu (t1/2 = 3.33 h), 62Cu 
(t1/2 = 0.16 h), and 64Cu (t1/2 = 12.70 h). Thanks to the low molecular weight and 
lipophilicity characteristic (logP = 1.48), Cu-ATSM presents a high membrane 
permeability and fast tumor uptake. Together with an efficient washout kinetics, the 
imaging could be done rapidly after injection (as low as 30 min) [121] with a high hypoxia/ 
normoxia contrast. Although the hypoxia specificity is believed to be related to the 
irreversible reduction under low oxygen conditions of Cu(II) to Cu(I) which is trapped 
within cells, the exact mechanism of Cu-ATSM retention is still not completely 
understood. The Cu-ATSM uptake seems to be influenced by other factors than hypoxia 
[122, 123]. Thus, controversial results have been reported in terms of the value of Cu-
ATSM as hypoxia marker. Specific Cu-ATSM retention has been observed in H&NC, 
rectal, cervical cancer, lung cancer as well as gliomas as reviewed by Fleming et al. 
[101]. Those data support the possibility of using Cu-ATSM as a marker of outcome to 
radiotherapy. However, an in vivo study evidenced that Cu-ATSM accumulation could 
depend on tumor-type [124]. In addition, in vitro data have shown an impact of cell line, 
time, and redox status on tracer uptake and retention [122]. The study of Hueting et al. 
has raised the concern whether the hypoxic specificity of Cu-ATSM is related to the 
behaviour of ionic Cu or to Cu-ATSM itself since the authors have found a similar 
distribution between 64Cu-ATSM and 64Cu-acetate [125]. Evidences have shown that 
Cu-ATSM was insensitive to the change in tumor oxygenation [126, 127]. Nonetheless, 
investigation on the co-localization of Cu-ATSM distribution and pimonidazole 
immunohistochemistry yielded both positive and negative correlations [128, 129]. In 
brief, more information is needed to confirm the potential of Cu-ATSM as a specific 

marker for tumor hypoxia.  

2.3. Indirect oxygen measurements - Endogenous markers 

The method detects tumor hypoxia based on the overexpression or accumulation of 
molecules under (patho)physiological conditions of low oxygenation. These molecules 
are called “endogenous” or “intrinsic” hypoxia markers.  

The mostly used hypoxia- inducible biomarkers are HIF-1α protein, the main regulator 
of the hypoxia response, and proteins under the regulation of HIF-1α including 
erythropoietin (EPO), carbonic anhydrase IX (CA IX), glucose transporter 1 (GLUT1) 
and vascular endothelial growth factor (VEGF). In a recent review by Vordermark and 
Horsman, endogenous markers seem to be a promising tool. Numerous clinical results 
suggest a high expression level of HIF-1-related proteins correlated to a poor outcome 
of cancer treatment [52]. Positive correlations between hypoxic fractions determined by 
Eppendorf oxygen electrode and the immunohistochemical expressions of HIF-1α, CA 
IX and GLUT1 have been reported in cancer patients [130-132]. Of note in these studies, 
only HIF-1α expression was quantified by the percentage of HIF-1α positive area over 
the whole tumor, the expression of CA IX and GLUT 1 were evaluated by a range of 
score from 0 to 3 based on staining intensities. Besides, the spatial resolution between 
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the Eppendorf histograph and IHC is different. On the one hand, the electrode provides 
histrograms of averaged oxygenation of hundreds of cells around the probe at each step 
of its path. On the other hand, IHC provides spatial distribution profile of tumor 
oxygenation status at the microscopic scale of the whole tumor slide. An important point 
is that HIF-1α and its target genes are regulated by a complex network. For example, 
the in vitro HIF-1α expression has been found to be common under normoxic conditions 
in human malignant cells, such as lymphoma and leukemia cells [133] suggesting that 
this protein expression is cell-type dependent. In addition, level of HIF-1α expression is 
also influenced by factors unrelated to hypoxia such as mutations in the von Hippel 
Lindau gene, activation of oncogenes, the effect of growth factors and cytokines [45].  

Other class of hypoxic endogenous markers involves plasma markers or circulating 
markers. They are molecules secreted by hypoxic tumor cells into body fluids and in the 
plasma of the patient. The measurement of this type of markers allows evaluating both 
the total tumor burden and their oxygenation level. The best-studied marker is 
osteopontin (OPN). Evidences supported plasma level of OPN as marker for hypoxia. 
OPN was correlated with pO2 measured by Eppendorf electrode in H&NC patients [134]. 
The OPN level was successfully used to stratify patient for adapted cancer treatment 
[135]. Likewise, OPN was also evaluated to predict the outcome of patients [52]. 
However, OPN is not specific for hypoxia since the regulation of the response of the 
protein is controlled by other factors than oxygenation level (e.g. wound healing [136]). 

Another class of tumor hypoxia biomarkers is gene expression signatures [137]. The 
method determines the change in gene transcriptional response under hypoxic condition 
using microarray gene expression assay. The hypoxia signature can both derive from 
cellular (in vitro) or from clinical (ex vivo) data. Each approach has its own pros and 
cons. On the one hand, the in vitro approach exposes cells to hypoxic and normoxic 
conditions to determine genes that are significantly up/down-regulated or differing from 
baseline threshold of normoxic condition. However, the approach may not accurately 
recapitulate the hypoxia phenotype observed in tumors such as the tumor 
microenvironment and heterogeneity. On the other hand, the ex vivo approach involves 
the validation of in vitro-derived signature genes in clinical samples. In addition, 
aggregation of additional genes could be further achieved by using computational 
methods in order to obtain a more representative hypoxic signature for tumor hypoxia 
phenotype. Yet, the ex vivo biopsies are prone to be contaminated by stromal tissue 
resulting the identification of false-positive signals derived from pathways less relevant 
for tumors. Steps of development of the hypoxia signatures are summarized in Figure 9.  
From the review of Harris et al., hypoxia signatures show great variety [137]. The 
expression level depends not only on the nature of the sample (culture cell or human 
tumor tissue) but also on the tumor type. The future perspective is to identify a core 
hypoxia signature, which involves the validation the in vitro derived signatures in ex vivo 
setting as well as in new cancer types. Another challenge is to translate hypoxia 
signatures into clinical message to identify a hypoxic tumor. No common method is 
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widely accepted to classify tumor hypoxia using gene signatures. In addition, there is a 
need of a reliable method to measure tumor hypoxia in order to compare the 
performance of different hypoxic classification approaches. Last but not least, it should 
be noted that the expression profile of hypoxic signatures could be affected by factors 
unrelated to hypoxia, e.g. the common renal cell carcinoma mutation VHL. 
Consequently, patients might be inaccurately stratified.  

 

Figure 9: In vitro (grey arrows) and ex vivo (black arrows) approaches to generate 
hypoxia signature. Reprinted from [137] 
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2.4. Vascular parameters 

2.4.1. Perfusion 

Another approach to evaluate the tumor oxygenation is to assess the hemodynamics 
information of the tumor. Indeed, the main route for oxygen delivery to tissue is via the 
vascular network. Thus, the perfusion is an indirect indication of hypoxia; e.g., poor 
perfusion increases chronic hypoxia whereas fluctuation in perfusion may induce acute 
hypoxia [96].   

Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) monitors the 
functionality of tumor vasculature by intravenously injecting a contrast agent then 
monitoring its distribution in a region of interest. The contrast agents are generally 
gadolinium-based chelates, which shorten T1 proportionally to the concentration of the 
chelates. The contrast agent diffuses through blood vessel walls and distributes into the 
extracellular space at a rate that is dependent on blood perfusion, vascular density, 
tissue permeability, and extracellular volume fraction [138]. The quantitative magnetic 
resonance (MR) parameters are calculated reflecting the vascular flow and permeability, 
which provide indirect information of O2 delivery and necrosis. Indeed, necrosis areas 
have little or no contrast uptake that does not conform to the mathematic kinetics 
assumption. Thus, these voxels should be excluded from analysis [139].  

 

 

Figure 10: A) Restricted diffusion of water molecules in regions with high degree of 
cellularity and intact cell membranes. B) Free diffusion of water molecules in regions 
with low degree of cellularity in and defective cell membranes. Water molecules: dark 

circles with arrows. Reprinted from [140]   
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Otherwise, a method that allows direct measurement of tumor necrosis is diffusion 
weighed MRI (DW-MRI). The principle relies on the exploration of random motion of 
water molecules in biologic tissue, in particular water molecules in the intracellular, 
extracellular and intravascular space [140]. Since cell membranes and macromolecules 
restrain the motion of water molecules, the degree of water diffusion is inversely 
correlated with the tissue cellularity and the integrity of cell membranes. Thus, the motion 
of water molecules is less restricted in regions with low cellularity such as necrotic area 
(Figure 10).  

Clinical evidences reported the correlation between parameters obtained from DCE-MRI 
and oxygen electrode measurements in cervix cancer [138, 141], PIMO in H&NC [142, 
143], [18F]-FMISO in glioblastoma [144]. Besides, DCE-MRI is the only MR technique 
whose measurements have been found to be predictive for the radiotherapy outcome 
both in preclinical and in clinical settings [52, 145].  

[15O]-labelled water is a PET tracer that allows the estimation of tumor perfusion. 
Nevertheless, the conflicting results obtained from clinical studies in H&NC patients 
questions the usefulness of the method as a hypoxia marker [146, 147]. 

Tumor blood flow estimated by computed tomography (CT) perfusion is comparable 
to [15O]-labelled water perfusion [148]. The advantages of CT perfusion is a more widely 
availability and a less expensive cost than [15O]-labelled water. H&NC patients with 
reduced perfused tumors assessed by CT presented poorer radiotherapy outcome [149-
151]. Yet, the attempt to correlate the CT perfusion and pimonidazole was unsuccessful 
[142]. 

Cautions should be taken when using perfusion markers to assess hypoxia since 
hypoxia is not only determined by oxygen supply. Other factors contribute to the 
development of hypoxia including the capacity of blood to carry and release O2 or the 
OCR. Interestingly, perfusion markers may become a useful tool providing information 
regarding fluctuating hypoxia. In order to do this, we have to measure the change in 
perfusion rather than the perfusion per se [96].  

2.4.2. Hemoglobin saturation 

Blood oxygen level-dependent (BOLD) MRI is a functional MRI method that evaluates 
indirectly and noninvasively the change in tumor oxygenation by detecting the 
modification in hemoglobin saturation. The method uses gradient echo sequences that 
are sensitive to the effective MR transversal relaxation time of protons T2* (R2* = 1/T2*). 
While deoxyhemoglobin (dHb) is paramagnetic, oxyhemoglobin (HbO2) is not. Thus, dHb 
creates large magnetic field variations that modify the relaxation properties of the 
protons of water molecules (especially T2*) in blood and in the surrounding tissue 
resulting the change in MRI signal intensity [12].  
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It should be noted that BOLD signal is also sensitive to other factors than the change in 
dHb concentration, such as variations in blood volume, blood flow, hematocrite 
concentration, pH, glucose level and temperature [22]. The use of multiple echo 
sequence is intended to assess a BOLD signal that is independent on the inflow effect 
[152].  

Preclinical and clinical evidences have evidenced that the BOLD signal is able to assess 
the change in tumor oxygenation induced by hyperoxic challenges [139, 145], yet 
correlation with absolute tumor pO2 is controversial [153, 154]. Correlations of MR signal 
with the hypoxic marker pimonidazole produced conflicting results [155, 156]. In a 
preclinical study using OCR modifiers, insulin and a non-steroidal anti-inflammatory 
drug, intended to modify tumor oxygenation, a lack of change in BOLD signal was 
observed [157]. In brief, BOLD-MRI is useful to qualitatively assess the change in 
oxygenation induced by an increase in oxygen supply as well as the effect of the 
treatment on radiation therapy [158]. Indeed, the relationship between BOLD signal and 
pO2 is curvilinear where the change in MRI signal is more pronounced at pO2 around 5 
to 15 mmHg than at pO2 around 40 to 50 mmHg [158]. Moreover, BOLD-MRI reports 
tissue oxygenation via the evolution of dHb concentration but does not measure pO2 
directly. Consequently, the sensitivity of the approach is reduced in regions containing 
small amount of dHb (e.g. regions of sparse vasculature) or in regions containing too 
much dHb (e.g. large vessels) [158]. 

The advantages of BOLD including the noninvasiveness and the real-time detection 
have been applied to study the fluctuations of hypoxia [11]. Thus, BOLD imaging has 
the potential to address relevant biological questions that may aid treatment design to 
overcome hypoxia. 

2.5. 1H relaxation imaging 

The method is based on the measurement of the longitudinal relaxation time T1 
(longitudinal relaxation rate R1 = 1/T1) of water protons, which is sensitive to the 
dissolved O2 in blood plasma, in interstitial fluid or in intracellular water. Indeed, 
molecular O2 is paramagnetic and shortens the T1 of protons of water molecules 
containing dissolved oxygen. 1H MRI methods present several advantages that make 
the technique translatable for clinical detection of hypoxia, including the noninvasive 
real-time monitoring of tumor pO2 without the introduction of a reporter probe, its 
availability in medical imaging centers, better spatial resolution and more reasonable 
price than PET. Theoretically, the change in relaxation rate is proportional to the change 
in dissolved O2 for a given voxel [159]. Evidences have shown an increase in R1 after a 
hyperoxic challenge [160 - 162]. It should be noted that R1 is sensitive to factors that are 
also unrelated to the change in pO2, including temperature, water content of tissue of 
interest, and blood flow. 
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The frequency of hypoxic regions is an indication of poor clinical prognosis [163]. Despite 
the importance of hypoxia, most clinical radiology and research studies only measure 
average parameter values [164]. The group of O’Connor has validated a R1-based 
approach, with the so called oxygen-enhanced MRI (OE-MRI), to monitor the change in 
tumor pO2 following oxygen breathing to quantify the variations of hypoxia [165, 166]. 
The voxel wise analyses revealed that the combined information on the oxy‐R fraction 
(fraction lacking a positive R1 in response to oxygen challenge) and perfusion data was 
correlated with the hypoxic fraction detected by pimonidazole in two different 

vascularized tumor models, 786–0‐R and SW620 as well as in patients with renal cell 
carcinoma [165, 166].  

One drawback of R1 is its low sensitivity to the change in tumor oxygenation. To 
overcome the limitation, a new technique has been proposed by Jordan et al. [167] in 
2013. The method with the acronym MOBILE (mapping of oxygen by imaging lipid 
relaxation enhancement) assesses the signal of R1 of lipid protons instead of the global 
R1 (including the signal of water and lipid protons, mostly dominated by water proton 
signal), as the solubility of oxygen in lipid is higher than that in water. It was shown in 
lipid‐rich mammary tumors that lipid R1 was more sensitive to both negative and positive 
changes in tumor oxygenation than the conventional global R1 [168]. Besides, the 
authors also found a positive correlation between R1 in lipid and pO2 assessed by EPR 
oximetry. The method had then been investigated in the clinical setting in stroke and 
glioma patients [169, 170]. Both R1 parameters were able to distinguish the unaffected 
brain tissue from the infarcted area in stroke patients [169] as well as from tumors in 
glioma patients [170]. 

3. TARGETING HYPOXIA IN RADIATION THERAPY 

Since tumor hypoxia is a main hurdle that impairs the outcome of cancer therapy, we 
will now describe some therapeutic approaches to overcome hypoxia and their potential 
impact on the response to radiotherapy.  

3.1. Increasing tumor oxygenation 

Tumor oxygenation is the result of the balance between tumor oxygen supply and 
oxygen consumption of cancer cells. Hence, the two possible approaches to increase 
tumor oxygenation consist in increasing oxygen supply or decreasing oxygen 
consumption rate.  

3.1.1. Increasing oxygen supply 

One of the earliest approaches to deal with hypoxia by increasing oxygen supply 
involved the “hyperbaric oxygen (HBO) therapy”. Patients were allowed to inhale high 
oxygen content gas under hyperbaric (typically 3 atmospheres) condition during 
radiotherapy [171]. The method increases the oxygen saturation in blood more than 
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under normobaric conditions. Clinical evidences confirmed the superior outcome of 
radiotherapy given under HBO than under air breathing condition [172]. Patients with 
H&NC, uterine cervix carcinoma, or bronchogenic carcinoma, irradiated under HBO 
showed a significant benefit in local tumor control and subsequent survival. However, 
the complexity of the method and the patient compliance discontinued the use of HBO 
in the clinical setting [172].  

The use of high oxygen gas breathing under normobaric conditions including 100% 
oxygen or carbogen (95% oxygen + 5% carbon dioxide) have been proved to 
radiosensitize tumors [173]. Carbogen (CB) is more advantageous than pure oxygen 
since the CO2 component in carbogen is believed to have a vasodilatation effect and to 
counteract the vasoconstriction effect of breathing high oxygen content gas. Still, clinical 
evidences have failed to demonstrate any significant therapeutic gain using this 
approach [174]. The pre-irradiation gas breathing time (PIBT) could be one explanation 
for the failure since this factor has been shown to be critical for enhancing the irradiation 
effect [175]. Unfortunately, PIBT varies from tumor to tumor thus, it is impossible to pre-
define a common optimal PIBT for a significant outcome improvement. Hence, to 
enhance the response to irradiation, treatment planning should ideally be decided 
individually based on the monitoring of tumor oxygenation. Indeed, thanks to the 
information obtained, oncologists could determine if breathing carbogen can improve the 
tumor oxygenation as well as the moment of maximal reoxygenation to apply irradiation 
on an individual basis.  Besides, the fact that carbogen is more likely to affect diffusion-
limited chronic hypoxia rather than on perfusion-limited acute hypoxia could also 
contribute to the failure of the method.  

Experimental studies have demonstrated that nicotinamide prevents transient 
fluctuations in tumor blood flow and thus reduces acute hypoxia [176]. Hence, the 
combination of nicotinamide and treatment targeted at chronic hypoxia is relevant to 
overcome radioresistance related to chronic and acute hypoxia. The ARCON protocol 
(Accelerated Radiotherapy with Carbogen and Nicotinamide) combined the two 
strategies has rooted since 1990s. The protocol has been pre-clinically validated with 
positive results for the use of ARCON [177]. For clinical studies, phase 1 and 2 trials in 
various tumors have demonstrated the feasibility and tolerability of ARCON [177]. 
Especially, H&NC and bladder cancer have showed a higher local-tumor control rate 
than other studies leading to phase 3 trials of these tumor types [177]. In a phase 3 trial, 
patients with squamous cell laryngeal cancer were randomly assigned to accelerated 
radiotherapy (AR) or ARCON [178]. With a median follow-up of 44 months in 345 
patients, the local tumor control rate was identical for two treatment arms (78% AR 
versus 79% ARCON, p = 0.8) whereas the regional control was better in patients treated 
with ARCON (86% AR versus 93% ARCON, p = 0.04) [178]. Interestingly, the improved 
regional control was specifically observed in patients with hypoxic tumors (100%) but 
not in patients with well-oxygenated tumors (55%) (p = 0.01) [178].  
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Another approach is to improve the oxygen transport capacity of the blood via increasing 
the hemoglobin level. The role of hemoglobin on the response to radiation therapy has 
been well described in smoking and non-smoking H&NC patients with a significant better 
loco-regional control is observed in non-smokers [179]. Indeed, smokers could reduce 
more than 30% of the oxygen-unloading capacity of the blood, which is responsible for 
the reduction of oxygen delivery to tumor. In 1986, Hirst proved that an increase in 
hemoglobin concentration via blood transfusion could increase tumor oxygenation [180]. 
However, the clinical trials using transfusion in anaemic patients revealed conflicting 
results, either positive [181] or showing no effect [182] on radiotherapeutic response. 
The disappointing results coupled with well-known risks of transfusion e.g. infections, 
acute/ chronic reactions and immunosuppression, limited the application of the method. 
The reason for the failure could be that (i) the effect of transfusion to increase tumor 
oxygenation was only transient and (ii) the tumor was able to adapt to this change. 
Indeed, in Danish head and neck cancer (DANHACA) trials, the patients received 
transfusion several days prior to irradiation where adaptation of tumor may occur [182]. 
Thus, the final concentration of hemoglobin might not be as important as the introduction 
of a transient oxygen enhancement via transfusion during radiation therapy to induce an 
optimal radio sensitisation [183]. The hemoglobin level could also be increased by using 
EPO. Unlike blood transfusion, EPO stimulates the production of hemoglobin gradually 
over time. Although EPO improved hemoglobin level in anaemic patients, those who 
received EPO treatment presented a poorer outcome to radiotherapy than controlled 
patients who did not received EPO [184, 185]. Indeed, EPO is a growth factor and 
consequently triggers the development of tumors, outbalancing the effect of the increase 
in tumor oxygenation. 

An improvement in the tumor oxygen delivery can be obtained via manipulating the 
oxygen unloading capacity of blood. Allosteric effector of hemoglobin promotes the 
dissociation of oxygen from hemoglobin by right shifting the oxygen dissociation curve, 
thus increasing tumor oxygenation. Compounds under clinical investigation such as 
OXY111A (myo-inositol tripyrophosphate, ITPP) [186, 187] and Efaproxiral [188] were 
well tolerated and induced an increase in partial pressure of oxygen in preclinical 
models. Efaproxiral has reached phase III in patients with brain metastases from breast 
cancer. Yet, no significant improvement on overall survival has been observed using the 
combination of efaproxiral and whole brain radiation therapy [189].  

Recently, the use of ultrasound-sensitive oxygen microbubble was assessed in a pre-
clinical study. The method involves the injection of surfactant-shelled microbubbles with 
oxygen core intravenously. Then the microbubbles were triggered by noninvasive 
ultrasound to locally increase oxygenation. Results revealed that the method 
significantly increased the tumor pO2 up to 20 mmHg in a xenograft murine model MDA-
MB-231. When combine with radiotherapy, ultrasound-triggered oxygen delivery nearly 
tripled the radiosensitivity of tumor. In addition, the photoacoustic imaging revealed that 
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the transport of oxygen microbubbles is independent of hemoglobin transport. Therefore 
the method can potentially improve oxygenation in avascular regions. [190]  

3.1.2. Decreasing oxygen consumption 

Although most studies have employed increasing oxygen supply approaches to increase 
tumor oxygenation [191], decreasing oxygen consumption is however suggested as a 
more efficient way for this purpose [192]. Indeed, the mathematical simulation of 
Secomb et al., which is based on in vivo data, showed that hypoxia can be abolished 
only by reducing 30% of tumor consumption rate versus an increase in arterial pO2 up 
to 11 times. Thus, modulating OCR becomes an attractive strategy to reduce hypoxia 
and radiosensitize tumor. Different treatments to decrease OCR have been described in 
the pre-clinical settings, and have been reviewed by Gallez et al. [193].  

a) Drug-based OCR modulators 

Cytotoxic drugs 

Paclitaxel (PTX), an anti-cancer chemotherapeutic agent, is able to enhance the 
response of tumors to radiation therapy via multiple mechanisms. Initially, the 
radiosensitization of PTX has been described as the result of at least two factors: the 
tumor reoxygenation and the cell cycle arrested at the radiosensitive G2 and M phases 
[194]. Recently, PTX-loaded micelles (M-PTX) were tested, consisting in a new 
formulation of PTX that increases the Maximum Tolerated Dose (MTD) of the compound, 
[195]. The authors described mechanisms that could be responsible for the 
reoxygenation of the tumors [195]: M-PTX decreases OCR via inducing apoptosis and 
decreasing mitochondrial respiration. In addition, the decrease in cell number also 
reduces the compression of blood vessel caused by tumor cells, thereby elevating tumor 
blood flow and increasing oxygen supply. Consequently, the combined effects of 
decreasing OCR and increasing O2 supply enhance the oxygen availability for the tumor.  

Arsenic trioxide (As2O3) radiosensitizes tumors by decreasing OCR via enhancing 
intracellular ROS (Reactive Oxygen Species) production mediated by decreased GSH 
(Glutathione) levels on the mitochondrial respiratory chain [92]. Importantly, the dose of 
As2O3 to modify tumor oxygenation is below the toxic dose. Of note, As2O3 induces a 
decrease in blood flow that could reduce the oxygen delivery to the tumor. However, the 
overall result obtained is an increase in oxygenation. This observation confirmed the 
theoretical simulation of Secomb [192] that reducing OCR is more important to alleviate 
tumor pO2 than increasing O2 supply. 
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Endogenous NO stimulator and exogenous NO donors 

The radio-sensitizing effect of insulin relates to its ability to stimulate the endothelial nitric 
oxide synthase activity in tumors which triggers the production of endogenous nitric 
oxide (NO). NO reduces tumor hypoxic fraction through a decrease in the tumor OCR 
by the regulation of mitochondrial respiration. NO also presents intrinsic radiation 
sensitizing effects. Similarity, exogenous NO donors such as isosorbide dinitrate and S-
nitrosocaptopril act with a similar mechanism. Finally, nitrites can be selectively 
converted to NO under the low extracellular pH of tumor to enhance radiosensitivity of 
tumor [196]. 

Glucocorticoids (hydrocortisone, dexamethasone, and prednisolone) and 
Nonsteroidal anti-inflammatory drugs NSAIDs (piroxicam, indomethacin, 
diclofenac, and NS-398) 

Evidences have been reported that these compounds can inhibit oxygen consumption 
by affecting the mitochondrial respiratory chain. While NSAIDs are responsible for the 
uncoupling of oxidative phosphorylation in mitochondria [90], the decrease in OCR 
induced by glucocorticoids is explained by the inhibition of cytochrome c oxidase 
(complex IV) of the mitochondrial respiratory chain [91].The effect of glucocorticoids on 
tumor oxygenation improved the radio efficacy by a factor of 1.7 [91]. The response of 
anti-inflammatory drug depends on dose and type of NSAIDs [90].  

Anti-angiogenic agents and Mitogen Activated Protein Kinase (MAPK) inhibitors 

Anti-angiogenic agents were initially believed to destroy tumor vasculature and to cut off 
the oxygen and nutrition supply for tumors. Other findings suggested that some agents 
could transiently normalize abnormal structure of tumor vasculature, making them more 
efficient for oxygen as well as drugs transportation [197]. Some anti-angiogenic agents 
such as SU5416 [198] and vandenatib [199] as well as the electrotransfer of a plasmid 
encoding an antiangiogenic factor, the recombinant disintegrin domain of ADAM-15 
[200], have been found to decrease OCR and then improve tumor pO2.  

The MAPK inhibitor sorafenib has been described to increase tumor pO2 and to improve 
the radiation response in murine FSAII tumors. The sorafenib effect was the combination 
of a decrease in OCR related to the depletion of mitochondrial function and an increase 
in tumor perfusion related to the anti-angiogenic effect (vascular normalization) [201]. 
The epidermal growth factor receptor (EGFR) inhibitor gefitinib was also found to 
improve tumor oxygenation via a decrease in OCR. The depolarization of mitochondrial 
membrane might contribute to this effect [202]. 
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Drug repurposing 

Drugs used in diseases other than cancer but showing mitochondrial inhibition properties 
are potential candidates to radiosensitize tumors such as the anti-malarial atovaquone 
[203], metformin for the treatment of type 2 diabetes [204], the anti-thyroid 
propylthiouracil [205]. 

b) Physical-based treatments 

Irradiation has a profound effect on tumor oxygenation status. First, irradiation 
decreases cell number that is increasing the tumor O2 availability. Second, irradiation 
triggers the production of endogenous NO that increases both the tumor blood flow and 
decreases OCR in surviving cell. Hence, the effect could be beneficial to the outcome of 
fractionated irradiation when an appropriate schedule is applied to match the time point 
of maximal reoxygenation with the timing of irradiation [206 - 208].  

Mild hyperthermia can both radiosensitize tumors via reoxygenation and can kill 
hypoxic cells, thereby enhancing radiation response [209]. The mechanism of tumor 
reoxygenation induced by hyperthermia is the combination of the activation of HIF-1, the 
increase in tumor perfusion and the decrease in oxygen consumption [210]. The 
incorporation of hyperthermia as hypoxia-targeted treatment for irradiation therapy 
becomes one of the best approaches to target hypoxia in order to improve the outcome 
of radiation. The value of hyperthermia has been proved by numerous clinical trials on 
different tumor sites subjected to chemotherapy or radiotherapy [209, 211]. 
Nevertheless, the best way to use the technology remains unclear despite the raising 
number of publications using the approach. Technically, hyperthermia can be 
administered locoregionally or systemically. The delivery of hyperthermia requires 
trained personnel and specialised equipment. Risks of hyperthermia e.g. superficial 
overheating, cardiac dysfunction, coagulation abnormalities, and fall in peripheral arterial 
resistance limits the application of the method in clinical setting [211]. Although further 
studies are needed to clarify the mechanisms by which hyperthermia improved clinical 
outcomes, hyperthermia remains a promising candidate for the future adjunct to 
conventional oncology treatments as the statement made by Januszewski and Stebbing  
‘Scepticism is often justified, but data are increasing and the design of ongoing studies 
is robust. It is time that this technology is given the attention it deserves.’ [211]. 

In brief, many strategies have been developed to increase tumor oxygenation to 
enhance the radiation therapy outcome. In order to screen for a potential candidate for 
clinical evaluation, efforts should be concentrated to understand the exact mechanism 
responsible for the improvement of oxygenation. Besides, in vivo comparison between 
different oxygen modulators is substantial for the selection of the best candidate for 
clinical trials, yet there is a lack of study regarding this subject for the moment. In 
addition, monitoring the dynamic change of tumor microenvironment (e.g. oxygenation, 
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OCR, oxygen blood flow, potential cytotoxic effect) is essential to decide when, how and 
which therapeutic modalities to combine for an optimal treatment outcome. 

3.2. Targeting hypoxic cells 

3.2.1. Hypoxic cell radiosensitizers 

One class of hypoxic radiosensitizers are agents that increase the sensitivity of hypoxic 
cells to irradiation by mimicking the electron-affinity characteristic of oxygen [212]. The 
highly electron-affinic nitroimidazoles have been demonstrated in vitro to radiosensitize 
hypoxic cells [213]. The finding has led to a series of clinical trials to evaluate 
nitroimidazoles as modifiers of hypoxia [214]. Without the patient screening for the 
presence of hypoxia before enrollment in clinical trial, it is difficult to evaluate the benefit 
of a hypoxic modification modality. Despite a considerable heterogeneity among 
individual tumors, the meta-analysis on over 7000 patients enrolled in 50 trials indicated 
a significant benefit of nitroimidazoles to improve the outcome of irradiation therapy. 
Unlike oxygen, nitroimidazoles are slowly metabolized by tumor cells and thus reach all 
the cells in tumors by diffusion. Under hypoxic conditions, the compounds are trapped 
within the cells and stabilize DNA lesions in the presence of ionizing radiation. 
Importantly, toxicity of the drugs can constitute a limitation for the success of the trial. 
Indeed, no benefit can be seen if drug tolerance is below the dose that is required for 
expected hypoxic modifications. Besides, it should be noted that the most tolerable 
drugs of this class present the lowest preclinical radiosensitized activity. Consequently, 
only nimorazole, a less efficient sensitizer but less toxic drug in this class has been 
incorporated into current standard radiotherapy treatment in H&NC in Denmark [182]. 

3.2.2. Hypoxia-activated cytotoxic prodrugs 

Hypoxia-activated cytotoxic prodrugs also target hypoxic cells. Unlike hypoxic 
radiosensitizers, the cytotoxic prodrugs kill cells by reduction from non-toxic prodrugs to 
cytotoxic drugs under hypoxic condition without any external activation. Three basic 
classes of bioreductive compounds having the potential to be metabolized by enzymatic 
reduction under hypoxic condition that have been developed for this purpose are 
quinones, nitroaromatics and N-oxides [215, 216].  

The first compound that has been developed is the quinone mitomycin C. This 
bioreductive alkylating compound was evaluated as adjuvant treatment with irradiation 
therapy on patients [217]. However, the potential of mitomycin C to improve radiation-
induced tumor damage produced conflicting results, with either benefit [218, 219] or lack 
of benefit [220]. The lack of response could be due to the small ability of mitomycin C to 
be selective for hypoxic cells [221]. Despite disappointing clinical results, mitomycin C 
served as the model to develop more efficient quinones with a better selectivity to 
preferentially kill hypoxic cells. Although the two analogues of mitomycin C, porfiromycin 
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and EO9, showed promising preclinical data, no real additional benefit has been found 
clinically [221]. 

Interestingly, the radioradiosensitizer nitroimidazoles have also been found to be 
cytotoxic in oxygen deficient cells [222]. The attempt to improve the weak cytotoxicity 
and the moderate hypoxic cells selectivity [223] has led to the development of new 
analogues of nitroimidazole, such as RSU1069, PR-104 and TH-302. Among them, TH-
302 showed a good selectivity for hypoxic cells in preclinical models [224].  

The lead compound of N-oxide is tirapazamine with a hypoxic-aerobic differential of up 
to 200 in murine cells and 50 in human cell lines [225]. This cytotoxic prodrug has been 
evaluated clinically in numerous types of cancer including lung, cervical, ovarian, H&N 
cancers and melanoma [226]. Nevertheless, the additional benefit of tirapazamine in 
combination with radiation therapy and chemotherapy is conflicting. While a phase II 
clinical trial in H&NC patients showed a general outcome improvement [227], 
randomized trials were somewhat disappointing [226]. These inconsistent results might 
be the consequence of the fact that patients were not screened for hypoxia prior to trial 
enrolment. Therefore, it has been suggested that the additional benefit of tirapazamine 
to conventional oncology treatments could be achieved if patient stratification based on 
hypoxic status is included [183]. Tirapazamine is also suggested to quickly react once 
activated under hypoxic conditions resulting in little cell killing. Besides, this compound 
presented a poor tumor penetration property [228]. However, the potential of 
tirapazamine stimulated interest for the development of related compounds such as 
chlorambucil N-oxide and banoxantrone [215]. 

While previous described agents induce DNA damage once activated by enzymatic 
reduction under hypoxic condition, an emerging strategy involves the design of hypoxia-
activated prodrugs in which an inhibitor of DNA damage repair prodrug is masked by a 
bioreductive group. The proof-of-concept studies provided promising results. The 
hypoxic conditions release the active inhibitor that induces cellular cytotoxicity (CH-01 
[229]) or sensitizes hypoxic radio-resistance cells (BCCA621C [230]). 

3.3. Vascular targeting agents 

The tumor vasculature is considered as one of the factors responsible for the 
development of hypoxia and becomes an attractive target for therapy. Two approaches 
have emerged [231]. The first one prevents angiogenesis from occurring (angiogenesis 
inhibiting agents; AIAs) while the second one damages the already established 
vasculature (vascular disrupting agents; VDAs). 

Although both vascular targeting agents (VTAs) show antitumor effects, significant 
improvements in tumor control have only been seen in combination with radiation [231] 
but not when used alone, even when combined with other VTAs [231, 232].    



50 
 

3.3.1. Angiogenesis inhibiting agents 

Experimental evidences suggested that AIAs could normalize the tumor vasculature, 
resulting in a better functional vasculature for oxygen transport. Consequently, AIAs are 
described to reduce tumor hypoxia and to improve the radiation response [233]. In 
contrary to the promising pre-clinical results, many studies showed that AIAs induced a 
lack of change or even a decrease in tumor oxygenation [231]. The controversial results 
have raised the question about the role of vessel normalization on the outcome of 
irradiation therapy. In parallel, it also underlines the importance of synchronizing of the 
two modalities for an optimal benefit. 

3.3.2. Vascular disrupting agents 

VDAs damage blood vessels and disrupt blood flow to affected tumor regions resulting 
local ischemia and hypoxia. These agents preferably kill the hypoxic cells which are 
already under oxygen and nutrient deprivation [231]. CA4DP, the lead VDA currently 
under clinical evaluation, has been evaluated for its ability to increase response to 
radiation therapy. The agent was tested before, during and after irradiation.  Although 
the drug alone does not have any impact on tumor control, the introduction of CA4DP 
after irradiation significantly improves the local tumor control in rodent C3H mammary 
carcinomas [183]. The combination of irradiation that kills aerobic cells and VDAs that 
kill irradiation-resistant cells constitutes a good rationale for this approach. Moreover, 
the additive tumor response could not be seen when CA4DP was given before radiation 
therapy suggesting the drugs may kill previously hypoxic cells but also induce hypoxia 
in aerobic cells. Consequently, these cells become a source of radiation resistance, 
resulting in a lack of enhancement in radiation response. This observation again outlined 
the importance of an appropriate timing and sequence for an optimal eradication of tumor 
cells. 

3.4. Targeting hypoxia response pathways 

Cells respond to hypoxia by the activation of many genes and subsequent pathways. 
Among the different pathways activated in response to hypoxia, HIF-1 has been 
extensively studied and is considered as a tumor-specific target for anticancer treatment 
[33, 234]. Targeting HIF-1 is considered to improve tumor radiosentization. Based on 
the regulation mechanism of HIF, there are three distinct approaches to inhibit the HIF-
1 pathway: targeting the upstream pathways of HIF-1, targeting HIF-1 directly, or 
targeting on relevant downstream pathways activated by HIF-1 [235].  

BAY-84-7296, an orally bioavailable inhibitor of mitochondrial complex I and hypoxia-
induced HIF-1 activity, has been demonstrated to reduce the hypoxic fraction in tumor 
xenografts and to improve local tumor control in HNSCC after a single dose and 
fractionated irradiation [236, 237]. 



51 
 

YC-1 inhibits the growth and spread of tumors by decreasing HIF-1α accumulation and 
HIF-1 target gene expression under hypoxic conditions [238, 239]. The combination of 
YC-1 treatment and irradiation has been reported to significantly delay tumor growth 
compared to radiation therapy alone [32, 240].  

Acriflavine directly binds to HIF-1α that is blocking HIF-1 dimerization and transcriptional 
activity. The proof of principle showed that the drug can prevent and arrest tumor growth 
via the inhibition of intratumoral expression of angiogenic cytokines, of mobilization of 
angiogenic cells into peripheral blood, and of tumor vascularization. Thus, acriflavine 
becomes a potential molecule to induce radiosensitizing effect [241]. 

Although hypoxia response pathways provide many options for anticancer treatment, 
the clinical usefulness of this approach needs to be confirmed in future research. Indeed, 
the expression of HIF-1 is not limited to hypoxic tumor cells. Evidences have shown that 
cells possessing mutations of human epidermal growth factor receptor 2 (HER2/neu), 
RAS or SRC are also able to activate HIF-1 [242]. Thus, concern is raised in terms of 
the specificity of drugs inhibiting HIF-1 since they could potentially also target aerobic 
cells in tumors [243].  The evaluation of the approach is not easy since hypoxia response 
pathways is a complex network. For example, HIF-1 is a well-known response pathway 
to hypoxia, yet there are probably numerous unknown other molecular pathways that 
respond to the hypoxic environment and vice versa, HIF-1 is not only be regulated by 
hypoxic conditions. Hence, continued research is needed for a better understanding of 
this intricate network which contributes to novel hypoxia-based treatment modalities. 

3.5. Fractionated radiation 

Fractionated therapy is more advantageous than single dose irradiation since the 
method can increase therapeutic effect and decrease severe side-effects in normal 
tissues [244, 245]. The rational of dose fractionation refers to the attribution of positive 
and negative influences of the four “Rs” of radiotherapy: recovery/repair of radiation-
induced damage to the cells, redistribution of cell cycle status, reoxygenation of hypoxic 
cells, and repopulation of surviving cells. All biological effects occur in the time interval 
between dose fractions and are characterized by the magnitude of the effects as well as 
by their kinetics. The sum of the impacts of 4Rs on tumors and normal tissues 
determines whether a change in dose fractionation will generate a therapeutic 
improvement. 

Repair: Cells exposed to sparse radiation suffer from sublethal damage that can be 
repaired. While a high irradiation dose intentionally delivered to tumor induces a cell 
killing effect, normal tissue is also irradiated with unintended sparse irradiation. 
Fractionated irradiation provides injured normal tissue time to repair and gives normal 
cells a potential therapeutic advantage over tumor cells. 
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Repopulation: Although irradiation reduces the total population of clonogenic tumor cells 
in a tumor, cells surviving from radiation can repopulate the tumor by proliferation and/or 
reduced cell loss. This parameter determines the irradiation schedule since the efficacy 
of treatment is reduced if repopulation of clonogenic tumor cells occurs during the course 
of fractionated radiotherapy. 

Redistribution: The radiosensitivity of cells varies with respect to the cell cycles. After 
irradiation, some cells will lose their reproductive integrity and some will retain this ability. 
There is a great possibility that the surviving cells are in S phase, the most radioresitant 
phase.  Thus, irradiation synchronies cell cycle of cells that survive irradiation. With 
increasing time after irradiation, the cell cycle synchronization will be lost and the 
distribution of the cell cycle in surviving clonogenic cells will return the same as before 
irradiation.  

Reoxygenation: The distribution of oxygen to hypoxic tumor cells is dramatically 
improved after fractionated radiotherapy as explained in 3.1.2. Since tumor oxygenation 
plays a substantial role in the radiation therapy outcome, it is important to determine 
when and how the reoxygenation occurs [206]. The knowledge of the timing of 
reoxygenation could provide the clinician with crucial information to adequately schedule 
fractionated irradiation for an optimal eradication of tumor cells while limiting undesirable 
side-effects in normal tissue.  

Several regimes have been proposed that correspond to different situations. The most 
conventional regimes consist in about 1.8–2.0 Gy per day, 9.0–10 Gy per week, and up 
to about 60 Gy in total for 6 weeks. Hyperfractionation is proposed for a better control of 
locally advanced cancers in which smaller doses at a higher frequency are given (1.1–
1.2 Gy twice per day with an interval of about 6 hours). Hence, the total irradiation dose 
is increased with more therapeutic benefit and fewer side-effects. Accelerated 
fractionation is designed for rapid growing tumors with reduced treatment duration. 
Indeed, irradiation is given at a relatively high dose (1.5–1.6 Gy) twice a day while total 
dose is set at the same level as the conventional dose.  

3.6. Hypoxia directed radiotherapy (Dose painting) 

Hypoxia has been well described to reduce the amount of reactive oxygen species 
produced by irradiation and thus limiting DNA damage in hypoxic region. In 
consequence, conventional radiation is only effective in aerobic cells. Since the radiation 
response depends on the locally delivered radiation dose, an optimal eradication of 
tumor could be obtained via “dose painting” by boosting the radiation dose in tumor 
hypoxic regions [246]. The terms “dose painting” describes the heterogeneous 
distribution of irradiation dose within the tumor volume by targeting radioresistant areas 
defined by functional imaging. Three evidence-based-causes of radiation therapy failure 
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in the clinic are the current aims of dose painting: tumor burden, tumor cell proliferation 
and hypoxia [247]. In this thesis, we only address the dose painting of hypoxia.   

In order to adequately design dose painting, number of technological innovations have 
been developed in radiotherapy, including intensity-modulated radiation therapy (IMRT), 
volumetric modulated arc therapy, tomotherapy and proton therapy [248-251]. These 
studies indicated that non-homogenous dose of radiation can be delivered and optimized 
within a tumor to overcome hypoxia with different techniques. For example, the IMRT 
technique allows radiation oncologists to control the distribution of radiation doses by 
the combination of the anatomical/ functional information (obtained by CT, PET or MRI) 
that precisely determines tumor regions for dose boosting and the development of 
multileaf collimators that modulate the photon beam intensity during radiation therapy. 
Besides, the integration of multiple external beams enables a complex three-
dimensional planning of dose distribution.  

The translation of hypoxic functional imaging to dose prescription is currently based on 
two methods: dose painting by contours (DPBC) and dose painting by numbers (DPBN). 

The dose boosting volume in DPBC is selected based on a threshold value e.g. tumor-
to-blood uptake ratio (T/B) ≥ 1.3 for FMISO [252] or standardized uptake value (SUV) 
≥1.4 for Cu-ATSM [253]. Most studies so far have used this approach since it is generally 
simple and easy to implement into conventional clinical routine. However, the trade-off 
of the simplicity (less steep dose gradients, more uniform dose boost regions) makes 
the approach more robust to spatial errors [254]. The evaluations of DPBC based on 
functional image of 18F-FMISO are under clinical trial (reviewed in [255]).  

DPBN individually calculates dose for each voxel of a tumor. Based on local biological 
information from functional imaging, the dose escalation in DPBN schemes is proposed 
as a linear function of image intensity. 

Some authors have suggested “dose redistribution” rather than dose escalation, since 
any improvement in tumor control probability (TCP) is more likely due to the non-uniform 
dose plan rather than to an increase in mean dose [254]. In this scheme, the mean dose 
delivered to the entire target volume is maintained constant while dose is optimized for 
each compartment to improve TCP. Søvik et al [256] have shown that the dose 
redistribution strategy improved TCP comparing to conventional uniform dose. 
Moreover, the TCP could be further enhanced in combination with fractionated 
irradiation. 

A big problem of this approach is to precisely identify the hypoxic regions with current 
clinically available technologies. Since hypoxic regions can be seen at a sub-millimeter 
scale, the most precise modern radiotherapy approaches are unable to assess this 
subregional heterogeneity (the best functional imaging is at millimeter scale) [49].  The 
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insufficient spatial resolution issue results in an averaging problem. As a consequence, 
the detected hypoxic voxels could contain both hypoxic and non-hypoxic cells. 
Meanwhile, in voxels showing a lack of hypoxia, the amount of hypoxia may be not large 
enough to raise the overall threshold value. Besides, tumor hypoxia is also characterized 
by temporal heterogeneity, thus hypoxia measured prior to the start of therapy may not 
be the same as that during therapy. Indeed, studies evaluating the reproducibility of 
intratumor distribution of [18F] misonidazole in head and neck cancer patients revealed 
conflicting results [257, 258]. 

4. IMAGING AND TUMOR HYPOXIA IDENTIFICATION 

As discussed above, oxygen plays a substantial role in treatment response. The 
presence of hypoxia is associated with resistance to therapy and contributes to a worse 
overall prognosis. Dated from 1980’s, evidences of the role of oxygen to the outcome of 
radiotherapy has been well established in preclinical tumor models [259]. This 
knowledge has led to the evaluation of dozens of hypoxia-directed therapies with varying 
degrees of success [260]. Overall, the meta-analysis from over 10,000 patients enrolled 
in nearly 90 randomized trials over the past 40 years favours the use of hypoxia 
modification strategies for a better patient prognosis [260]. However, the benefit of these 
hypoxia modification trials was only marginal. The fact that patients were not screened 
for the presence of hypoxia prior the enrolment influenced the therapeutic value of these 
approaches leading to the unstable results of these trials [261]. In other words, if patients 
have not been selected, we do not know whether the modification is applied on the 
cohort that can benefit or not. In three trials, the combination of cancer treatment and 
hypoxic modification modalities resulted in a better response in tumors previously 
identified as hypoxic at baseline [115, 178, 262]. Despite evidences for a need for 
hypoxia screening, this step has not been an entry criterion in hypoxia modification trials 
yet. This fact emphasizes the need for a method able to estimate tumor hypoxia that 
could be applicable in clinical practice in order to improve clinical protocols testing 
hypoxia-targeted therapies. Yet, there is no currently available method for measuring 
hypoxia in routine clinical setting, nor an approved mean for reducing its impact in the 
management of cancer patients.  

The “4D heterogeneity” of hypoxia is a big challenge for hypoxic detection. Regarding 
the spatial heterogeneity, tumor hypoxia can occur at micron scale with a steep pO2 
gradient between well-oxygenated and hypoxic subvolume (may up to 60 mmHg/mm) 
[49]. Besides, tumor hypoxia is unstable and changes dynamically over time, which is 
described as cycling hypoxia. Depending on the nature of hypoxia, the hypoxic cycles 
could range from minutes to many days. Moreover, the tumor oxygenation varies 
between tumors. The tumor hypoxic status cannot be accurately determined 
anatomically since the amount and severity of hypoxia varies among patients with similar 
histology [259].  Data have shown that the presence of hypoxia is independent of tumor 
size, stage, grade or histology [9]. These characteristics of tumor hypoxia make imaging 
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an ideal method for hypoxia detection. Indeed, imaging presents many advantages that 
fulfill the criteria for hypoxia detection, such as real time monitoring, accessibility with 
minimal or no invasiveness and can function over wide ranges of time and size scales 
involved in biological and pathological processes. An ideal method to follow tumor 
oxygenation should be able to provide real-time measurement, practical for clinical 
routine, repeatable, relatively non-invasive and having high spatial resolution allowing 
repeated measurements not only before treatment, but also throughout and after 
complex therapeutic regimens [263].  

Possessing an adequate tool for measuring tumor hypoxia provides the potential to 
improve the use of existing hypoxia-directed therapies as well as the potential to facilitate 
the development of new approaches to circumvent hypoxia. The tool will aid oncologists 
to stratify patients and to deliver the optimized personal treatment regimens for specific 
individual based on the pretreatment oxygen distributions and the changes in 
oxygenation during therapy. Number of patients enrolled in trials testing new hypoxia-
directed therapies may decrease if screening for pretreatment oxygen levels occurs. 
Thanks to the patient selection, sample heterogeneity could be reduced meaning that a 
smaller population is needed to achieve adequate statistical power [22, 261]. Evaluation 
of the change in tumor oxygenation during a pretreatment intervention to modulate pO2 
may guide oncologist to identify the most beneficial approach for individual patients [264, 
265].  

Another important issue is to maintain the balance between keeping analyses and data 
acquisition simple enough for practical reason and having sufficient information for 
therapy guidance or decision.   

5. ASSESSMENT OF TUMOR OXYGENATION TO PREDICT OUTCOME OF 
RADIATION THERAPY 

5.1. Direct oxygen mesurements 

5.1.1. Polarographic oxygen electrodes 

The development of the Eppendorf histograph marked the revolution that evidenced the 
impact of hypoxia on therapy outcome, especially on radiation therapy.  

In an international multi-center study on 397 patients with advanced head and neck 
cancer treated with radiation therapy, fraction of pO2 values less than 2.5 mmHg (HP2.5) 
measured by Eppendorf was shown to be associated with a poor prognosis [55]. Study 
on advanced squamous cell carcinoma of the head and neck (SCCHN) patients also 
suggested that the pretreatment tumor oxygenation was predictive for radiation 
response when HP2.5 assessed by Eppendorf was used as endpoint [62]. The 
prognostic value of pre-treatment median tumor pO2 measured by Eppendorf has also 
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been demonstrated. SCCHN patients with median tumor oxygenation more than 
10 mmHg presented a significantly better disease free survival compared to patients with 
median tumor pO2 less than 10 mmHg (78% vs. 22%). In addition, a significantly lower 
pre-treatment pO2 was found in relapsing patients [266]. Interestingly, in a study on 134 
SCCHN patients treated primarily with radio- or radiochemotherapy, the evaluation of 
Eppendorf pO2 histography as a predictive test to select patients for treatment 
alternatives was failed, although the impact of the tumor oxygenation on the prognosis 
of patients has been established [54].  

The value of pretreatment oxygenation on disease control following irradiation was 
highlighted by a study in patients with uterine cervical cancer [57]. Tumor oxygenation 
measured by Eppendorf was assessed before and after radiation therapy along with 
other biological parameters: vascular density, cell density, frequency of mitosis and 
apoptosis. The study showed that patients with smaller pre-treatment hypoxic 
subvolume (volume of tumor with pO2 less than 5 mm Hg, HSV5) showed a higher 
control probability after a median follow-up time of 50 months than patients with a larger 
HSV5. Authors suggested that pretreatment oxygenation was more important for patient 
outcome than the post-treatment oxygenation or the changes in oxygenation during this 
time as well as other biological parameters assessed in the study. 

The tumor oxygenation status assessed by Eppendorf has also been evaluated for the 
long-term biochemical outcome after brachytherapy in 57 men with localized prostate 
cancer [59]. The hypoxic tumor was defined of having the pO2 of prostate cancer less 
than 10% the pO2 of normal muscle tissue. Biochemical failure was based on both the 
American Society of Therapeutic Radiation Oncology (ASTRO) (three consecutive 
(prostate-specific antigen) PSA raises) and the current Phoenix (PSA value of ≥ 2 ng/mL 
above the PSA nadir) definitions. With a median follow-up time of 8 years, the pre-
treatment tumor oxygenation status measured by Eppendorf significantly predicted for 
poor biochemical outcome independently of well-established risk factors, including tumor 
stage, Gleason score, and PSA and also for age, perineural invasion, serum hemoglobin 
level, and hormonal therapy use. 

5.1.2. 19F-MRI 

A preclinical study on Dunning prostate R3327-AT1 tumors has evidenced the 
usefulness of tumor pO2 mapping by 19F FREDOM MRI for prediction of irradiation 
response [76]. While breathing hyperoxic gas did not influence on the hypoxic status of 
the tumors as well as on the tumor growth delay after irradiation, tumor oxygenation at 
time of irradiation was observed to be correlated with the therapy outcome, especially 
when mean pO2 > 10 torr. 
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5.1.3. Electron paramagnetic resonance 

Currently, the predictive value of the technique for the outcome of radiation therapy has 
only been assessed in preclinical animal models. 

EPR oximetry 

In vivo evidences showed that pO₂ assessed by EPR oxymetry was able to predict the 
tumor response to radiotherapy as well to monitor the efficacy of co-treatments in order 
to determine the window of reoxygenation for an optimal radiation therapy efficacy [267]. 
The method was also applied for scheduling fractionated irradiation at times of 
reoxygenation induced by carbogen breathing or by irradiation [268, 269]. As monitored 
by EPR oximetry, an increase in tumor oxygenation induced by carbogen breathing 
significantly improved the tumor growth delay after radiation therapy [268]. Moreover, 
Hou et al. have evidenced for fractionated irradiation that the better the tumors were 
reoxygenated after the first irradiation, the stronger the tumor responded to therapy 
[269].  Thus, the assessment of temporal changes in tumor pO2 during fractionated 
radiotherapy can potentially be used to enhance and predict therapeutic response. 
Besides, thanks to the ability to perform repeated measurement, EPR oximetry can 
stratify tumor based on whether an increase in oxygenation occurred after irradiation, 
thereby allowing the design of oxygen guided treatment plans to improve the outcome 
[269].  

EPR imaging (EPRI) 

The advantage of EPRI compared to EPR oximetry is that the approach provides spatial 
information of tumor oxygenation allowing the calculation of tumor hypoxic fraction or 
the distinction between chronic and cycling hypoxia. Radiation dose and fraction of 
hypoxic tumor (pO2 < 10 mmHg) assessed by EPRI have been showed to predict for the 
curability of FSa fibrosarcomas under both normal (air breathing) and clamped tumor 
conditions [86]. Also, vascular renormalization in tumor-bearing mice treated with 
sunitinib, a multi-tyrosine kinase inhibitor, was visualized by longitudinally mapping 
tumor pO2 and microvessel density by EPRI and MRI [270]. The longitudinal and 
noninvasive EPRI monitoring of tumor pO2 allowed identifying the window of vascular 
renormalization of the antiangiogenic treatment where the extent of cycling tumor 
hypoxia was suppressed and the tumor oxygenation was transiently improved. The 
authors evidenced the efficacy of radiation treatment applied during this therapeutic 
window period resulted in a synergistic delay in tumor growth [270].  

5.2.  Indirect oxygen measurements - Exogenous markers 

5.2.1. 2-nitroimidazole IHC markers 

IHC using 2-nitroimidazole markers is widely considered as reference technique to 
detect and quantify tumor hypoxia. The most extensively used marker is PIMO. PIMO 
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binding is prognostic in head and neck carcinomas patients where a better radiation 
induced local tumor control was observed in those with little or no PIMO binding [271]. 
However, in a prospective international multi-centre study, the marker was not predictive 
for loco-regional tumor control or overall survival in uterine cervix patients [272]. Another 
nitroimidazole marker, EF5 is also found to have a prognostic value for outcomes in 
H&NC patients with severe hypoxia [273]. 

5.2.2. PET markers: 2-nitroimidazole and Cu-ATSM                

The hypoxic PET markers have been evaluated in both clinical (Table 2) and pre-clinical 
(Table 3) studies as prognosis factor for outcome after radiotherapy. The most clinically 
studied tracer is 18F-FMISO with the majority of studies involved head and neck cancer 
(Table 2). These studies showed a lack of consistency in terms of image acquisition 
(static or dynamic scan, the delay acquisition) as well as the parameters used to 
determine hypoxic tumor (different parameters, different threshold). In general, tumors 
showing a higher tracer uptake, which was consistent with hypoxia, were more likely to 
present a tendency for poor radiotherapy response [96].   

Table 2: Clinical evaluation to correlate the hypoxia estimated by PET tracers with 
outcome to radiation therapy 

Tracer Tumor 
type(s) 

N PET-related 
parameters 

Treatments Results Ref 

18F-
MISO 

H&N 73 Mean T/Bmax  (chemo)radiot
herapy or 
surgery +/- RT 

Pretherapy FMISO uptake 
was a strong independent 
prognostic measure to 
predict patient survival  

274 

18F-
MISO 

H&N 12 SUVmax at 2 h and 
4 h p.i 
Hypoxia definition: 
SUV>1.4 

RT SUVmax showed 
borderline significance for 
stratifying the patient 
group 

275 

18F-
MISO 

H&N 15 T/Bmax 
Hypoxic volume: 
T/B>1.2 
Pre-, post- and 
during RT scans 

chemoradiothe
rapy 

Disease-free survival 
correlated negatively with 
T/Bmax-pretreatment , T/Bmax-

during treatment and the initial 
hypoxic volume 

276 

18F-
MISO 

H&N 20 2 pretreatment 
scans and 1 mid-
treatment scan 
Acquisition at 2-3 
h p.i 

chemoradiothe
rapy 

Neither hypoxia presented 
or not as detected on the 
mid-treatment PET scans 
did not correlate with 
patient outcome 

277 

18F-
MISO 

H&N 17 Median SUVmax: 
2.3 
Median T/M: 1.3 
Pretreatment 
scans at 150 min 
p.i. 
Hypoxic volume: 
uptake ≥ Median 

surgery or 
(chemo)radiot
herapy 

Hypoxic tumors defined by 
SUVmax or T/M had lower 
local tumor control rates 
with RT.   
Only hypoxic tumors 
defined by SUVmax had 
lower disease-specific 

278 
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SUVmax or Median 
T/M 

survival rate with RT or 
surgery. 

18F-
MISO 

H&N 25 SUVmax 
T/Bmax 
Hypoxic volumes 
at different T/B 
1 pretreatment 
scan and 3 scans 
during treatment  
Acquisition at 2 
and 4 h p.i 

chemoradiothe
rapy 

The local-progression-
free-survival endpoint 
correlated with all FMISO-
related parameter at the 
week 1 and 2 time-points 
after the treatment started.  

279 

18F-
MISO 

H&N 22 Median T/Bmax: 2 
Acquisition at 4 h 
p.i 

chemoradiothe
rapy 

To accuracy predict the 
treatment outcome, the 
common pre-defined 
T/Bmax should deviate less 
than 10% from reference 
conditions (T/Bmax: 2). 

280 

18F-
MISO 

Gliobla
stoma 
multifor
me 

22 Pretreatment scan 
at 2 h p.i 
Median T/Bmax 
Hypoxic volume: 
T/B>1.2 

RT Hypoxic volume and 
T/Bmax before radiotherapy 
are strongly associated 
with poorer time to 
progression and survival. 

281 

18F-
FAZA 

Cervica
l 

15 Dynamic and 
static scans 
before, during and 
after therapy. 
T/Mmax: 1.2–3.6 at 
60 min and 
120 min p.i. 

RT Predictive and prognostic 
value of FAZA remains to 
be clarified. 

107 

18F-
FAZA 

H&N 40 Static 
pretreatment scan 
at 2 h p.i 
Repetitive scan 
during RT: 13 
patients 
Hypoxic volume: 
T/M≥1.4 

RT During a median follow up 
of 19 months, patients with 
non-hypoxic tumors had a 
better disease free 
survival rate compared to 
those with hypoxic tumors 
(93% vs 60%). 

112 

60Cu-
ATSM 

Cervica
l 

14 Pretherapy scan 
Recurrence 
threshold and 
hypoxic definition: 
T/M 3.5 

RT and 
chemotherapy 

Cu-ATSM uptake was 
inversely related to 
progression-free survival 
and overall survival. 
With a 14-24 months 
follow-up evaluation, 6/9 
patients with normoxic 
tumors are free of disease 
and 5/5 patients with 
hypoxic tumors have 
already developed 
recurrence. 
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60Cu-
ATSM 

Cervica
l 

38 Pretherapy scan 
Recurrence 
threshold and 

RT and 
chemotherapy 

Cu-ATSM uptake was 
inversely related to 
progression-free survival 

283 



60 
 

hypoxic definition: 
T/M 3.5 

and cause-specific 
survival. 
3-y progression-free 
survival of patients with 
normoxic tumors and of 
patients with hypoxic 
tumors were 71% and 
28%, respectively. 

60Cu-
ATSM 

Cervica
l 

15 _ RT and 
chemotherapy 

With the mean follow-up of 
48 months, the overall 
survival were 75% for 
patients with non-hypoxic 
tumors and 33% for those 
with hypoxic tumors 
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62Cu-
ATSM 

H&N 15 Residual/ 
recurrent 
threshold: SUVmax 
5 

chemoradiothe
rapy  

The SUVmax differed 
significantly between 
patients with or without 
residual/recurrent tumor. 
6/10 patients with SUVmax 
>5.00 had 
residual/recurrent tumor, 
whereas 5/5 patients with 
SUVmax <5.00 were free of 
disease 
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60Cu-
ATSM 

Lung 19 Pretreatment scan 
Responder: Mean 
T/M 1.5 
Non-responder: 
Mean T/M 3.4 
Response 
threshold : T/M 3 

RT ± 
chemotherapy 
or 
chemotherapy 
alone 

With the follow-up 
evaluation of 2-46 months, 
mean T/M was lower in 
responder than non-
responder to therapy.   
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60Cu-
ATSM 

Rectal 17 Hypoxic and 
prognosis 
threshold: Median 
T/M 2.6 

chemoradiothe
rapy  

Both overall and 
progression-free survivals 
were worse with hypoxic 
tumors than with 
nonhypoxic tumors. 
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Table 3: Pre-clinical evaluation to correlate the hypoxia estimated by PET tracers with 
outcome to radiation therapy 

Tracer Tumor type(s) PET-related 
parameters 

Treatments Results Ref 

18F-
MISO 

FaDu human 
squamous cell 
carcinoma 
xenografts 

Pretreatment scan 
from 3.5 to 4 h p.i. 
SUVmax 
Hypoxic volume: 
tracer concentrations 
⩾39% of the maximal 
activity concentration 
within the tumor. 

Single dose 
irradiation 

Hypoxic volume of 
FMISO had a 
negative effect on 
permanent local 
tumor control. 
SUVmax was not  
correlated with local 
tumor control. 

288 
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18F-
FAZA 

C3H mammary 
carcinomas 

Hypoxic threshold: 
Median T/B 

Single dose 
irradiation 

Significant lower 
tumor control was 
found in more 
hypoxic tumors. 
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18F-
FAZA 

9L-glioma Mean T/B Single dose 
irradiation 

T/B significantly 
correlated with 
tumor growth delay. 
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60Cu-
ATSM 

Spontaneous 
sinonasal 
tumors in canine 
patients 

SUVmax, SUVmean accelerated 
hypofractionat
ed radiation 
therapy 

Cu-ATSM PET were 
not predictive for 
therapy outcome. 
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5.2.3. SPECT markers 

The nitroimidazole markers were also labelled with gamma-emitting radioactive isotopes 
for SPECT detection. Among a number of [123I/125I]-iodoazomycin derivatives developed, 
only 123I-IAZA has been evaluated clinically. In H&NC, patients presenting positive 123I-
IAZA scans had a poorer outcome in response to radiotherapy than those with negative 
scans [117]. The non-nitro compound HL91 labelled by 99mTc was found to have a 
prognostic value for the outcome in response to radiation therapy in non-small-cell lung 
cancer patients [292]. 

5.3. Indirect oxygen measurements - endogenous markers 

Numerous clinical studies suggested a high level of expression of HIF-1-related proteins 
is correlated with the poor treatment response [52]. HIF-1α overexpression was 
associated with reduced overall survival or disease-specific survival following 
radiotherapy in patients with squamous cell cancer of the oropharynx [293], cervical 
cancer [294, 295]. The predictive value of CA IX is less consistent than the one of HIF-
1α. The marker was predictive for the (chemo)-radiotherapy outcome only in 
combination with other potential markers, HIF-1α or GLUT-1 [296, 297]. 

5.4. Vascular parameters 

5.4.1. DCE MRI 

DCE MRI indirectly identifies low-perfused tumor regions that suffer from an insufficient 
oxygen supply like hypoxic tumor regions. DCE-MRI is the only MRI marker that has 
been evaluated both pre-clinically and clinically in terms of the predictivity to 
radiotherapy outcome.  

Regarding preclinical studies, low values of ktrans (the volume transfer constant of Gd-
DTPA) were found to be associated with extensive hypoxia and radiation resistance in 
CK-160 and TS-415 cervical carcinoma xenografts and with high incidence of 
metastases in CK-160 tumors [298]. Another study on R-18 melanoma xenografts 
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associated low Ktrans values with the higher probability of resistance to radiation and of 
developing lymph node metastases [299]. Yet, in a study in TLT mouse fibrosarcomas, 
no correlation was found in any of the tested DCE parameters and radiotherapy outcome 
[300]. 

In a clinical study on locally advanced carcinoma of the cervix, patients with poor 
amplitude of contrast enhancement (A) tumors had significantly worse disease-specific 
survival than well-enhancing tumors [301]. The longitudinal changes in DCE MRI signal 
intensity during RT were found to be correlated with treatment outcome in a study on 98 
patients with cervical cancer [302]. On one hand, patients with persistent low perfusion 
tumors measured before RT, during early RT and during RT had a high risk of treatment 
failure. On other hand, patients with initially high perfusion tumors or those with initially 
low perfusion tumors but presenting important perfusion improvement during treatment 
had more favourable outcome. Besides, in another study on 81 cervical cancer patients 
treated with chemoradiotherapy, the percentile–time screening assessed by DCE-MRI 
parameters was predictive for long-term locoregional control after chemoradiotherapy 
independent of tumor stage, volume, and lymph node [303]. The skewness of ktrans was 
predictive for the progression-free survival and overall survival in head-and-neck 
squamous cell carcinoma patients with nodal metastases subjected for chemoradiation 
therapy or surgery [304]. 

5.4.2. BOLD MRI 

Since the BOLD MRI does not directly measure tissue oxygenation, perfused regions 
showing relative high R2* compared to surrounding regions are assumed to be hypoxic. 
Clinical and pre-clinical evidences have described the correlation between BOLD-MRI 
and the outcome of radiotherapy.  

The predictivity of BOLD-MRI has been pre-clinically validated as a prognostic indicator 
of acute radiotherapeutic response in GH3 prolactinomas and RIF-1 fibrosarcomas. Pre-
treatment R2* and carbogen induced ΔR2* were measured prior to radiation therapy in 
both tumor models. The authors found that GH3 tumors exhibiting a relatively fast 
baseline R2* and large ΔR2* showed growth inhibition while RIF-1 tumors exhibiting a 
relatively slow baseline R2* and negligible ΔR2* appeared to progress [305]. Further, in 
a clinical study, pre-treatment R2* was found to be inversely correlated with final tumor 
size in 30 patients with cervical cancer treated with concurrent chemoradiotherapy [306]. 

5.5. 1H relaxation imaging 

Recently, the predictive value of R1 has been investigated in animal models and results 
have shown a correlation between the changes of R1 induced by hyperoxic challenges 
and the outcome of radiation therapy. Study on Dunning R3327-AT1 rat prostate tumors 
demonstrated a strong correlation between tumor growth delay following single dose 
irradiation and the change in tissue oxygen level dependent (TOLD) signal induced by 



63 
 

oxygen [154]. Another study on the same tumor models showed the utility of the change 
of TOLD induced by oxygen challenge to predict the tumor response to hypofractionation 
[307]. Nevertheless, these studies are only preliminary and further investigations are 
needed.  

In conclusion, all described methods are able to predict the outcome of radiotherapy. 
Nevertheless, the results cannot be used to stratify patients that are hypoxic on an 
individual basis [52]. Since each method reflects one aspect of the tumor 
microenvironment, combining different approaches is more robust to assess tumor 
oxygenation. Besides, the majority of studies assessed tumor oxygenation by average 
value leading to the loss of spatially heterogeneity information. Consequently, analyses 
of hypoxic heterogeneity may improve the predictivity of the method used and potentially 
be able to stratify patients on an individual basis. 
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In oncology, hypoxia is associated with poor patient prognosis and can be responsible 
for resistance to radiation therapy. Yet, despite an increasing number of studies 
developing approaches to alleviate hypoxia, none of the approach could be translated 
in routine clinical practice to improve the outcome of cancer treatment yet.  This might 
be due to the fact that screening for the presence of hypoxia has not been the entry 
criterion prior to hypoxia modification trials. Thus, there is an important need for a 
technique to identify hypoxic regions in tumors for treatment optimization. Among the 
different techniques developed to measure oxygenation, we focused on MRI based 
oxygen sensitive endogenous contrasts including R1 and R2*. R2* is sensitive to the 
concentration of dHb and reflects vascular oxygenation, whereas R1 is sensitive to 
dissolved O2 concentration and thereby reflects tissue oxygenation. The sensitivity of R1 
to the change in oxygenation has been improved by assessing the signal of R1 of lipid 
protons (lipid R1) [167] instead of water protons. However, the method was only validated 
in lipid-rich tumor models. In this thesis, in order to expand the application to non-lipid-
rich tumors, a biexponential deconvolution method was used to extract R1 of lipid protons 
as well as R1 of water protons (water R1).  

The aim of this thesis was to address the value of combined endogenous MRI 
biomarkers R1 and R2* for the guidance of hypoxia-driven intervention in radiation 
therapy. Indeed, the combination of these two parameters is expected to assess tumor 
oxygenation more robustly than the use of an individual method. For this purpose, R2* 
along with different R1 MR-derived parameters, including lipid R1, water R1 and global 
R1 were evaluated in terms of sensitivity to changes in tumor oxygenation and in terms 
of predictivity to radiation therapy outcome. To achieve this goal, the thesis was divided 
in two parts. The first part involved the validation of imaging MRI biomarkers using an 
hyperoxic carbogen breathing challenge to modify tumor oxygenation. The sensitivity of 
MRI biomarkers was assessed in three ways. We first cross-validated the combined R1 
and R2* MR biomarkers with a quantitative oximetry technique, EPR spectroscopy. We 
then evaluated the ability of biomarkers to predict basal tumor oxygenation and response 
of tumor to carbogen breathing. Finally, MRI biomarkers were evaluated for their 
predictive values as biomarkers of radiation therapy outcome. 

In the second part, we investigated the ability of combined endogenous MRI biomarkers 
to assess changes in tumor oxygenation using an allosteric effector of hemoglobin, myo-
inositol tripyrophosphate (ITPP). The rationale for this choice relies in the different 
mechanisms of reoxygenation of carbogen and ITPP. While carbogen increases the 
oxygen supply by saturating the arterial blood with oxygen, ITPP is known to decrease 
the binding affinity of O2 for hemoglobin thus enhancing the dissociation of Hb-O2 
towards a higher tissue oxygenation [308]. The purpose of this second part is to improve 
the knowledge on the predictive value of the oxygen-dependent MR biomarkers R1 and 
R2*, by assessing their behavior in response to an alternative way to modify tumor 
oxygenation.  
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2. APPLICATION OF IMAGING MRI BIOMARKERS TO ASSESS CHANGES IN 
TUMOR OXYGENATION INDUCED BY ITPP 
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1. MAJOR FINDING OF THE THESIS 

The overall aim of the thesis was to validate MRI biomarkers that could be further 
assessed as tools to stratify patient on an individual basis for personalized therapy. For 
this purpose, we assessed the predictivity of different MRI biomarkers in terms of 
response to hypoxia-driven intervention and of outcome to radiation therapy in two rat 
tumor models (rhabdomyosarcoma and 9L-glioma). The predictivity of the R1 global 
(R1G) tissue oxygenation parameter, and of the two derived-parameters, R1 lipid (R1L) 
and R1 water (R1W), was evaluated individually and in combination with R2*, assessing 
vascular oxygenation. In this thesis, the fast and slow components of R1G were 
deconvoluted and attributed to lipid (R1L) and water (R1W) relaxation rates, respectively.  
For reference, MRI biomarkers were cross-validated with the quantitative EPR oximetry 
method.  

1.1. Validation of MRI biomarkers 

The hypoxia-driven intervention used in the first part of the thesis is carbogen. The 
experiments were conducted under air and carbogen breathing conditions to broaden 
the range of pO2 as well as to identify tumors benefiting from the challenge. 

1.1.1. Sensitivity of MRI biomarkers to changes in tumor oxygenation 

In both tumor models studied, carbogen generated a significant increase in tumor 
oxygenation as measured by EPR oximetry. We observed a decrease in R2* 
corresponding to a decrease in [dHb] relating to the saturation of hemoglobin and an 
increase in all MR-derived R1 parameters corresponding to an increase in dissolved O2. 
The changes in MRI biomarkers were consistent with the EPR results. Yet, no correlation 
between pO2 assessed by EPR oximetry and any of the MRI biomarkers was obtained. 
In conclusion, R1 and R2* were not evaluated as quantitative but as qualitative to monitor 
tumor oxygenation.  

1.1.2. Sensitivity of MRI biomarkers to predict the basal tumor pO2 and response 
to CB 

In the next step, we investigated the influence of the basal oxygenation on the amplitude 
of response to carbogen. In the vascular compartment, we observed strong correlations 
between basal R2* and carbogen-induced change in R2* (∆R2*) which means well-
oxygenated vasculature tumors responded less to carbogen and vice versa. Moreover, 
the observation was also true at the intratumoral level. Besides, an increase in the O2 
supply in the vascular compartment (∆R2*) was found to induce an elevated tumor 
oxygenation in the tissular compartment (∆R1G, ∆R1W, ∆R1L), which is consistent with the 
mechanism of action of carbogen. Despite the negative correlation between the change 
in tissular oxygenation (∆R1G, ∆R1W, ∆R1L) and the basal R1 (including R1G, R1W, R1L), R1 
and ΔR1 maps suggested a possible relation of R1 and ∆R1, suggesting that well 
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oxygenated regions responded better to CB and vice versa. The observation questioned 
the robustness of the median value of R1 and R2* to assess tumor pO2. Indeed, the 
averaged values of MRI biomarkers mask the tumor heterogeneity, which is an important 
feature of hypoxia. We therefore decided to apply a multi-parametric analysis to explore 
the response of tumor to carbogen breathing at the voxel scale. Tumors were analysed 
voxel-wised based on the response of R1s and R2* to the carbogen challenge. Each 
voxel was then categorized to one of four hypoxic features (mild hypoxia, severe 
hypoxia, normoxia and vascular steal). The results showed that 9L–gliomas presented 
more normoxic fractions, whereas rhabdomyosarcomas presented more hypoxic 
fractions, which was in accordance with a previous study using 18F–FAZA and EPR 
oximetry [290].  

In conclusion, basal R2* was shown to be predictive for the magnitude of response to 
the carbogen challenge in the vascular compartment (∆R2*). In addition, an increase in 
O2 supply (∆R2*) resulted in an elevated tumor oxygenation (∆R1). Yet, we also found 
that median R1 and R2* were not robust enough to represent the tumor pO2, or the extent 
of hypoxia. The voxel-wise heterogeneity analysis using the response to carbogen of 
combined R1 and R2* was able to stratify tumors based on their hypoxic status. 

1.1.3. MRI parameters as predictive markers of response to the outcome of 
radiation therapy 

For this purpose, tumors subjected for MRI and EPR were then irradiated either under 
air as vehicle group or under carbogen breathing as hypoxia driven-intervention. The 
radiation therapy responses were then individually correlated with each biomarker.  

In the rhabdomyosarcoma model, carbogen breathing was not able to radiosensitize 
tumors, as illustrated by the lack of difference in tumor growth delay between the cohort 
irradiated under air breathing condition and the one irradiated under carbogen breathing 
condition. Therefore, there was a lack of oxygenated tumors in the correlation. Indeed, 
although carbogen significantly increased tumor pO2 in this group, most of the tumors 
showed pO2 remaining below 10 mmHg.  

In the 9L-glioma model, a tumor control dose 50 (TCD50) assay was conducted. This 
assay is described to be more clinically relevant than the standard growth delay assay. 
Carbogen decreased the TCD50 from 41.6 Gy in the group irradiated under air breathing 
conditions to 32.2 Gy in the group irradiated under carbogen breathing conditions.  A 
dose-modifying factor DMF50 greater than one (DMF50 = TCD50air / TCD50CB = 1.29) 
confirmed the radiosensitizing properties of carbogen in this tumor model. The 
predictivity of MR parameters was then assessed at 40 Gy, the dose rate that showed a 
maximum difference in response to irradiation between CB and air breathing groups. 
Logistic regression analysis showed that only R2* was likely to be predictive for the 
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curability of 9L-glioma whereas all R1-related parameters failed to predict the 
radiotherapy outcome.   

In conclusion, despite the fact that carbogen significantly increased tumor pO2 in both 
tumor models, the intervention only radiosensitized 9L-glioma but not 
rhabdomyosarcoma creating a typical situation with one responsive and one 
unresponsive model. In this context, only R2* was predictive for the radiotherapy 
outcome in the responsive model. 

1.2. Application of combined endogenous MR biomarkers to assess 
changes in tumor oxygenation induced by an allosteric effector of 
hemoglobin 

In this part, the predictive value of the combined MRI biomarkers was further validated 
to assess changes in tumor oxygenation induced by an allosteric effector of hemoglobin, 
ITPP, in the same tumor models as the ones used in the first part.  

The ability of ITPP to increase tumor oxygenation in the tumor models under study was 
confirmed by EPR oximetry. We observed that all oxygen-sensitive MR parameters (R1G, 
R1W, R1L and R2*) increased after ITPP administration. While an increase in all MR-
derived R1 parameters corresponds to an increase in dissolved O2, an increase in R2* 
corresponds to an increase in [dHb]. The changes in MRI biomarkers were consistent 
with the mechanism of an allosteric effector of Hb where ITPP reduces the affinity of O2 
to hemoglobin thus increases the O2 release from Hb and increases [dHb]. The result at 
the inter-tumoral level was confirmed at the intra-tumoral level where the majority of 
tumors in both models presented a higher proportion of voxels with ITPP-induced ΔR1>0 
or ΔR2*>0.  

Besides the known mechanism of ITPP, we evidenced that ITPP was also able to induce 
a significant reduction of oxygen consumption rate in vitro in both tumor cell lines studied. 
This effect likely participates to the increase in tumor oxygenation observed in vivo.  

Alternative factors potentially influencing R2* in this context were also evaluated, 
including tumor perfusion, saturation rate of hemoglobin, and blood pH. The right shift 
of the oxygen dissociation curve (ODC) induced by ITPP was confirmed by a decrease 
in saturation rate of Hb. The effect was enhanced by a decrease in blood pH. ITPP 
treatment did not modify the tumor perfusion, excluding the impact of this factor on the 
increase in R2*.   

In conclusion, ITPP was able to increase tumor pO2 in both models under study by a 
combined effect of right shift of ODC, decrease in pH and decrease in OCR. The 
combined MRI biomarkers R1 and R2* were sensitive to these changes at both inter-
tumoral and intra-tumoral level. 
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2. GENERAL CONCLUSION 

2.1. Change in R1 and R2* in response to hypoxia-driven intervention 

In our thesis, two interventions with distinct mechanisms were used to modify tumor 
oxygenation: a hyperoxic challenge and an allosteric effector of hemoglobin. These 
oxygen modifiers are not supposed to alter tumor perfusion nor blood volume, thus the 
change in R1 and R2* were assumed to directly relate to the change in dissolved oxygen 
and in [dHb], respectively.  

2.1.1. R2* 

In this thesis, CB breathing challenge significantly decreases R2*. Indeed, the decrease 
in R2* is not solely due to the increase in arterial blood oxygen content (that decreases 
the dHb content). Potential factors that may influence R2* signal under carbogen 
breathing challenge are the changes in blood flow, blood volume or blood pH. The 5% 
CO2 component of carbogen gas is known to counteract the vasoconstriction effect of 
high-oxygen content gas breathing and induces the vasodilation effect in mature blood 
vessels. Thus, breathing CB may cause the change in tumor blood flow and in tumor 
blood volume. Since no evidence was shown that CB is able to change the tumor OCR, 
we suppose that the oxygen uptake of tumor cells remains constant over the course of 
CB breathing. Hence, an increase in blood flow decreases venous dHb content because 
the fraction of the oxygen extracted from the blood is reduced. In addition, an increase 
in blood flow may create the inflow effect. The effect is explained since water in blood 
flowing into imaging slice produces a stronger signal than the static water molecules 
already excited in the imaged slice. Images obtained with MRI sequences with a short 
repetition time and high flip angles (30°-90°) are sensitive to the inflow effect [158]. In 
this thesis, we used a low flip angle (10°) to minimize the in-flow effect. A method that 
allows the quantification of blood flow without the use of contrast agents is arterial spin 
labelling (ASL) [309]. The technique involves the use of arterial blood water as tracer by 
magnetically labeling. The water signal of a slice outside of the tumor volume is inverted 
by a saturation pulse. Then, a reduction in signal is observed using MRI as the labeled 
blood water is delivered to targeted tissues.  

While the increase in blood flow enhances the decrease in R2*, CB could also induce 
effects that changes R2* in the opposite direction. First, the steal effect occurs in regions 
where blood vessels are immature and lack smooth muscle receptors. While CB causes 
vasodilation in mature vessels, immature vessels fail to respond. Consequently, blood 
is redistributed from regions of immature vessels that further enhance the hypoxic 
situation. Second, CO2 may induce a decrease in blood pH that right shifts the ODC of 
hemoglobin according to Bohr effect. This would increase dHb content that increases 
R2*. In addition, the vasodilation effect of carbogen may increase blood volume in 
affected region that increase the local [dHb]. Last but not least, the increase in 
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paramagnetic dissolved oxygen in well oxygenated region could also lead to an increase 
in R2*.  

In breft, the R2* signal obtained is the result of the combination of several effects. That 
may explain the presence of both positive and negative ∆R2* voxels in response to CB 
breathing observed in our study. It may be complicated to distinguish the contribution of 
each factor on the obtained R2* as well as to determine which one rules over the change 
of R2*. In order to have a better understand on R2* behaviour, a possible solution is to 
combine R2* with other biomarker, for example R1, as we have done in this thesis. 

Despite both interventions induced significant increase in tumor oxygenation, the change 
in R2* was not similar. Indeed, a decrease in R2* under carbogen breathing is related to 
the saturation of arterial blood that decreases [dHb] and a possible increase in blood 
flow as explained above. Whereas, an increase in R2* under the effect of ITPP means 
an increase in [dHb]. Interestingly, two other studies found out that allosteric effector of 
hemoglobin may increase or may not change R2* regardless significant increases in 
tumor pO2 [310, 311]. Figure 11 may explain the different R2* signal changes (increase/ 
decrease/ lack of change). If the allosteric effector does not induce any change in tumor 
blood flow or blood volume, but only induces change in the ODC, the saturation of 
hemoglobin should be determined by the new corresponding pO2 value (Figure 11) at 
the new ODC. The three situations A, B and C illustrated in Figure 11 may be illustrative 
of the change in R2*, which is determined by the degree of Hb saturation. Of note, the 
equilibrium of pO2 after treatment depends on many factors including tumor type and the 
impact of drug on metabolic rate or on oxygen consumption rate of tumor cells. In 
addition, the use of R2* to assess the effect of oxygen consumption modulator has shown 
limitations [193]. Indeed, the mechanism of these agents is usually complex and relates 
to the change in tumor perfusion and in cell metabolism. Thus, the change in R2* induced 
by an oxygen consumption modulator may not reflect the real change in tumor pO2.  In 
brief, R2* is more suitable to monitor change in tumor oxygenation during hyperoxic 
challenge. Nevertheless, caution should be made when assimilating the change in R2* 
and the change in tumor pO2 since we have evidenced the positive or negative change 
in R2* induced by carbogen is related to the hypoxic status of the tumor region.  



154 
 

 

Figure 11: The complexity of R2* under the effect of allosteric effector of hemoglobin. Of 
note, if there is no change in the blood flow or blood volume, an increase in the degree 
of hemoglobin saturation which means a decrease in the proportion of dHb leads to a 
decrease in R2* and vice versa. A, B, C illustrated three possibilities of R2* if the allosteric 
effector induces a shift in ODC and an enhancement in tumor pO2. The change of R2* 
depends on the degree of Hb saturation but not on the real tumor pO2. 

 

2.1.2. R1 

In contrary to R2*, both carbogen and ITPP induced a significant increase in R1 which is 
consistent with the change in tumor oxygenation assessed by EPR oximetry. Efforts 
have been made to improve the sensitivity of R1 such as OE-MRI [263] or R1 of lipid 
[167]. Besides, R1 also successfully monitored the negative change in tumor pO2 
induced by CA4 [168] or hydralazine [165]. In brief, R1 could seem to be suitable to 
monitor changes in tumor oxygenation. However, this parameter was neither 
quantitatively correlated with actual pO2 values, nor shown to be correlated with radiation 
therapy outcome in our studies. 
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2.1.3. Combined MRI endogenous biomarkers and heterogeneity analysis 

R1 and R2* are complementary in essence since one reflects tissular oxygenation and 
the other reflects vascular oxygenation, respectively. We evidenced the utility of 
combining R1 and R2* in assessing the intratumoral heterogeneity of the response to a 
hyperoxic challenge by a multi-parametric analysis. The approach could be useful to 
stratify patients for carbogen breathing and to characterize the basal tumor oxygenation 
status. Besides, the combined analysis could have the potential to guide dose-painting 
studies.  

The voxel-wise heterogeneity analysis was also useful to predict the response of tumors 
to ITPP treatment with the majority of voxels presented an increased in R1 and R2*. Yet, 
the analyses were based on one MR parameter, R1 or R2*. We did not perform a multi-
parametric analysis using combined MRI endogenous biomarkers because the 
mechanism of action of ITPP is complex. Indeed, the changes in R1 and R2* were the 
results of the combination of multiple effects. Hence, in the context of our study, we still 
lacked of proof to associate the changes in R1 and R2* induced by ITPP and the real 
change in tumor pO2 to perform the multi-parametric analysis. 

Figure 12 and Figure 13 summarize the changes in R1 and R2* induced by the carbogen 
breathing and allosteric effector of hemoglobin, respectively. The expected changes in 
MRI biomarkers induced by oxygen modifiers as well as their real changes observed in 
two studied tumor models were described in Table 4 (CB challenge) and Table 5 (ITPP 
administration). 
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Figure 12: Summary of changes in R1 and R2* induced by carbogen breathing 

 

 



157 
 

Table 4: Summary of the changes in R1 and R2* induced by carbogen challenge, 
expected effects created by potential modulators and the results observed 

 Potential modulators Change in R1  Change in R2* 

Expected changes in 
MRI biomarkers 

Vasodilation effect of 5% 
CO2 

  

 ↑ blood volume ↑ R1 ↑ R2* 

 ↑ blood flow (↓ 
fraction of O2 
extracted) 

↑ R1 ↓ R2* 

 Induce in-flow effect / ↓ R2* or not depend on flip 
angle  

 Induce steal effect ↓ R1 ↑ R2* 

5% CO2 induces ↓ pH (right 
shift ODC) 

↑ R1 ↓ R2* or ↑ R2* or does not 
change R2* 

95% O2 saturates arterial 
blood 

↑ R1 ↓ R2* 

Observed changes 
in MRI biomarkers 
(c.f. Figure 12) 

 Severe hypoxic 
regions 

↓ R1 (↓ [dHb], 
[O2] const) 

↓R2* 

 Mild hypoxic regions ↑ R1 ↓ R2* 

 Normoxic regions ↑ R1 ↑ R2* (↑[O2], [dHb]  const) 

 Vascular steal 
regions 

↓ R1 ↑R2* 

Overall changes ↑ R1 ↓ R2* 
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Figure 13: Summary of changes in R1 and R2* induced by allosteric effector of 
haemoglobin 

 



159 
 

Table 5: Summary of the changes in R1 and R2* induced by ITPP administration, 
expected effects created by potential modulators and the results observed 

 Potential modulators Change in R1  Change in R2* 

Expected changes 
in MRI biomarkers 

Allosteric effector of Hb and  
↓ pH (right shift ODC) 

↑ R1 ↓ R2* or ↑ R2* or does 
not change R2* 

↓ Oxygen consumption rate ↑ R1 / 

Observed changes 
in MRI biomarkers 

Overall changes ↑ R1 ↑ R2* 

 

2.2. Qualitative and quantitative aspects of MRI biomarkers 

Studies have been investigated the relationship between tumor oxygenation and BOLD 
MRI. In a preclinical study used carbogen to induce increase in tumor pO2, result showed 
a significant correlation between the average tumor pO2 assessed by Eppendorf 
oximetry and the average signal change in BOLD contrast (r = 0.92 at a 95% confidence 
level) [312]. Yet, the heterogeneity spatial distribution of tumor hypoxia was not 
integrated in the analysis [312]. The technique was further validated by co-registered the 
pO2 assessed by fiber-optic microprobe and BOLD signals in fibrosarcoma xenografts 
during multiple cycles of different hyperoxic gases [153]. However, no spatial correlation 
of absolute pO2 and the magnitude of BOLD signal change was observed that 
questioned the quantitative aspect of R2* [153]. Efforts have been made to calibrate the 
R2* response to estimate the tumor pO2 by correcting on effects potentially influencing 
R2* other than dHb concentration and blood flow.  In a preclinical study on orthotopic rat 
gliomas, T2* was assessed together with the transverse relaxation parameter (T2), 
macroscopic field inhomogeneities (∆B0), and blood volume fraction (BVf) [313]. A 
simulation mathematical model was developed based on the imaging results to estimate 
the absolute blood oxygen saturation (SO2) in the brain tumor model. Although the 
calculated SO2 was comparable to literature values, no difference has been observed 
between SO2 in normal brain tissue and in tumor [313]. Indeed, the calibration of R2* to 
tumor pO2 is not straightforward because the BOLD signal and dHb content are also 
affected by factors unrelated to the change in tissue pO2 [64].  In addition, the curvilinear 
relationship of R2* and pO2 might contribute to the lack of sensitivity of R2* to oxygenation 
[158]. Although the method has not been approved for quantitative estimation of tumor 
hypoxia, R2* has been successfully monitored the change in tumor pO2 induced by 
hyperoxic challenge. Based on R2* basal and carbogen induced-ΔR2*, Burrell et al. have 
characterized two hypoxic tumor models [314]. One tumor model was more hypoxic with 
fast R2* at baseline representing for an abundant dHb concentration. This tumor model 
responded better to carbogen breathing with highly negative ΔR2*. The other tumor 
model was less hypoxic with slower R2* at baseline representing for a poor dHb 
concentration. Carbogen induced almost no change in R2* in this tumor model. The 
result was further pre-clinically and clinically confirmed in renal carcinomas at the intra-
tumoral level by the study of Little et al. [166]. The perfused normoxic voxels presented 
a slower R2* baseline and responded less to hyperoxic breathing than hypoxic voxels. 
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The results of our study are in agreement with the observations of Burell et al. [314] and 
of Little et al. [166].  In addition, multi-parametric analysis suggested the increase in R2* 
induced by carbogen breathing challenge was related to the increase in the 
paramagnetic dissolved O2 or to the decrease in dHb concentration because of the steal 
effect. These results suggested that R2* could be a useful tool to qualitatively monitor 
the change in tumor pO2 induced by a hyperoxic breathing challenge. In the contrary, 
we evidenced that the method may not be suitable to follow change in tumor pO2 induced 
by an allosteric effector of hemoglobin.  

Regarding R1, it is possible to establish a correlation between pO2 and R1. Yet, the 
calibration is not easy to obtain since R1 suffers from the low sensitivity to oxygenation 
change and is influenced by temperature, tissue water content, blood flow, basal blood 
oxygen saturation. Thus, R1 is usually considered as qualitative method to monitor tumor 
oxygenation.  

Colliez. et al successfully correlated pO2 assessed by EPR oximetry and R1L on 
mammary lipid-rich tumor models, MDA-MB-231 and NT2. The lipid content in MDA-MB-
231 and NT2 tumor tissue was 7% and 9%, respectively [315]. Authors also showed that 
R1L acquired by a water spoiler sequence was more sensitive than R1G in assessing the 
change in tumor oxygenation [168]. In this thesis, the sensitivity of R1L in general was 
not superior to that of R1W and of R1G. The reason may due to the bi-exponential method 
used in this study to extract R1L in non-rich-lipid tumor models, 9L-glioma and 
rhabdomyosarcoma. The lipid content of these two models is about 2%. Indeed, R1L was 
attributed to the fast component of R1G where lipid fast relaxation rate may be 
contaminated by the fast relaxation of water linked to macromolecules. Although bi-
exponential de-convolution method might not be as robust as the water spoiler sequence 
to assess R1 signal of lipid protons, we supposed that the amplitude of the contamination 
of fast relaxation rate by linked macromolecules might be weaker compared to the 
contribution of lipid to fast relaxation at least in rhabdomyosarcomas. Indeed, we 
observed R1L was more sensitive to the change in tumor oxygenation than R1G in this 
tumor model. The amplitude of water contamination to R1L in 9L-gliomas might be 
clarified by combining with the pO2 information at the voxel level. A method that allows 
the mapping of tumor oxygenation is 19F-MRI. 

Another issue related to the correlation of MRI biomarkers and pO2 is the temporal 
variation of tumor hypoxia. Since the EPR measurements were done one day after the 
MRI acquisitions, the tumor oxygenation status may not be the same between two 
measurements. Ideally, the reference method should be co-registered at the same 
moment of acquisition of the validated method. 
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3. PERSPECTIVES 

3.1. Preclinical research 

The combined endogenous MRI biomarkers analysis should undergo further 
investigations. The mapping of tumor heterogeneity based on the multi-parametric 
analysis should be validated by other hypoxic imaging modalities to confirm the 
robustness of the approach. A potential method is 18F-FAZA PET imaging since the 
tracers selectively accumulate in hypoxic regions.  

In our study, the irradiation regime applied in our study was a single dose regime 
although the recommended regime in practice is fractionated irradiation. If a single dose 
protocol is sufficient for proof-of-concept experiments, fractionated schemes should be 
considered in further studies. Another perspective for translational purpose is to use 
combined MRI biomarkers to follow the dynamics of tumor hypoxia by monitoring tumor 
oxygenation during treatment. The reason is two folds: to assess cycling hypoxia and to 
determine individually the moment of maximal reoxygenation to apply irradiation. The 
information on the window of reoxygenation is helpful for the timing of fractionated 
irradiation as well as for the combination of hypoxia-driven intervention and radiation 
therapy. Furthermore, the dynamic monitoring of tumor hypoxia allows the identification 
of persistent hypoxia (resistant zones) during therapy. Hence, the treatment planning 
could be individually adapted. Also, it should be noted that during the course of the 
thesis, we selected one representative slice for each tumor based on anatomic image to 
analyse the information of MR oxygen sensitive biomarkers. The process is common in 
the proof-of-concept experiments to evaluate a new approach. In the next step, to 
increase the robustness of R1 and R2*, the analysis should be done on the whole tumor 
volume. The development of an automatic routine that effectively analyses and 
integrates the R1 and R2* data whould be useful for the combined analysis, that could 
be implemented for treatment guidance. Indeed, since tumor hypoxia is not stable over 
time, a treatment guidance tool should provide rapidly and precisely the tumor functional 
spatial information in order to locally adapt irradiation dose (e.g. dose painting). In 
addition, it would be worthwhile to investigate whether the 3D distribution of hypoxic 
regions estimated by combined R1 and R2* is relevant to prescribe a radiation boost or 
an adapted therapy. 

Our study could not demonstrate a superior sensitivity of R1L compared with R1G and 
R1W, the idea of assessing the longitudinal relaxation of lipid protons was therefore only 
valid in lipid-rich tumor models.  

Another important point would be to correlate the fraction of hypoxia determined by 
combined MRI markers with indirect endogenous markers (e.g. HIF1-α, GLUT1, VEGF). 
The approach is appealing to establish a relationship between imaging biomarkers and 
proteins expressed under hypoxic conditions. These studies may aid for the research of 
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molecular signaling pathways and of cellular responses triggered by or modulated by 
moderate and severe hypoxia. 

3.2. Clinical translation 

Considering translational aspects of this work, an advantage is that hyperoxic gas 
breathing interventions and R1 and R2* MRI techniques have already been used in the 
clinical setting, which is an advantage for translational research of the approach. On the 
one hand, clinical evidences clearly showed that the decrease of R2* in response to 
hyperoxic challenge could estimate tumor hypoxia in prostate, cervical, and H&NC 
cancers [316-319]. Regarding R1, a study on patients with advanced cancer of the 
abdomen showed that oxygen breathing increased R1 in 8/10 patients. The results were 
in agreement with the tumor perfusion assessed by DCE MRI [139]. In addition, 
Remmele et al. used the scatter plots of changes in R1 and R2* induced by carbogen 
breathing observed in both normal volunteers and brain tumor patients to investigate the 
response of different regions of interest [320]. T1-weighted oxygen-enhanced MRI using 
oxygen breathing was found to successfully map tumor hypoxia in combined with DCE-
MRI in renal carcinoma patients [166]. On the other hand, R1 and R2* baselines have 
also been investigated as markers of tumor hypoxia. In a study on 25 patients with brain 
neuroepithelial tumors, both global R1 and lipid R1 measured in tumors were significantly 
slower than the values obtained from normal appearing white matter of the same patient 
and from the normal brain parenchyma of healthy volunteers [170]. The results 
suggested the presence of hypoxia in tumors [170]. Yet, the value of baseline R2* to 
predict hypoxia appears uncertain. In a study on 20 patients with prostate cancer, a 
positive correlation between R2* and pimodazole staining was observed with a high 
sensitivity (88%) and specificity (36%) [155]. In another study, no difference in R2* was 
found between brain neuroepithelial tumors and normal appearing white matter or 
healthy brain [170]. 

An important point should be noted when translating the approach from preclinical to 
clinical evaluation is to adapt to technical and practical differences between two settings. 
The imaging sequences in clinical settings should cover a larger region of interest within 
a more restricted timing than in pre-clinical settings. Obviously, the field of view (FOV) 
in clinical study can be as much as 100 times larger than the FOV in preclinical study 
[166]. If the resolution in clinical practice had been the same as in preclinical study, the 
acquisition time would have been increased. Due to a larger FOV and a limited 
acquisition time, the voxel size in clinical studies is usually much larger than one 
obtained in preclinical studies. The increase in voxel size in clinical setting results in 
partial volume averaging effects which reduce the accuracy of the approach. That may 
lead to the lack of predictivity of the markers, especially in regions presenting steep 
gradient of pO2 between normoxia and hypoxia. Perspectives lay on the development of 
actual method towards fast acquisition scheme to improve the acquisition time while 
keeping the small voxel size to reduce the averaging effects [322, 323]. 
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To reduce the patient discomfort as little as possible, the acquisition time should be 
reasonably short. The movement of patient decides the successful of the study, which 
depends not only on the patient cooperation but also on the localization of tumors. The 
longer the acquisition time is, the higher the risk of study failure resulting from the patient 
movement, resulting in the impossibility to acquire robust ΔR1 and ΔR2* maps. The risk 
underlines the importance to maintain the patient immobile throughout the 
measurement. The adoption of contention system using for radiation therapy may be a 
direct solution to achieve the optimal patient immobility. Yet, replication of the fabrication 
of contention system should be foreseen if the dynamic monitor of tumor oxygenation 
during therapy is adapted. Indeed, the reduction in tumor volume and/or in patient 
morphology, particularly due to weight loss is usually observed during the treatment.  

Another challenge that we have to face in clinical study is physiological movements 
related to breathing and swallowing that hampers the correct application of the approach 
on the upper part of the body (e.g. H&NC). Little et al have successfully used OE-MRI 
in renal carcinoma in patients [166]. This study evidenced the feasibility to map tumor 
hypoxia using multiple MRI techniques with a hyperoxic breathing challenge in tumors 
located in the lower part of body.  

Evidences have shown the impact of hypoxia on treatment outcome. Yet, an approach 
to assess the efficacy of agents able to circumvent hypoxia is still unavailable for routine 
clinical practice despite extensive studies dedicated to this subject. The disposition of 
an imaging biomarker to stratify patients and evaluate the response to treatments is 
crucial to determine the translatable properties of a promising hypoxia-driven 
intervention into the clinic. The hypoxic intervention that was extensively studied in the 
course of this thesis is carbogen breathing. The approach has also been investigated in 
clinical trial in ARCON protocol. Of note, results from the Phase III ARCON clinical trial 
in H&NC was disappointing since patients received ARCON protocol did not show 
significant improved overall survival compared to control patients who received a 
standard treatment [178]. Also in the study, authors identified that only patients with 
hypoxic tumors (using pimonidazole) benefited from ARCON intervention [178]. The 
finding underlines the need to have a tool to identify patients who would benefit from 
hypoxia modification intervention for radiation therapy. Another factor is the ability to 
identify on the individual basis the effectiveness of the treatment on patient, the 
dynamics of the effect, the fraction of tumor that is responsive and the fraction that is 
resistant to the treatment. Herein, we have evidenced the use of combined endogenous 
MRI biomarkers under carbogen breathing could address these two factors. Thus, the 
approach may serve as a powerful tool for reoxygention challenge protocol. The pre-
breathing time protocol of carbogen could be improved and personalized by using 
repeated measurements to follow the dynamics of the effect. 

Dose painting that delivers non-uniform dose to the tumor is attractive since hypoxic 
tumor regions could receive a boost of irradiation. Yet, the translation to clinical arena 
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confronts hurdles. Indeed, at the moment, dose painting has been selected based on 
PET imaging. Of note, as the hypoxic region can be presented at micron scale, the 
millimeter resolution of PET scan causes the average problem as presented above. 
Moreover, PET tracers identifying hypoxic regions are FMISO, Cu-ATSM and FAZA. 
Among them, the hypoxic specificity of Cu-ATSM remains unclear.  Another problem is 
to define the maximal tolerated dose to lower the side effects. For example, in a study 
applied DPBN based on 18F-FDG, patients were treated with two doses 80.9 Gy and 
85.9 Gy [324]. During the latency period of 4 to 10 months, 36 % of patients irradiated 
with 85.9 Gy developed mucosal ulcers versus 14 % of patients irradiated with 80.9 Gy. 
In addition, the biological interpretation of images is not straightforward. Evidence 
suggested that the uptake of FMISO differs between cell types and the extent of necrosis 
may influence the analysis of the images [325]. The constraints are also imposed by the 
techniques for dose delivery such as defying the maximum dose gradient or the accuracy 
of patient position [254]. Since it is still unclear how to effectively use dose painting for 
the best patient benefit, many studies are needed to apply MRI functional imaging based 
dose painting.  

The concept of guiding irradiation by an imaging tool is ideal and crucial for dose painting 
because of the dynamics of tumor hypoxia. Yet, it may not be directly applicable in 
clinical setting since imaging and irradiation facilities are still apart. Consequently, the 
approach of hypoxia imaging-directed for irradiation planning at the same day would 
create a big burden for imaging and therapy planning.  
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