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Thesis Abstract 

 
 
 
High-grade gliomas are relatively rare and highly aggressive tumors affecting the brain. Despite 

significant research efforts in the last decades, survival for patients with high-grade gliomas is still poor. 

A number of research outputs have underlined the role of the hypoxic microenvironment on the 

aggressiveness and resistance to conventional therapies. Several hypoxia-modifying treatments are now 

available. However, there is an unmet need to bring a non-invasive imaging technique to the clinical 

setting in order to quantify tumor hypoxia and stratify patients with brain tumors based on hypoxia 

imaging findings. Oxygen-enhanced Magnetic Resonance Imaging (OE-MRI) appears as an intriguing 

and promising method to measure tissue hypoxia.  

The main goal of the two first experimental chapters of this thesis was to investigate the measurability 

and reproducibility of the percentage change of the longitudinal relaxation rate (R1), a commonly used 

parameter in OE-MRI studies to quantify tissue oxygenation, in normal brain and brain tumors. 

In a further study, employing Dynamic contrast-enhanced MRI, we explored the possibility of 

characterizing different tumor habitat types in patients with high-grade glioma and predict overall 

survival (OS) by means of the analysis of the histogram of the extravascular extracellular volume 

fraction (ve). 
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Furthermore, I was also coinvestigator in other research studies using non-

conventional PET tracers in patients for the evaluation of hypoxia ([18F]FAZA), flow 

([15O]H2O) in high-grade gliomas and neuroinflammation ([11C]-(R)-PK11195) in 

brain metastases. 

Over the course of the last 4 years, I acquired experience with software for statistical 

purposes, image analysis and got basic experience with programming.  

I contributed to the recruitment of patients, acquisition, analysis and statistical analysis 

of the imaging studies included in this thesis. In the same time, I improved my clinical 

skills participating to reporting sessions at the Nuclear Medicine Department of the 

Central Manchester University Hospital as Honorary Clinical Fellow. 

I moved back to my hometown, Palermo, in June 2017, after 10 years spent in different 

institutions. Now, I hope to have in future the chance to translate my research skills to 

the clinical setting. 
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Chapter 1 The Journal Format Thesis 

 
 
 
1.1 Preface 

The objective of my research is providing validation of a relatively novel imaging 

technique, Oxygen-enhanced Magnetic Resonance Imaging (OE-MRI), in the 

quantification of tumor hypoxia in patients with brain tumors, specifically high-grade 

gliomas. In my thesis I will discuss also MRI techniques and Positron Emission 

Tomography (PET) imaging in the evaluation of the tumor hypoxic environment.  

 
 
1.2 Organization and Structure of the Thesis 

Chapter 2 Context and Rationale  

Chapter 2 will provide an overview of brain tumors, with a focus on high-grade 

gliomas, tumors arising from the glia, the supporting tissue of the Central Nervous 

System (CNS). The chapter begins with the presentation of epidemiological 

information, classification and essential histological information of gliomas. In this 

section a summary of the available treatments for high-grade gliomas will also be 

discussed. Then, the biology of hypoxia, a phenomenon characterized by inadequate 

oxygen concentration to allow the normal execution of biological functions, will be 

analysed. Hypoxic tumors are commonly known to demonstrate resistance to common 

treatments. Patients with hypoxic tumors have usually a worse outcome compared to 

patients with non-hypoxic tumors. In the last decades, new treatments targeting tumor 

hypoxia have emerged and imaging techniques to evaluate hypoxia are now 

experiencing a renewed interest by the scientific community. Reliable measurement of 

tumor hypoxia by means of non-invasive imaging techniques, as PET or MRI, may 

help defining subclasses of patients who may benefit from the administration of 
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hypoxia-modifying treatments. In the last section of the 2nd chapter an outline of PET 

and MRI techniques currently available in this settings will be presented to the readers. 

 
Chapter 3 Effects of High FiO2 Levels on Cerebral Blood Flow and Brain and CSF Signal 

Administration of gas mixtures containing high fraction of inspired oxygen (FiO2), as 

previously documented in literature, produces predictable positive and fast small 

signal changes in the cerebrospinal fluid (CSF). Data on measurement of change of the 

longitudinal relaxation rate (R1) in normal brain of healthy subjects exposed to 

supraphysiological FiO2 is still scarce. The relationship between changes of R1 and 

cerebral blood flow (CBF) under the administration of different FiO2 also needs to be 

fully elucidated. Furthermore, clinically translatable image-based approaches for the 

identification of successful oxygen administration and, consequently, confident 

quantification of signal change in response to O2 administration have not yet been 

described.  

The main aim of this study is to document the magnitude, timing and distribution of 

signal changes in grey, white matter and CSF in a cohort of thirteen normal healthy 

volunteers undergoing OE-MRI in association with different levels of FiO2. Secondly, 

we aimed at identifying optimal analytical approaches for the identification of oxygen 

induced signal change, evaluating the repeatability of the measurements and 

developing a simple clinically translatable method for the evaluation of satisfactory 

oxygen delivery in subjects undergoing OE-MRI. 

 
Chapter 4 Time Course and Reproducibility of R1 in Brain and Tumor Regions of Patients with 
High-grade Gliomas  

The main objective of this experimental chapter is the evaluation of R1 change in 

normal brain parenchyma and tumor lesions of patients with high-grade glioma in 

response to a FiO2 of 100%. In addition, we investigated the reproducibility of the OE-
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MRI signal. In this study 12 patients with high-grade gliomas underwent an MRI 

protocol including OE-MRI twice in the same day.  

 
Chapter 5 Histogram Analysis of Extravascular Extracellular Space Data from DCE-MRI in 
Glioblastoma Provides a Potential Imaging Biomarker of Micro-necrosis, Related to Survival 

Glioblastoma, the most aggressive form of gliomas, is commonly associated with poor 

prognosis. A number of biomarkers derived from Dynamic contrast-enhanced MRI 

(DCE-MRI) proved to hold prognostic power. Previous authors demonstrated 

improved predictive power for DCE-MRI parameters when centile values and the 

shape of the distribution curve were considered for individual biomarkers. This study 

was designed to test the hypothesis that histogram analysis of DCE-MRI derived 

parameters provides additional predictive power for overall survival compared to 

estimation of median or mean values. 
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Chapter 2 Context and Rationale  

 
 
 
2.1 High-grade gliomas 

Epidemiology, classification and histological features 

Gliomas are brain tumors that derive from cells of the glial tissue (astrocytes, 

oligodendrocytes and ependymal cells), which plays a supportive role in the central 

nervous system (CNS) [1]. Glial cell tumors account for 28% of all primary brain 

tumors and 80% of the malignant ones [1, 2]. Overall, incidence is approximately 5 

per 100,000 persons per year, with an age peak after 60 years (11.9 per 100,000 

persons) and the lowest incidence rate in the age range 0-19 years (1.8 per 100,000 

people) [2].  

The World Health Organization (WHO) classifies gliomas in four grades according to 

their microscopic features. High-grade gliomas are the most aggressive ones and 

include anaplastic astrocytoma (grade III) and grade IV glioma, formerly known as 

glioblastoma multiforme [3]. Glioblastoma (GBM), the highest-grade (IV) form of 

glioma, represents the most common (incidence: 4.64/100000/year) and aggressive 

primary malignant brain tumor [4]. Recent progresses in treatment strategies have led 

to a comparable outcome to other incurable malignancies [5]. However, prognosis still 

remains dramatically poor, with an overall survival (OS) of 14.6 months for patients 

receiving maximal treatment [6]. 

GBMs can be distinguished into primary GBMs, which arise “de novo”, and secondary 

GBMs, which originate from lower grade gliomas [4, 7]. Although secondary GBMs 

have less areas of necrosis, they cannot be easily distinguished from primary GBMs 

based on histology, but carry different genetic mutations [8, 9]. Mutations in isocitrate 

dehydrogenase-1 (IDH1) and IDH2 are common in low-grade glioma and secondary 



23 
 

GBM and rare in primary GBM (5-10%) [10-12]. Furthermore, secondary GBMs 

demonstrate a higher frequency of O(6)-methylguanine-DNA methyltransferase 

(MGMT) methylation than primary GBMs [13]. IDH1/2mutations and MGMT 

methylation have been demonstrated to be powerful indicators of favourable outcome 

in patients with glioma [14]. 

Beyond the classical type of primary GBM, WHO distinguish three main histological 

variants: epithelioid glioblastoma, gliosarcoma (GSM) and giant cell glioblastoma 

(cgGBM) [3, 15]. Epithelioid glioblastomas are composed of large epithelioid cells 

and occur mainly in young patients [3]. GSM is a very rare variant (1-5% of all GBMs), 

composed of a mixed pattern of glial cells and sarcomatous/mesenchymal cells; this 

variant shows poor outcome with an average OS of 4-11.5 months [16]. Giant cell 

glioblastoma presents a preponderance of multinucleated giant cells and is associated 

with a more favourable outcome than GBM in general [17]. Furthermore, three 

patterns of differentiation have been recently identified: glioblastoma with primitive 

neuronal component, small cell glioblastoma and granular cell glioblastoma [3, 15].  

GBM is composed of different clones of poorly differentiated astrocytes, areas of 

stromal cell population and a small fraction of stem cells [18]. In a rapidly proliferating 

malignancy, such as GBM, tumor mass increases together with the metabolic demand 

for oxygen and nutrients; tumor mass may develop so fast that the distance between 

blood vessels and tissue overcome the oxygen diffusion limit, which has been 

estimated to be approximately 150 μm [19]. This leads to the development of hypoxic 

viable regions, aberrant vasculature (a phenomenon known as angiogenesis) and 

regional necrosis [19, 20]. The newly formed vessels are tortuous, dysfunctional and 

result insufficient to satisfy the metabolic requirements of the tumor [20]. The aberrant 

and immature vasculature is also highly permeable and, together with the disrupted 
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blood–brain barrier (BBB), is associated with oedema [21]. Other main histological 

features of GBM include cellular and nuclear atypia, elevated cellular proliferation, 

diminished apoptosis and formation of pseudopalisades [22]. These cellular 

architectures develop in proximity of a hypoxic region, which forces the 

pseudopalisading cells to move to the periphery due to lack of regional blood supply 

and nutrients [22]. Pseudopalisading cells and necrosis constitute adverse histological 

features. In fact, they can be considered as a tumor response to an ischemic insult and 

have been associated with shorter survival [23, 24].   

 
Genomic heterogeneity 

Genetic profiles greatly vary within GBM [25]. Philips and colleagues first described 

three different subclasses of high-grade glial tumors: proneural, proliferative and 

mesenchymal [25]. Subsequently, different genetic profiles led to the definition of four 

distinct molecular subtypes (proneural, neural, classical and mesenchymal) showing 

different responsiveness to treatment and outcome [26]. The proneural subtype occurs 

typically in young patients, shows longer survival than the other subtypes and presents 

point mutations in the isoform 1 and 2 of isocitrate dehydrogenase (IDH 1/2). Neural 

markers (NEFL, GABRA1, SYT1 and SLC12A5) are the characteristic hallmarks of 

the neural subtype. Patients with classical subtype demonstrate extensive amplification 

of the gene encoding the epidermal growth factor receptor (EGFR), an alteration that 

is sporadic in other subtypes. Mesenchymal subtype presents a microenvironment 

highly populated by inflammatory cells and shows the highest percentage of necrosis 

in comparison with the other subtypes; the distinctive genetic alteration is the deletion 

of the Neurofibromin 1 (NF1) gene [26]. Patients with classical and mesenchymal 

subtypes show prolonged survival when treated with more aggressive therapeutic 

regimes (concomitant chemo-radiotherapy or more than three consecutive cycles of 
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chemotherapy) compared to less aggressive treatments [9, 26]. Noushmehr and 

collaborators defined a further distinct subgroup within the proneural one, named the 

“glioma-CpG island methylator phenotype (G-CIMP)”, which displays 

hypermethylation at a large number of loci, occurs more frequently in young people 

and is associated with a more favourable outcome [27]. Subsequently, Brennan and 

colleagues defined six classes of GBM on the basis of DNA methylation profiles (M1, 

M2, M3, M4,  M6 and the G-CIMP subtype) [28].  

Interestingly, Patel et al. used single cell RNA sequencing in 430 cells from five 

primary GBM and reported the coexistence of different gene expression subtypes 

within the same tumor [29]; this findings suggest that the present subtype classification 

is a surrogate of a more complex genetic and epigenetic landscape. Consequently, there 

is an unmet need to define a diagnostic work-up process, which can reflect the pattern 

and types of tumor heterogeneity in individual GBMs. Secondly, in order to improve 

the understanding of the hypoxic microenvironment, there is need to validate non-

invasive imaging techniques for the quantification of tumor hypoxia, like Magnetic 

Resonance Imaging (MRI) and Positron Emission Tomography (PET).  

 
Treatment: overview 

Patient management requires a multidisciplinary collaboration involving 

neurosurgeons, neuropathologists, oncologists, radiotherapist and experts in 

neuroimaging. The current standard of care for newly diagnosed GBM, according to 

the European Association of Neuro-Oncology (EANO) guidelines [30], should be 

based on surgical resection of the mass, followed by radiotherapy and chemotherapy, 

mainly with temozolomide (TMZ, TEMODAR, Merck). TMZ should be used also as 

adjuvant treatment for 6 months or until progression [5, 30] (see Table 2.1).  
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Treatment in case of recurrence should be tailored considering previous treatments and 

clinical features of the patient. Treatment should include, in case of resectable mass, a 

surgical approach. Medical treatment options comprise retreatment with TMZ and 

therapeutic regimens based on nitrosourea drugs such as carmustine (BCNU) and 

lomustine (CCNU) [30, 31]. Finally, another promising drug for recurrence of GBM 

is the antiangiogenic agent bevacizumab (Avastin, Genentech/Roche), a humanized 

monoclonal antibody directed against VEGF [30].  

 
 

Table 2.1 Management options for glioblastoma. Adapted from [30]. 
 
 
2.2 Biology of hypoxia 

Hypoxia is a state characterized by inadequate oxygen concentration to allow the 

normal execution of biological functions [32]. Hypoxia, together with abnormal 

vasculature, is a particularly relevant feature in gliomas [33]. An important distinction 

is between acute and chronic hypoxia. Acute (or “perfusion limited”) hypoxia is a 

transient state caused by a reduction of PO2 as a consequence of inadequate blood flow. 

Acute hypoxia may result from a transient vascular occlusion or a transient vascular 

contraction [34]. Acute hypoxia can be followed by reoxygenation due to dynamic 

changes in micro-regional tumor perfusion within the aberrant vasculature [35]. 

Chronic (or “diffusion limited”) hypoxia, the predominant type of tumor hypoxia, is a 

long-lasting state, produced by increase of diffusional distances involved in the oxygen 

delivery as a result of tumor cell growth and inadequate angiogenic response [20]. 

 Newly diagnosed Progression 

Age < 65–70 years Resection or biopsy, followed by 
radiotherapy plus concurrent 
temozolomide, followed by adjuvant 
temozolomide 

Re-resection, re-irradiation, 
rechallenge chemotherapy or 
bevacizumab 

Age > 65–70 years Resection or biopsy, followed by 
radiotherapy, or temozolomide with or 
without radiotherapy based on MGMT 
and performance status 

Resection and chemotherapy 
or radiotherapy 
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Tumor hypoxia plays a central role in GBM with observed O2 concentrations ranging 

from 0.1 to 3% (or 1-10 mmHg) in tumor hypoxic regions [36-39]. Hypoxia in GBM 

presents different levels of heterogeneity: among patients, in severity, space 

distribution and time variability. The heterogeneous spatial distribution of hypoxia 

results from the mixture of regions populated by oxic cells and areas with variable 

degree of hypoxia [22]. It has been shown that the majority of cells in GBM present 

mild to moderate (PO2 = 2.5%-0.5%) hypoxia, although regions with severe hypoxia 

(PO2  < 0.1%) have also been demonstrated [40]. The degree of hypoxia in GBM seems 

to correlate with the aggressiveness of the tumor, in terms of shorter time to recurrence 

[41]. Alongside regional heterogeneity, GBM shows also a temporal variability in 

oxygen consumption, reflecting the dynamic metabolic needs and the adaptive abilities 

of GBM cells [22] 

 
HIF-1: the key regulator of the hypoxic response 

Hypoxia induces complex downstream changes which help the tumor to survive and 

even flourish in the hostile microenvironment. Hypoxia-inducible factor 1 (HIF-1) is 

the main transcriptional regulator of this network of hypoxic responses (Fig. 2.1) [42].  
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Figure 2.1 Representation of the multiple steps of the HIF transcriptional pathway  
In oxygenated cells, HIF-α subunits are destroyed by the ubiquitin-proteasome pathway involving the 
von Hippel Lindau tumor suppressor protein (pVHL) which interacts with HIF-α. Under hypoxic 
conditions, this process is suppressed; HIF-α accumulates inside the cells and heterodimerises with the 
constitutively nuclear HIF-β subunit, binding to hypoxia response elements (HREs), and recruiting co-
activators such as p300 [43]. 
 
 
HIF-1 is composed of a variable oxygen-dependant subunit (HIF-1α, HIF-2α or HIF-

3α) and the HIF-1β subunit, which is not influenced by the oxygen level [44, 45]. 

While the oxygen-regulated α isoform (HIF-1α) is ubiquitous, HIF-2α is prevalently 

expressed in lung endothelium and the carotid bodies [45]; little is known about HIF-

3α, which is also commonly expressed in lungs [46, 47]. In normal conditions, the 

level of HIF-1α remains low, being regulated by two enzymes: the prolyl hydroxylase-

domain proteins (PHD) and the factor inhibiting HIF-1 (FIH-1). These enzymes 

modify specific sites on HIF-1α, allowing interaction with the von Hippel-Lindau 

protein (pVHL), which is part of an E3 ubiquitin ligase complex, ultimately leading to 

the proteosomal degradation of the HIF [48]. Under hypoxic conditions, HIF-1α is 



29 
 

stabilized and not degraded, because the activity of PHD and FIH-1 is oxygen-

dependant. Hence, HIF-1α can translocate to the cellular nucleus, where it can 

heterodimerise with the HIF-β subunit and interact with co-activators, such as p300 

[43]. Then, HIF-1 binds to specific DNA sites, called HIF-response elements (HREs) 

and induces the transcription of a broad set of target genes (see Table 2.2), leading to 

a metabolic reprogramming, angiogenic modifications, increased proliferation and 

enhanced survival [49]. 

 
 

Genes Function 
Cyclin G2, IGF2, IGF-BP1, IGF-BP-2, IGF-BP-3, TGF-α, TGF-β3 Cell proliferation 
ADM, EPO, IGF2, IGF-BP1, IGF-BP-2, IGF-BP-3, NOS2, TGF-α, 
VEGF 

Cell survival 

NIP3, NIX, RTP801 Apoptosis 
c-MET, LRP1, TGF-α Motility 
MIC2 Cell adhesion 
EG-VEGF, ENG, LEP, LRP1, TGF-β3, VEGF Angiogenesis 
CAIX  pH regulation 
MDR1 Drug resistance 
Adenylate kinase 3, Ecto-5'-nucleotidase Nucleotide metabolism 
HK1, HK2, ENO1, GLUT1/3, GAPDH, LDHA, PFKBF3, PFKL, 
PGK1, PKM, TPI, ALDA, ALDC 

Glucose metabolism 

Collagen type V (α1), FN1, MMP2, PAI1, Prolyl-4-hydroxylase α (1), 
UPAR 

Extracellular-matrix 
metabolism 

Table 2.2 Genes activated by HIF-1. Adapted from [49] 
ADM = adrenomedullin; ALDA = aldolase A; ALDC =  aldolase C; CAIX = carbonic anhydrase IX; 
CATHD = cathepsin D; EG-VEGF = endocrine gland-derived; ENG = endoglin; ENO1 = enolase 1; 
EPO = erythropoietin; FN1 = fibronectin 1; GLUT1 = c; GLUT3 = glucose transporter 3; GAPDH = 
glyceraldehyde-3-P-dehydrogenase; HK1 = hexokinase 1; HK2 = hexokinase 2; IGF2 = insulin-like 
growth-factor 2; IGF-BP1-3 = IGF-factor-binding-proteins; LDHA = lactate dehydrogenase A; LEP = 
leptin; LRP1 = LDL-receptor-related protein 1; MDR1 = multidrug resistance 1; MMP2 = matrix 
metalloproteinase 2; NOS2 = nitric oxide synthase 2; PFKBF3 = 6-phosphofructo-2-kinase/fructose-
2,6-biphosphatase-3; PFKL = phosphofructokinase L; PGK 1 = phosphoglycerate kinase 1; PAI1 = 
plasminogen-activator inhibitor 1; PKM = pyruvate kinase M; TGF-α = transforming growth factor-α; 
TGF-β3 = transforming growth factor-β3; TPI = triosephosphate isomerase; VEGF = vascular 
endothelial growth factor; UPAR = urokinase plasminogen activator receptor.  
 
 
One of the most important adaptive changes mediated by the HIF-1 response is the 

shift from mitochondrial oxidative phosphorylation to aerobic glycolysis, as a 

preferential metabolic pathway, regardless of the level of available oxygen, a 

phenomenon called the “Warburg effect” [50]. Aerobic glycolysis requires low oxygen 
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consumption and yields a lower number of ATP molecules; tumor cells are able to 

balance the reduced amount of ATP produced by upregulating glucose uptake [19, 51].  

 
Clinical consequences of tumor hypoxia 

Hypoxic tumors are known to be associated with amplified resistance to radiotherapy 

[52]. Indeed, sensitivity of cells to ionizing radiation is highly dependent on the 

presence of oxygen. When a biological system is irradiated, the formation of free 

radicals occurs [35]. Free radicals are unstable elements, which derive prevalently 

from the ionization of H2O [22]. Free radicals react with oxygen molecules, forming 

peroxides, which can bind DNA, ultimately causing potentially lethal damage, mainly 

via DNA single and double-strand breaks [53]. Conversely, when O2 is low (below at 

partial pressure of 10 mm Hg), tumour cells acquire radiobiological hypoxia and 

become up to 3 times more resistant to radiotherapy compared to normoxic cells. In 

fact, following exposure to irradiation, in presence of low levels of O2, there is 

decreased fixation of DNA double-strand breaks, caused by free radicals[35]. 

Furthermore, in the hypoxic cells, the DNA damage is repaired by  donation of 

hydrogen from donors, such as the sulfhydryl-containing compounds, which restore 

DNA to its original composition [53, 54].  

Tumor hypoxia is also associated to chemo-resistance. The most accepted explanation 

is that in hypoxic regions the distance between vessels and cells is generally increased, 

resulting in a lower rate of drug delivery [52]. Furthermore, hypoxia may apply a 

selective pressure for cells that have lost sensitivity to p53-mediated apoptosis, 

evading the effects of certain cytotoxic chemotherapeutic agents [55]. Further 

mechanisms yielding to chemo-resistance include the impaired function of some drugs 

due to absence of oxygen (such as bleomycin or etoposide) or effects of the acid tumor 

microenvironment [35].  
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Similarly, outcome after surgery is less favourable in presence of tumor hypoxia, 

because hypoxic tumors present augmented tendency to invade normal tissue and 

develop metastases [55]. Finally, tumor or therapy-related anaemia is an additional 

issue in oncological patients because the diminished O2 transport may contribute to 

worsening of the hypoxic state (see Fig. 2.2) [56]. 

 
Figure 2.2 Simplified representation of the complex network involving causal factors of hypoxia 
and relative consequences 
 
 
Therapeutic implications of tumor hypoxia  

Depicting and accurately assessing the distribution of tumor hypoxia may have direct 

benefit in patient management [32]. Trials employing hypoxia-modifying strategies 

have demonstrated variable modification of patient outcome (disease-free survival and 

loco-regional tumor control) in different tumor types; however, these studies lacked 

accurate assessment of tissue hypoxia, complicating the evaluation of real patient 

benefit [57-59]. Data regarding the impact of this treatment strategy in brain tumors 

are scarce. In a metanalysis, including different types of tumors, Overgaard et al. did 

not observe any effect in terms of survival in patients with tumors of CNS, however 

the authors highlighted the small sample size of the trials included in the analysis [58]. 

It is conceivable that modern trials should stratify patients according to the level of 
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hypoxia, identifying subgroups of patients with higher risk of treatment failure, who 

could theoretically benefit from the introduction of a hypoxia-modifying approach. 

For example, the assessment of hypoxia by means of non-invasive imaging techniques 

may help defining personalized RT planning. In this context, encouraging data have 

been documented by studies reporting the clinical feasibility and improved tumor 

control in small groups of patients with HNSCC [60, 61].  

 
 
2.3 Imaging techniques for evaluation of hypoxia (MRI, PET) 

Imaging overview 

Tumor hypoxia is a significant adverse prognostic factor in GBM, being associated 

with resistance to treatment and with worse outcome after standard of care therapy 

[52]. However, despite extensive research, no suitable imaging biomarker for 

quantifying hypoxic regions has been yet translated to the clinical daily routine. Most 

clinical trials, in the past, evaluating therapeutic regimens against tumor hypoxia may 

have failed to replicate the same survival benefit showed in preclinical studies because 

of unselected patient populations. If we could validate imaging techniques for the 

evaluation of tissue hypoxia, such as PET or MRI, imaging could help selecting 

patient, who may benefit from hypoxia-modifying treatments.  

At present, most MRI techniques, developed in the effort of quantifying hypoxic 

regions in GBM, provide indirect measurement of the oxygen level and are influenced 

by external factors [33]. Recently, a novel MRI method exploiting the week 

paramagnetic property of oxygen, called oxygen-enhanced MRI (OE-MRI) has been 

described. Initial results are promising but require further technical and biological 

validation [62]. In the last decade, the most extensively investigated imaging approach 

to demonstrate regions of tumor hypoxia has been PET using [18F]Fluoromisonidazole 

([18F]FMISO). This radiotracer belongs to the class of nitroimidazoles, compounds 
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that are selectively retained within hypoxic tumor cells [63]. Only a handful of clinical 

studies have been performed in cerebral tumors, and, surprisingly, there is no actual 

biological validation yet of the ability of [18F]FMISO to detect tissue hypoxia in 

patients with cerebral tumors [64].  

Another promising radiotracer is [18F]Fluoroazomycinarabinofuranoside 

([18F]FAZA). This second-generation radiolabelled nitroimidazole has recently 

undergone preliminary assessment in cerebral tumors [65], showing encouraging 

results in patients with gliomas [65]. Indeed, its lower lipophilicity yields a much 

higher tumor uptake relative to the background brain tissue, attributable to its faster 

clearance and, more importantly, to its limited ability to cross the intact blood-brain 

barrier, resulting in superior contrast to [18F]FMISO. Nevertheless, the breakdown of 

the blood-brain barrier (BBB) in GBM may confound the interpretation of the 

radiotracer distribution which can, at any given time following administration, reflect 

either uptake and retention or simple leakage without complete clearance. Therefore, 

for validation purposes, it is essential to match information on hypoxia to data on 

perfusion and permeability of the BBB, derivable from PET with radiolabelled water 

([15O]H2O) and Dynamic contrast-enhanced MRI (DCE-MRI).  

 
Imaging hypoxia with MRI 

Despite extensive methodological development, most available non-imaging 

techniques for the assessment of hypoxia have disadvantages since they are invasive 

or limited to accessible tumors [52]. Consequently, the development of non-invasive 

imaging techniques is extremely desirable [52]. At present, a number of MR 

techniques have been described to investigate hypoxia [36, 52] (Table 2.3).  
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MRI technique Principles Limitations 
DCE-MRI Determination of vascular 

permeability and perfusion 
by means of an injectable 
contrast agent.  

Indirect measurement of PO2. Low specificity 
for hypoxia. 

DWI-MRI Apparent translational 
diffusion of tissue water. 

Indirect measurement of hypoxic cell packing. 

BOLD-MRI Determination of changes in 
the proportion between 
paramagnetic 
deoxyhaemoglobin and 
diamagnetic haemoglobin. 

Many factors affecting the oxygen-
haemoglobin dissociation curve (blood flow, 
haematocrit, CO2 tension, pH and 
bisphosphoglycerate concentration) can 
influence the measurement of hypoxia. 

OE-MRI Increase of the longitudinal 
relaxation rate (R1) of water 
due to the paramagnetic 
property of molecular 
oxygen. 

Need of further validation. 

19F MRS/MRI Perfluorocarbon relaxation 
properties; direct and 
quantitative assessment of 
ptO2. 

No discrimination between necrotic tissue and 
living cells. Difficulty in clinical translation. 
Potentially toxicity of the contrast agent. 

31P and 1H MRS Evaluation of metabolite 
responses related to 
oxidative metabolism. 

Indirect assessment of hypoxia. Limited time 
and spatial resolution. 

 
Table 2.3 Selected available MRI techniques for the evaluation of hypoxia 
DWI: diffusion-weighted imaging, BOLD: blood oxygen level dependant; MRS 
 
 
DCE-MRI 

DCE-MRI uses chelates of gadolinium (Gd), such as Gd-

diethylenetriaminepentaacetic acid (Gd-DTPA), which diffuse through leaky blood 

vessels and distribute into the extracellular space [36, 66]. DCE-MRI tracks the 

passage of an intravenous bolus through the tissue by T1-weighted dynamic MRI 

sequences, and derives quantitative parameters, with the most utilized parameter being 

Ktrans, which reflects both blood flow and capillary endothelial permeability [66]. 

DCE-MRI signal and oxygen concentration are not directly related, but detection of 

reduced perfusion shows empirical concordance with tissue hypoxia [33]. Increased 

vascular permeability can result from angiogenesis and may also be related to hypoxia 

[66]. More recently specific pharmacokinetic models have been described and appear 

to allow detection of regional hypoxia by analysis of regional capillary transit time 
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[66] or by the examination of temporal differences in the arrival time demonstrated on 

T1 and T2* dynamic acquisitions [67]. 

 

DWI-MRI 

This MRI technique measures the differences in the motion of water molecules in 

different tissues. The apparent diffusion coefficient (ADC) is a measure of the 

magnitude of diffusion of water molecules per unit time [68]. Low ADC has proved 

as a potentially useful biomarker in cancer, since low ADC is mainly a consequence 

of high cell density, which can be associated with hypoxia [69]. An inverse correlation 

between ADCmin and SUVmax (r  =  -0.583, p  <  0.0001) and between ADCmin and 

tumor/brain ratio (r  =  -0.532, p  <  0.0001) seem to exist. These results were reported 

in a group of patients with low grade glioma (n = 13), glioblastoma (n = 20)and 

primary central nervous system lymphoma (n = 7) who underwent hypoxia PET 

imaging with 62Cu-ATSM and DWI-MRI before surgery [70]. 

 
BOLD-MRI 

Blood-oxygen-level dependent (BOLD)-MRI relies on changes of regional tissue 

content of deoxyhaemoglobin and oxyhaemoglobin [33] and the ratio between them 

within vessels. The BOLD effect is related to the amount of paramagnetic 

deoxyhaemoglobin as it is generated by transfer of molecular oxygen from 

diamagnetic oxy-haemoglobin. Deoxyhaemoglobin holds a paramagnetic nature and 

presents higher magnetic susceptibility. An increase of deoxygenated haemoglobin 

determines an increase of the transverse relaxation rate (R2* = 1/T2*) of water in 

blood[33]. Although BOLD-MRI does not need exogenous contrast agents and 

provides high temporal and spatial resolution images, there are some complicating 

factors which can make the interpretation difficult. These include the effects of blood 



36 
 

flow, haematocrit, CO2 tension, pH and bisphosphoglycerate, all of which affect the 

oxygen-haemoglobin dissociation curve [71]. In order to correctly interpret the R2* 

images is, therefore, important to determine the distribution of the blood volume, and 

hence haemoglobin, in the tissue. Knowing the anatomical aspects of the vessel may 

be not sufficient, because, as assumed by Robinson et al., there could be abundance of 

vessels in a tumor without corresponding perfusion by red blood cells, and even in 

presence of vessels, red blood cell transport may not be effective [72]. 

 
OE-MRI 

Oxygen enhanced magnetic resonance imaging (OE-MRI) exploits the weakly 

paramagnetic nature of oxygen, which contains two unpaired electrons [73]. Given a 

source of oxygen (breathing hyperoxic gas), oxygen will not only bind to haemoglobin 

but also dissolve, as molecular oxygen, in the plasma and causes an increase of the 

longitudinal relaxation rate (R1) of water [74]. The T1 effect deriving from oxygen-

bound haemoglobin during 100% oxygen inhalation is negligible, because the 

concentration of dissolved oxygen in arterial blood increases much more than the 

amount of oxygen bound to haemoglobin due to the sigmoid shape of the oxygen-

haemoglobin dissociation curve. An increase in oxygen concentration within blood 

causes also a prolongation of T2*, but the T2* change has a minor impact on signal 

intensity variation because it is less than 10 milliseconds [75]. Changes in R1, due to 

hyperoxic breathing, are thought to be proportional to the change in tissue oxygen 

concentration. Previous studies have demonstrated that these MRI signals in normal 

tissues are measurable; however, there is lack of experience with solid tumors [62, 74]. 

Hypoxia PET imaging 

An optimal PET radiopharmaceutical to image hypoxia should selectively target 

clinically relevant hypoxic cells (PO2 = 0-10 mmHg), be lipophilic to guarantee fast 
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intracellular transport and sufficiently hydrophilic to allow rapid clearance from 

normoxic cells in order to provide a high target-to-background ratio (TBR) within a 

short time from injection [52, 76]. A wide range of PET tracers for imaging hypoxia 

has been described. These can be broadly divided into two main groups: the 2-

nitroimidazole family and non-nitroimidazole compounds (mainly copper-complexed 

dithiosemicarbazone – [60,61,62,64CU]ATSM – derivatives) [71]. 

At the present time, the most widely used radiotracer, belonging to the 2-

nitroimidazole-based compounds, is [18F]FMISO, which passively diffuses into cells 

due to its lipophilic nature [71]. Under hypoxic conditions, with PO2  ≤  10 mmHg, the 

radiocompound undergoes electron reductions and forms reactive radicals. These bind 

covalently to intracellular macromolecules, so that the tracer is trapped inside hypoxic 

cells. Conversely, in presence of oxygen, the tracer is reoxygenated and reconverted 

to the original form, passing out through the cell walls [77]. 

[18F]FMISO has been assessed and validated in a wide range of human tumors, 

showing high uptake in hypoxic cells [78]. However, this radiotracer presents some 

drawbacks including slow clearance kinetics from non-hypoxic tissue resulting in high 

background in PET images [79]. Early images with [18F]FMISO can be acquired up to 

5 minutes after injection to allow estimation of delivery, whereas delayed images, 

taken about 3 hours after injection, following washout of non-bound tracer, provide 

estimation of hypoxia. A semi-quantitative analysis is usually performed estimating 

tumor-to-blood (T/B) and tumor-to-muscle ratios [33, 76, 78]. It is important to select 

the appropriate time-window for imaging in order to distinguish radiotracer retention 

from perfusion, which varies between types of tumors and individuals [52]. Some 

authors found calculation of the tumor hypoxic volume (HV) [80] or of the fractional 

hypoxic volume (FHV) useful as indicators of the severity and extent of tumor hypoxia 
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[80, 81]. The measurement of HV, which is the volume of the tumor that is hypoxic, 

requires the definition of an uptake threshold, while FHV is the percentage of pixels 

with values greater than a T/B cut-off and requires in addition the estimation of the 

total tumor volume, most often from anatomical images [33, 52]. According to the 

available literature, the optimal cut-off of T/B for distinguishing between normoxia 

and hypoxia ranges between 1.2 and 1.4 at 2-2.5 hours [82, 83]. Some authors have 

claimed that quantifying hypoxia by simply using semi-quantitative parameters may 

not be reliable because severely hypoxic areas show low uptake and can be missed by 

using these approaches. In addition, the spatial disconnection between hypoxic regions 

and well perfused vessels may cause long diffusion time of the radiotracer [77, 84]. 

Thus, it has been suggested that a bi-compartmental kinetic model may be necessary 

to compensate for hypoxic trapping of the tracer together with the effects of perfusion 

and diffusion in interstitial space [84]. 

In the attempt to overcome the limitations of [18F]FMISO, new generations of 

radiolabelled 2-nitroimidazoles for the detection of tumor hypoxia have been 

developed. Among them, the most promising is probably [18F]FAZA, which is less 

lipophilic than [18F]FMISO: consequentially non-specific uptake is expected to be 

washed out more quickly [85, 86]. Additionally, [18F]FAZA exhibits further excellent 

characteristics such as negligible cell-to-cell line variability and no binding in oxic 

cells [87]. Peeters and co-workers compared [18F]FAZA with [18F]FMISO and 

[18F]HX4 (another lipophilic PET radiotracer for the detection of hypoxia) in 

rhabdomyosarcoma R1-bearing WAG/Rij rats documenting a maximal and stabilized 

T/B at 3 hours for [18F]HX4 (7.2 ± 0.7) and at 2 hours for [18F]FAZA (4 ± 0.5). 

Noteworthy, already at 2 hours, [18F]HX4 exhibited a T/B higher or equal to that of 

the other two radiotracers, whereas TBR for [18F]FMISO was still increasing at 6 hours 
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(9 ± 0.8) and the tracer did not demonstrate plateau formation at late time-point (6 

hours) [88]. PET imaging is able to provide quantitative maps of tumor hypoxia that 

accurately reflect the hypoxic cell density with a clear spatial link between the 

radiotracer (e.g. [18F]FAZA) uptake and an immunologically detectable hypoxia 

marker (e.g. pimonidazole) [89]. Imaging hypoxia with PET may play a role in RT 

planning, supporting the delivery of higher doses to hypoxic tumors regions [90, 91]. 

Hypoxia imaging can also predict the success of radio-chemotherapy, as shown by 

Beck and colleagues, using tumor-bearing mice and the hypoxia-activated 

chemotherapeutic agent tirapazamine [92].  

 
 
2.4 Imaging markers of hypoxia, flow and necrosis 

Imaging hypoxia in glioblastoma with MRI  

T1-weighted oxygen-enhanced MRI (OE-MRI) has been proposed as an alternative 

imaging technique for the evaluation of hypoxia in the brain. In an animal study, Wu 

et al. [93] used a mechanical ventilation with 100% oxygen at a rate of 8 l/min to 

investigate hypoxia in brain of rats and found concordance between R2* and R1 

changes in white and grey matter in response to oxygen inhalation. T1 values 

decreased prominently in the cortical grey matter but also, to a lower extent, in the 

subcortical grey matter and in white matter, where the decrease was the least 

significant. In contrast, T2 values increased in response to the oxygen inhalation in all 

the examined regions in the following order: white matter > subcortical grey matter > 

cortical grey matter. Similarly, the T2* values increased more evidently in the cortical 

grey matter and white matter and with a less extent in the subcortical grey matter [93].  

DCE-MRI parameters have also been investigated for the detection of hypoxia in 

glioma patients. In particular, Jensen et al. demonstrated that capillary transit time (tc) 

correlates with HIF-1 and VEGF expression in the histopathological examination of 
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corresponding active tumor regions. Other parameters, blood volume (Vb), capillary 

heterogeneity (a-1) and kep (washout rate) also showed a correlation with tissue 

biomarkers of hypoxia [94]. O’Connor and colleagues, in a study evaluating ten 

patients with solid tumors, proposed that DCE may provide complementary 

information to OE-MRI regarding the tumor microenvironment, estimating local 

perfusion and extravascular volume [74]. Subsequently, Linnik et al. investigated a 

murine glioma xenograft and 5 GBM patients, who underwent the same research 

protocol as the rats: OE-MRI and DCE-MRI and histological confirmation with 

reduced pimonidazole adducts and CD31 staining. In addition, the authors calculated 

the area under the curve (AUC) from the R1 curve and the gadolinium concentration 

curve. Whereas DCE-MRI did not directly relate to hypoxia in the xenograft model, 

the authors found a strong correlation between estimation of hypoxia by OE-MRI and 

histology results, supporting further research to validate also the utility of OE-MRI in 

the evaluation of response to therapy and prediction of prognosis (Fig. 2.3) [62]. 

 
 

 

Figure 2.3 Imaging and histology in six U87MG tumors. Adapted from [62] Area under the curve 
for ΔR1 (AUCOE) during 6 min breathing 100% O2 with positive values displayed using a hot colour 
scale and negative values using a cool colour scale; IAUCGd: initial area under the contrast agent 
concentration–time curve at 120 sec post-injection with positive values displayed using a hot colour 
scale and negative values using a cool colour scale. Bottom row: full field pimonidazole stain images, 
with brown areas identifying regions of hypoxia. Numerals indicate U87MG tumor index. 
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MRI: focus on cerebral blood volume and hypoxia 

Cerebral blood volume (CBV) has been shown to correlate with histological markers 

of angiogenesis and tumor aggressiveness [95, 96]. In 2010, Barajas and colleagues 

demonstrated also that CBV may also indirectly correlate with hypoxia, which was 

measured qualitatively by a monoclonal antibody targeting CAIX in biopsy samples 

collected from a total of 16 contrast enhancing (CE) and 14 peritumoral non-enhancing 

(NE) regions in 13 patients with GBM [95]. The same authors [97] investigated the 

correlation between histopathological and MRI features using DWI and dynamic 

susceptibility–weighted contrast-enhanced perfusion imaging (DSC-MRI) in a larger 

group of GBM patients (n = 51). In each patient, image-guided tissue specimens were 

obtained from CE and NE regions (93 CE and 26 NE regions from 51 patients with 

newly diagnosed GBM). In CE regions, CBV was elevated and was associated with 

increased cellular density, proliferation, microvascular hyperplasia and necrosis [97].  

In another study, aiming to investigate the value of DCE derived parameters in 

distinguishing between high and low-grade gliomas, CBV correlated with HIF-1α and 

VEGFR-2 expression, which are known to increase under hypoxic conditions [98]. 

Other further convincing evidence on the existence of a relationship between CBV and 

hypoxia comes from a study of Jain and co-workers [96]. The authors investigated 

CBV and PS (permeability surface area) and assessed their correlation with 

histological hallmarks of hypoxia (microvascular density, microvascular cellular 

proliferation, VEGFR-2 expression, and tumor cellularity). CBV showed a positive 

correlation (p = 0.02) with microvascular density (MVD). Although not reaching the 

pre-set statistical significance (p < 0.05), CBV seemed to be associated with 

microvascular cellular proliferation (MVCP, p = 0.095), whereas regions with elevated 

PS demonstrated a significant correlation with MVCP (p = 0.001). Furthermore, both 

parameters showed a positive trend with expression of VEGFR-2. These findings 
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suggest that high CBV seems to be associated with presence of mature tumor 

vasculature and high perfusion; in contrast, elevated PS may reflect highly permeable 

and immature vessels with low blood flow and insufficient oxygen delivery, factors 

that may contribute to the determination of hypoxia [96].  

Li et al. also investigated the relationship between lactate, mobile lipids and relative 

CBV (rCBV) by means of MR spectroscopy and dynamic susceptibility contrast 

imaging in a mixed group of patients with glioma of different grades, including a 

subset of patients with grade IV glioma presenting both areas of elevated lipids and 

areas with elevated lactate. After excluding areas of necrosis from the analysis in this 

subgroup, because perfusion-time curves are flat in necrotic regions, the authors found 

a correlation between rCBV and presence of lipids or presence of lactate. However 

they observed higher rCBV in regions with high lipids and low lactate, compared to 

regions with high lactate and low lipids in patients with high-grade glioma [99]. Under 

hypoxic conditions, the HIF-1α pathway leads to the up-regulation of several processes, 

including angiogenesis and glycolytic metabolism, whose final product is lactate [100]. 

Furthermore, the heterogeneous vascularisation will be reflected by the inhomogeneous 

distribution of areas with different grade of perfusion. While some areas will be well 

perfused, other areas will experience low perfusion, which together with the highly 

energy consumption of tumor, may result in cell death and regions of necrosis, which can 

be visible as an elevated lipid peak [99]. 

 
Imaging hypoxia in glioblastoma with PET 

Hypoxia assessment by PET imaging seems to provide complementary information to 

MRI within the complex relationship existing between hypoxia and angiogenesis in high-

grade gliomas. This was confirmed in a study of Swanson et al, where the authors 

documented a strong correlation between hypoxic burden, determined with [18F]FMISO, 
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and altered vasculature, documented on Gd-enhanced T1-weighted MRI sequences 

[101]. As with other tumors, the prognostic value of [18F]FMISO has been demonstrated 

in GBM, in a study evaluating the correlation between HV, intensity of hypoxia and 

survival in 22 patients with GBM who underwent a [18F]FMISO PET scan before biopsy 

or between resection and RT [102]. Patients with greater hypoxia assessed by maximum 

tumor-to-blood activity ratio (T/Bmax) and greater HV showed shorter time to 

progression (TTP) and OS [102].  

In contrast, evaluation of hypoxia in GBM with [18F]FAZA has been reported only in one 

clinical study. This study evaluated the utility of static [18F]FAZA PET scan (started 2-3h 

p.i.) in 50 patients with different types of tumors and documented increased uptake of the 

tracer in all gliomas (n = 7), with a TBR range of 1.9-15.6, which is higher than usually 

reported with [18F]FMISO [65].  

Recently, Belloli and colleagues investigated the combined use of 

[18F]Fluorodeoxyglucose ([18F]FDG) and [18F]FAZA PET with MRI to follow the 

metabolic, anatomical and hypoxic modifications of specific lines of glioma cells (F98) 

inoculated (subcortically) in 38 rats. The authors performed weekly dynamic PET animal 

studies and observed that [18F]FAZA(time: 120-135 min) and [18F]FDG were taken up 

respectively in the core and in external areas of the tumor. Interestingly, the authors 

observed a partial overlap of the two tracers in the centre of the Gd-MR positive region. 

Furthermore the authors found evidence suggesting that necrotic regions, detected as 

areas with no uptake on the [18F]FDG PET images, may contain hypoxic clusters of tumor 

cells [103].  

The only brain tumor models that have been investigated with both [18F]FAZA and 

[18F]FMISO are the 9L [104-107] and U251 glioma models [108, 109]. Since these 

studies have used significantly different methodologies, an accurate comparison is not 
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feasible. Taking into account the 9L model, Tran and co-workers, using [18F]FAZA, 

documented a mean TBR of 2.16 ± 0.13 in 10 rats breathing room air  on static scan 

at 3 h p.i.[105]. 

 
Static vs. dynamic acquisition for the evaluation of hypoxia with PET imaging  

Quantification of hypoxia in PET static images can be done by measuring the 

standardized uptake value (SUV). This is a semi-quantitative parameter reflecting the 

activity concentration in a region of interest divided by the decay-corrected injected 

activity normalized by body weight, lean body mass or body surface [110]. SUV 

should be measured in late imaging in case of static acquisition because hypoxic tissue 

demonstrates low tracer uptake and can be thus underestimated by a SUV threshold 

identification method at early time-point [84]. At the moment, the majority of authors, 

when using static scan, prefer to use a cut-off of tumor-to-blood activity ratio (T/B). 

For [18F]FMISO, the partition coefficient is 0.44, which results in an almost equal 

distribution of the tracer between lipophilic tissues and hydrophilic blood and produces 

normoxic tissues T/B pixel values of almost 1.0. Reasonably, a cut-off of T/B ≥ 1.4 

(or even 1.2 at 2-3 hours, according to other authors) may appear acceptable to 

distinguish hypoxic regions from normal tissue [84].  

However the use of T/B may also lead to errors in interpretation because ratios can 

vary across tumor types and patients [111]. In static acquisitions, the time window has 

to be selected according to the tumor type and the hypoxic radiotracer [52, 84]. Thus, 

it is logical to extend the acquisition time in static scans when using lipophilic 

radiotracers with slow clearance to reach the highest possible T/B for optimal 

identification of hypoxic regions. Low perfusion, especially at early time-points, is 

another confounding factor, which may determine slow diffusion into hypoxic cells 

[52]. Conversely, when hydrophilic tracers are used, acquisition of images can be 
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performed at shorter interval after injection, due to a faster clearance and maximal T/B 

occurring in less time [88].  

Dynamic acquisition with kinetic modelling enables evaluation of tracer uptake over 

time and characterisation of both retention and perfusion patterns [52, 84]. Dynamic 

acquisition takes longer than static acquisition (1-2 h vs. 15-30 minutes) but, describing 

temporal and spatial patterns of the tracers, provides more detailed physiopathological 

information and a more realistic picture of the hypoxic status. However, accurate 

kinetic modelling requires arterial sampling for calculation of the input function, which 

may result in additional discomfort for the patient [112].  

Application of kinetic models and calculation of distribution volumes and transport 

rate constants are important to delineate the characteristics of a tracer. This is 

extremely important in the evaluation of brain tumors, where the lipophilicity of BBB, 

although not completely crucial, can play a role in the delineation of hypoxia, at least 

at early acquisition times [113]. In the study of Bruehlmeier and colleagues, 

[18F]FMISO showed a higher uptake rate in GBM compared to normal tissue, 

reflecting slower entrance into normal brain due to an intact BBB, as opposed to the 

disrupted BBB in GBM. However in the same study, a meningioma (located outside 

the BBB) with the highest uptake rate constant of all tumors demonstrated only early 

accumulation of the tracer in comparison to GBM, which showed continuous 

accumulation on late acquisition, reflecting the existence of an additional tissue 

compartment governed by a different uptake rate. Thus, late phase of [18F]FMISO 

uptake reflects more than just a BBB leakage, although there are several factors that 

can have an impact on [18F]FMISO uptake, including tumor type, cellular density and 

a nonlinear relationship between retention and PO2 [113, 114].  
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The concomitant assessment of hypoxia and perfusion: utility of a dual tracer study 
([18F]FAZA/[18F]FMISO and [15O]H2O) and the issue of heterogeneity in glioblastoma  

Tumor hypoxic regions and well-perfused tissue are spatially separated, resulting in 

long diffusion time for hypoxia tracers [84, 115]. This fact has led to interest in kinetic 

models taking into account not only tracer uptake but also the diffusion in the 

interstitial space [84]. Perfusion allows the delivery of nutrient arterial blood to the 

capillary bed and there is increasing interest in techniques for the evaluation of 

perfusion and other changes induced by the angiogenic process in the tumor 

microenvironment [116, 117]. 15O-labelled water ([15O]H2O) is the PET gold standard 

for assessing regional cerebral flow (rCBF) in the brain [71, 115]. [15O]H2O is a freely 

diffusible tracer, which passes through the vascular walls and diffuses through the 

interstitial and intracellular spaces [71, 118]. PET scan requires the intravenous 

injection, as a bolus, of 1 GBq of [15O]H2O, and dynamic acquisition for 5 minutes 

[118]. As a freely diffusible PET tracer, however, [15O]H2O holds some limitations 

pertaining to the heterogeneous tumor composition. In GBM there are cystic and 

necrotic regions that are not available for free exchange with [15O]H2O. This means 

that a freely diffusible tracer will underestimate perfusion because non-functioning 

tissues, such as cysts, will be considered as tumor regions; conversely, purely 

intravascular tracers will overestimate perfusion due to non-functional vascular 

structures [115]. Despite these limitations, the short half-life (2 minutes) of [15O]H2O 

makes it attractive for use in dual-isotope investigations. A dual tracer PET study, 

utilizing [15O]H2O and [18F]FMISO in brain tumors, documented no influence of 

different perfusion patterns in the assessment of hypoxia with the hypoxic radiotracer 

demonstrating hypoxia in both well and poorly perfused regions of tumors. The 

unexpected hyperperfused-hypoxic pattern is contrary to the general knowledge that 

would expect to find hypoxia to occur in poorly perfused regions, as documented in 
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previous clinical studies and in preclinical studies with mice using tissue derived from 

primary human glioma or other tumor surgical specimens [119, 120]. The distribution 

of [18F]FMISO uptake reached the highest value in the tumor margins but not in the 

central core of the tumor, where perfusion is low. Correlation between pixels in 

[18F]FMISO and [15O]H2O images showed correlation at early time points (0-5 

minutes after injection) but not at 60-90 minutes or later, suggesting that distribution 

of [18F]FMISO may be spatially independent of perfusion at a regional level (Fig. 2.4) 

[113].  

 
 

 

Figure 2.4 Different perfusion-oxygenation patterns. Adapted from [113].  
(A–C) [15O]H2O PET perfusion images and corresponding late (150-170 min p.i.) [18F]FMISO PET 
images (D–F) in 3 patients with GBM (patient n.1: A, D; patient n.2: B, E; patient n. 3: C, F) show 
tumor hypoxia in low perfusion (A, D), in intermediate perfusion with an inverse pattern compared with 
hypoxia (B, E), and in high perfusion (C, F). PET images are normalized to their own maximum. 
 
 
The concomitant evaluation of perfusion and tumor hypoxia by means of [15O]H2O 

and [18F]-FAZA has instead been documented by Shi and colleagues [118], who 

investigated 5 patients with head and neck cancers. In this study the patients underwent 
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dynamic PET acquisition with [15O]H2O for 5 minutes and [18F]FAZA for 60 minutes. 

Assuming an inverse correlation between hypoxia and perfusion and positive 

correlation between tracer delivery and perfusion, different kinetic models were 

applied to [18F]FAZA: the 2-tissue-compartment model, the Thorwarth model, the 

graphical model and the Cho model. The authors found that the 2-tissue-compartment 

(reversible) model demonstrated the strongest correlation with their expectations 

[118]. Further studies should explore the exact relationship between perfusion and 

hypoxia within brain tumors, how the patterns relate to prognosis and how features 

associated with unfavourable prognosis can be influenced by therapeutic agents or RT 

[22]. Based on the evidence present in literature, an effective option would be to add 

molecular imaging studies aiming to evaluate hypoxia and perfusion to 

multiparametric MRI approach in the clinical work-up of patients with GBM. 

Multimodality imaging biomarker data could be used to identify potential tissue 

signatures to be validated by targeted biopsy samples. Collecting imaging information, 

together with histological data could be exploited in future to create databases designed 

to provide to the oncologists useful information in order to support management of 

patients with high-grade glioma [121]. 
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Chapter 3 Effects of High FiO2 Levels on Cerebral Blood Flow and 
Brain and CSF Signal 

 
 
 
This chapter describes a prospective MRI study. This research material has not yet been submitted for 

publication but has been presented in the alternative thesis format.  

The study design was by Prof Jackson, Dr. Coope and the candidate. Ethical application was by 
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processing, image analysis and statistical analysis. MRI sequence development was by Dr Morris. 

Interpretation of the results was carried out by Prof Jackson, Dr. Coope and the candidate. Literature 

review was by the candidate and Prof. Jackson. 

Dr Coope has also been involved in the development of the analytical techniques.  

The candidate gave his contribution in writing the first draft of the manuscript. Prof Jackson helped in 

the revision of the manuscript. All authors have provided input into helpful discussions. This study was 

jointly funded by Cancer Research UK and the Engineering and Physical Sciences Research Council 

(Grant reference C8742/A 18097). 

 
 
Abstract  

Background: Oxygen-enhanced MRI (OE-MRI) has proved able to quantify tumor 

hypoxia in patients with a range of tumor types. Clinically translatable image-based 

approaches for the identification of correct oxygen administration and, consequently, 

confident quantification of signal change in response to O2 administration have not yet 

been described in the head. The main aim of this study was to document the magnitude, 

timing and distribution of signal changes in grey matter (GM), white matter (WM) and 

CSF in response to varying levels of administered FiO2 in healthy normal volunteers 

and to establish the reproducibility of the changes.  

Methods: Ten volunteers were connected though a mouthpiece to a modified 

“Mapleson A” semi-open anaesthetic circuit and underwent whole-brain OE-MRI 
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sequences at baseline (FiO2 = 21%) and under different O2 concentrations (FiO2 = 

21%,28%, 40%, 60% and 100%). Three subjects underwent the same OE-MRI 

protocol breathing room air and constituted the control group. Maps for longitudinal 

relaxation rate (R1) were generated and sampled using a spherical volume of interest 

(VOI) placed in the suprasellar cistern and masks for grey matter (GM) and white 

matte (WM). Percentage change in mean R1 from baseline at different FiO2 was 

calculated for suprasellar cistern CSF, GM and WM. The significance of the %change 

from baseline in mean R1 with varying FiO2 (21%, 28%/40%, 60% and 100%) was 

assessed using a 2-tailed one samples t-test (p ≤ 0.05). Reproducibility of magnitude 

of change and time course for mean R1 in volunteers undergoing the OE-MRI twice 

(visit 1 and 2) under a FiO2 of 100% were evaluated, respectively, using 2-tailed one 

samples t-test (p ≤ 0.05) and calculating coefficients of correlation for the dynamic 

course (ascending portion, 100% O2 portion and descending segment). Mean flow 

velocities were used to calculate the total flow in the internal carotid arteries and the 

mean %change for varying FiO2 levels. 

Results: Significant %change in mean R1 was measured only under the administration 

of a FiO2 of 100% in suprasellar cistern CSF (4.83%) and GM (0.44%). The summed 

ICA flow showed significant progressive decrease with increasing values of FiO2 

(Pseudo R-Square = 0.938, p = 0.011). Pre-exposure to high supraphysiological FiO2 

(60%) determined higher increase of mean R1 in response to 100% oxygen in 

suprasellar cistern CSF compared to pre-exposure to air (7.46% vs. 3.49%; p = 0.027) 

and larger decrease of ICA flow (-45.6% vs. -25.7%, respectively; p=0.018). The rise 

of the dynamic course of mean R1 in suprasellar cistern CSF and GM occurred within 

120 sec in most subjects. The average percentage change in mean R1 in response to 

100% FiO2 did not differ significantly between visit 1 and visit 2 for suprasellar cistern 
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CSF (5.02% and 4.04%, respectively); a low significant difference was found between 

visit 1 and 2 in GM (0.142% vs. 0.792%; p=0.043). Overall, the slopes of the dynamic 

course of mean R1 for suprasellar cistern CSF and GM in visit 1 and 2 presented 

significant correlation.  

Conclusions: Mean R1 in suprasellar cistern CSF and GM shows significant increases 

at a FiO2 of 100% and demonstrate sufficient reproducibility. Administration of 

increasing FiO2 results in significant proportional decreases in CBF in young healthy 

subjects. We recommend that studies using oxygen challenge in patients with cerebral 

tumors should confirm O2 delivery by measurement of signal change in the suprasellar 

cistern CSF and should characterise the status of the autoregulatory response by 

measurement of major arterial flow. 

 
 
Introduction  

Hypoxia has a major impact on treatment response and patient outcome in several 

cancers, including high-grade gliomas [52]. Non-invasive imaging techniques, 

providing a reliable evaluation of the extent and degree of hypoxia, would be useful to 

tailor personalised treatment strategies involving hypoxia-modifying treatments [32, 

122]. For this reason a number of MRI methods, exploiting the correlation of the tissue 

relaxation properties to oxygenation, have been investigated in preclinical and clinical 

studies [36].  

Gradient echo sequences, sensitive to changes in the transverse relaxation time T2 

have been used for Blood Oxygen Level Dependant imaging (BOLD-MRI) to evaluate 

the regional tissue content of deoxyhaemoglobin [33]. The paramagnetic nature of 

deoxyhaemoglobin alters the local field strength and consequently changes the 

magnetic spin properties of vascular and perivascular water, and decreases the signal 
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intensity on T2* weighted images [36]. Thus, an increase in deoxyhaemoglobin results 

in a faster transverse relaxation rate (R2* = 1/T2*). Conversely, a decrease of 

deoxyhaemoglobin produces a reduction of R2* reflecting a decrease of 

deoxyhaemoglobin. BOLD-MRI does not directly measure PO2 since R2* and tissue 

pO2 are not directly correlated but it can be used to study acute changes in oxygen 

delivery [33]. From a physiological perspective, BOLD-MRI is more likely to 

demonstrate acute tissue hypoxia, due to transient occlusions of small blood vessels 

rather than chronic hypoxia (related to the development of an increasing distance 

between hypoxic areas and red blood cells which is beyond the distance over which 

diffusion of oxygen can provide adequate oxygen delivery)[36]. Furthermore, BOLD-

MRI is affected by other factors including blood flow, haematocrit, CO2 tension, pH 

and bisphosphoglycerate concentration, all of which affect the oxygen-haemoglobin 

dissociation curve [71, 72]. BOLD-MRI also requires sequences sensitive to 

susceptibility change, making image artefacts problematic in some settings. Some 

authors have attempted to demonstrate correlation of the frequency distribution of 

DCE-MRI–derived pharmacokinetic parameters (especially, Ktrans and ve) with the 

extent of hypoxic fraction in tumor tissue [33]. However, these parameters are 

indicative of vascular flow and permeability and do not correlate directly with tissue 

oxygenation [36]. Other described MRI techniques which offer indirect indications of 

hypoxia include MR diffusion weighted imaging (DWI) and magnetic resonance 

spectroscopy (MRS) [33]. 

More recently, oxygen-enhanced MRI (OE-MRI) has proved able to quantify tumor 

hypoxia in patients with a range of tumor types [62, 122]. There is evidence that, given 

a source of high-concentration of inspired oxygen (usually inhalation of 100% O2), a 

shortening of the longitudinal relaxation time (T1) results from increased dissolved 
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oxygen concentration [74]. These changes have been described in normal brain tissue 

in animal models and in a number of other clinical settings [93]. In areas where oxygen 

delivery is adequate, administration of 100% O2 will result in an increase in R1. 

Conversely, where oxygen delivery is inadequate, additional oxygen delivered to 

tissue will be rapidly consumed so that no corresponding signal change will be 

identified. It follows that the T1 shortening effect could be used to potentially evaluate 

oxygen delivery and detect hypoxaemia in tissue [62].  

Since areas of tissue hypoxia will be identified because they fail to show signal change, 

effective O2 delivery must be ensured. High FIO2 has been shown to produce 

predictable, rapid positive signal changes in sulcal CSF [123]. These changes are small 

and require optimised image analysis for confident identification but may be used as 

an indicator of successful administration of high concentrations of oxygen. Clinically 

translatable image-based approaches for the identification of correct oxygen 

administration and, consequently, confident quantification of signal change in 

response to O2 administration have not yet been described in the head.  

The main aim of this study was to document the magnitude, timing and distribution of 

signal changes in grey matter (GM), white matter (WM) and CSF (suprasellar cistern) 

in response to varying levels of administered FiO2 in healthy normal volunteers and to 

establish the reproducibility of the changes.  

 
 
Methods 

1. Normal volunteers  

The local ethical committee approved the study and all the subjects provided informed 

consent after receiving a brief explanation of the experiment by the investigators. The 

local institutional review board approved the study. Due to a known progressive 

decline of cerebral blood flow (CBF) and brain oxygen utilisation with ageing [124], 
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an age restriction (age range: 20-40 years) was adopted for the recruitment. Further 

exclusion criteria included: 1) inability to lie still for up to 1 hour comfortably; 2) 

history of heavy smoking; 3) common contraindications for MRI scanning 

(pacemaker, history of working with metal at high speed, programmable shunts, metal 

implants, etc.).  

Thirteen normal healthy volunteers (4 females, 9 males; mean age: 30.5 ± 4.03 years; 

age range: 26-38 years) were recruited at the University of Manchester and were 

instructed to avoid smoking and substances, such as caffeinated beverages, which may 

affect brain blood flow, on the day of scanning.  

Ten out of 13 volunteers received modified FiO2 and constituted the “experimental 

cohort” (3 females, 7 males; mean age: 30.3 ± 4.16 years; age range: 26-38 years). 

Three out of the 13 volunteers breathed room air over the duration of the scans, these 

constituted the “control cohort” (1 female, 2 males; mean age: 31 ± 4.36 years; age 

range: 26-34 years); these subjects breathed room air over the whole duration of the 

MRI scanning. 

 
2. OE-experimental protocol 

Experimental subjects were connected though a mouthpiece to a modified “Mapleson 

A” semi-open anaesthetic circuit (Fig. 3.1) in the MR scanner [125] The anaesthetic 

circuit was used to provide gas mixtures containing different levels of fraction of 

inspired oxygen (FiO2: 21%, 28%, 40%, 60%, 100%) at a rate of 15 litres/min during 

the OE-MRI experiments (Table 3.1).   
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Figure 3.1 Mapleson A semi-open anaesthetic circuit used to deliver different FiO2 during the OE-
MRI experiments. 
 
 
The PO2 and PCO2 levels within the system were constantly sampled using a tubular 

probe positioned at the level of the mouthpiece. The corresponding gas traces were 

displayed on a computer monitored by means of a commercial gas sampling unit 

(ML206 Gas Analyser and Powerlab 8/35; ADInstruments, Oxford, UK) and analysed 

(Labchart v. 7.3.4, ADInstruments, Oxford, UK).  

Three out of the ten subjects of in the gas experimental cohort were scanned on one 

occasion, 6/10 volunteers underwent two MRI scans and one volunteer underwent 

three MRI experiments (18 scan sessions in all). The MRI scans included two, four, or 

five variable flip angle (VFA) dynamic sequences (sequence duration = 40 time-points; 

frame = 12 sec), acquired in association with different levels of oxygen challenges 

(FiO2 = 21%, 28%, 40%, 60% or 100%).  

The three subjects forming the control cohort were scanned with the same MRI scan 

protocol but without any oxygen administration (breathing room air). The oxygen 

administration paradigms in the experimental and control groups are shown in Table. 

3.1.  
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Group Volunteer 
FiO2 
(%) 

FiO2 

(%) 
FiO2 
(%) 

FiO2 
(%) 

FiO2 
(%) 

Sex Age 

 
 
 
 
 
 
 
 
Exp 

 1 - scan 1 21 40 60 21 N/A F 26 
 2 - scan 1 21 28 100 21 N/A M 38 
 2 - scan 2 21 40 100 21 N/A 
 3 - scan 1 21 100 21 21 N/A M 28 
 3 - scan 2 21 100 21 21 N/A 
 4 - scan 1 21 28 40 21 N/A M 32 
 5 - scan 1 21 60 100 21 N/A M 27 
 5 - scan 2 21 100 40 21 N/A 
 6 - scan 1 21 60 100 21 N/A M 31 
 6 - scan 2 21 100 21 21 N/A 
 7 - scan 1 21 60 100 21 N/A M 26 
 7 - scan 2 21 100 21 21 N/A 
 8 - scan 1 21 100 N/A N/A N/A F 35 
 8 - scan 2 21 100 N/A N/A N/A 
 9 - scan 1 21 40 60 100 21 

M 33  9 - scan 2 21 28 40 21 N/A 
 9 - scan 3 21 100 21 21 N/A 
 10 - scan 1 21 60 100 21 N/A F 27 

 
Control 

 11 - scan 1 room air room air room air room air N/A M 33 
 12 - scan 1 room air room air N/A N/A N/A F 26 
 13 - scan 1 room air room air N/A N/A N/A M 34 

 
Table 3.1 Summary of all the volunteer scans. Each cell corresponds to a VFA dynamic sequence 
with specific oxygen challenge (FiO2 (%)). Volunteers 1-10  =  experimental cohort; volunteers 11-13 
=  control cohort. Exp = experimental. 
 
 
The OE-MRI experiments were designed to provide a minimum of four measurements 

of the longitudinal relation rate (R1) for each change in FiO2. In the experimental 

cohort all subjects initially received medical air (FiO2 = 21%) for a period of 8 mins. 

The 8-minute dynamic scan was then repeated with a change in FiO2 to a different 

level (28%, 40%, 60% and 100%) after 2 minutes. FiO2 variation were made in a 

randomised order to generate:  

1) a group of MRI scans (scans = 8, volunteers = 5) where the subjects were 

exposed to 100% FiO2 immediately following  baseline FiO2 (21%);  

2) a group of MRI scans (scans = 3, volunteers = 3) in which the volunteers 

received only low FiO2 challenges (28%, 40% 60%) after baseline (21%);  

3) a group of MRI scans, which started with the baseline FiO2 (21%), proceeded 

through intermediate FiO2 levels (28%, 40% and 60%) and finished with  100% 

FiO2  (scans = 7, volunteers = 6). 



57 
 

A phase contrast quantitative flow acquisition (QF) was acquired to measure blood 

flow through the internal carotid arteries before and after each hyperoxic challenge. In 

9/10 volunteers, FiO2 was returned to baseline (FiO2  =  21%) on the 10th frame of the 

last  dynamic sequence to evaluate whether the MRI signal had returned to the baseline 

level after the intermediate supraphysiological oxygen challenges.  

 
3. MRI protocol  

The subjects were scanned on a 1.5 T Achieva scanner (Philips Healthcare, Eindhoven, 

The Netherlands) using a using an eight-channel SENSE head coil. 

The MRI protocol included: 

1) Survey acquisitions on three planes (TE: 5 ms, TR:15 ms, α: 20°, FOV: 

250x250 mm, matrix: 256x256; voxel size: 1x1x10mm; imaging duration: 2 

min); 

2) T1-w axial structure SENSE acquisition (TE: 4ms, TR 9 ms, α: 8°, FOV 

230x230, matrix: 256x256, reconstructed voxel size: 0.9x0.9x1.25 mm; 

imaging duration: 7 min);  

3) three selective high resolution variable flip angle (VFA) whole brain maps 

(α = 3°, 13° and 18°, TE: 1 ms, TR: 12 ms, matrix: 128x128, FOV 230x230 

mm, voxel size: 1.8x1.8x5 mm; imaging duration: 58 sec);  

4) 2D phase contrast angiography (PCA) surveys (TE: 5 ms, TR: 20 ms, α = 

15°, matrix: 256x256; FOV: 230x230 mm; PC velocity:15 cm/sec, imaging 

duration: 1 min and 14 sec) in sagittal plane (slice thickness: 80 mm) and in 

coronal plane (slice thickness: 30 mm) to identify the internal carotid arteries;  

5) quantitative flow (QF) measurement by using 2D phase contrast 

angiography in an axial plane (TE: 6 ms, TR: 10 ms, α = 15°, Velocity encoding 

= 120 cm/sec, matrix: 80x80, FOV: 160x160 mm, voxel size: 2x2x5 mm; 
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imaging duration: 1 min and 24sec). ECG gating was performed to cover the 

whole cardiac cycle and the ECG trigger signals were used to create flow 

velocity and magnitude images; 

6) VFA dynamic sequences (n = 2, 4 or 5 depending on the volunteer scan, as 

outlined in Table 3.1).  

Each VFA dynamic acquisition comprised 40 frames (frame duration = 12 sec), lasting 

in total approximately 8 min (TE: 1 ms, TR: 12 ms, matrix: 128x128, FOV: 230x230 

mm, voxel size: 1.8x1.8x5 mm). The first dynamic sequence was acquired for each 

subject with a FiO2 of 21%. The FiO2 level was changed according to the scheme 

outlined in Table 3.1 at the 10th frame of the subsequent dynamic sequence. Each VFA 

dynamic sequence was separated from the following VFA dynamic sequence by a QF 

measurement (5, vide supra; Fig. 3.2). In in 9/10 subjects the last dynamic sequence 

was obtained with a FiO2 returned to baseline (FiO2 = 21%).  

 
 

 

Figure 3.2 Schematic presentation of the OE-MRI protocol with corresponding FiO2 for volunteer 
n.6 – scan 1. 
 
 
In summary, the FiO2 administration scheme was designed to evaluate: 

• the magnitude of signal change in the brain (specifically, GM, WM and 

suprasellar cistern CSF) in response to varying values of administered FiO2; 

• the time scale of signal changes on initiation and cessation of increased O2 

concentration; 

• the impact of a previously administered high O2 concentrations (e.g. FiO2 = 
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60%) on the measurement of the OE-MRI signal change;  

• the reproducibility of the signal change in the brain of subjects undergoing the 

MRI protocol more than once; 

• the influence of the administered high FiO2 on cerebral carotid blood flow. 

 
4. Data processing and analysis  

a. Motion correction of the VFA data  

For each individual subject scan, motion correction was performed after merging the 

baseline VFA maps (voxel size: 1.8x1.8x5 mm, 3 frames x 3 repetitions = 9 images) 

and the 40-frames of each VFA dynamic sequences together, using the mean volume 

of the concatenated sequence as reference volume for the registration. All these 

processing steps were performed using FSL (FMRIB Software Library v 5.0).  

 

b. Generation of R1 values and maps 

R1 values were calculated from the concatenated motion corrected variable flip angle 

dynamic series using an in-house R script (R-Project, Levallois Perret, France; library: 

www.dcemri.com). A flowchart of the processing steps is presented in Fig. 3.3. 

 
 

 

Figure 3.3 Flowchart of the processing steps of the VFA dynamic imaging 
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c. Tissue-type segmentation and definition of volumes of interest for the R1 maps 

Previous studies identified a large change in the suprasellar cistern CSF in response to 

100% FiO2 (17). Accordingly, a spherical VOI (radius: 10 mm) was generated and 

centred in this region (Fig. 3.4). The spherical VOI was created in fslmaths (FMRIB 

Software Library v5.0) defining the centre of the suprasellar cistern on the mean 

volume of the concatenated VFA datasets (VFA maps + VFA baseline dynamic 

sequence + VFA dynamic sequences acquired under different FiO2). 

 
 

 

Figure 3.4 Representative Z-score maps (scale: 1.96-40) and corresponding T1w-structural 
images in a normal volunteer exposed to 100% FiO2. Higher Z scores are displayed on the suprasellar 
(red circle) and quadrigeminal cistern CSF.  
 
 
Volumes of interest (VOI) including GM and WM were defined on the T1-weighted 

axial images after segmenting the brain from the skull using BET (Brain Extraction 

Tool) implemented in FSL [126]. This software allows the separation of brain and non-

brain tissue based on an intensity threshold (fractional intensity threshold, “f” 

parameter) in the head images [127]. Furthermore, this tool permits the application of 

a vertical gradient (“g”) to “f”, with the purpose of reducing the effect of intensity 

changes in inhomogeneous images along the vertical direction [128]. The brain 

extraction was performed using a fractional intensity threshold at of f  =  0.4 and a 
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threshold gradient set at g  =  0.2 [129]. These parameters were chosen based on local 

validation and previous literature [128]. In order to generate masks for GM and WM 

the high resolution T1-weighted images of each individual MRI scan were 

automatically segmented using FAST (FSL, FMRIB Software Library v 5.0). The GM 

and WM masks were systematically visually checked and manually edited using 

Analyze 11.0 (AnalyzeDirect, Overland Park, KS). The GM and WM masks were 

subsequently registered to the low-resolution space of the VFA dynamic sequences, to 

match the spatial resolution of the R1 maps. The masks were then re-sliced using the 

mean volume of the motion-corrected concatenated VFA dynamic sequence as a 

reference. 

 
d. Measurement of R1 change 

For each FiO2 challenge, R1 was sampled from every scan using the GM, WM and 

suprasellar cistern CSF VOIs. Data beyond 3 standard deviations from the mean were 

excluded to remove outliers. The mean R1 baseline value was obtained by averaging 

values from frames acquired breathing air (45 frames, n.5-50); the initial 4 frames were 

excluded from the calculation due to image noise. The mean experimental R1 value 

for each FiO2 challenge was calculated from frames acquired during oxygen 

administration. The first 4 frames were excluded to account for delay in dispensing 

oxygen inherent in the breathing circuit. Finally, the %change of mean R1 was 

calculated as:  

%changeof mean R1  =  
 ( )  ( )

 ( )
∗ 100. 

 
 

e. Reproducibility of changes  

The time course of R1 change in suprasellar cistern CSF, GM and WM were represented 
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by line plots. Frames were also binned (1 bin = 5 frames; duration = 60 sec: 2 sec x 5) in 

separate plots. An upper boundary consisting of the mean value of R1 + 1 standard 

deviation was established as a threshold for signal change. The histogram bins in which 

1) the threshold was exceeded; 2) peak signal change was reached and 3) signal fell below 

the threshold following return to medical air were recorded.  

Reproducibility of the signal change time course was assessed using repeated scans in 

seven volunteers. In these subjects, %change of mean R1 in response to 100% FiO2 in 

visit 1 was compared to %change of mean R1 under 100% FiO2 in visit 2 by means of 2-

tailed independent samples t-test (p = 0.05). The reproducibility of the histogram bins in 

which: 1) peak signal change was reached and 2) signal fell below the threshold following 

return to medical air was examined. The reproducibility of the ascending (FiO2 switched 

from 21% to 100%) and descending (FiO2 switched from 100% to 21%) parts of the R1 

time course curve were compared by measurement of the coefficient of determination:  

𝑟 =  ∑
 ∙ ( )

 ∙ 
. 

A further analysis was carried out for each individual undergoing OE-MRI twice to assess 

the equality of the binned R1 time curves in the two experiements under a 100% FiO2. 

Therefore, it was investigated the null hypothesis that the slopes were identical (parallel) 

considering significant differences only for p values < 0.05.  

The segments of the R1 time courses for which reproducibility was investigated are 

presented in Fig. 3.5. 
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Figure 3.5 Scheme of the reproducibility analysis 
 
 
f. Measurement of Internal Carotid Blood Flow 

Quantitative PCA data were analysed using the open source software Segment version 

2.1 (http://segment.heiberg.se) [130]. Two circular region of interest (ROIs) were 

drawn to delineate the lumen of the internal carotid arteries (ICA) using the magnitude 

images as reference (Fig. 3.6) [131]. Mean flow velocities were used to calculate total 

ICA flow (right + left ICA) and the mean %change calculated for varying FiO2 (21%, 

28%/40%, 60% and 100%).  

 
 

 

Figure 3.6 Measurement of ICA flow in quantitative PCA imaging in transaxial view. 
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5. Statistics   

Almost all statistics were performed in IBM SPSS v.22 (IBM Corp. Released 2013. 

IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp.); GraphPad 

Prism version 7.04 (GraphPad Software, La Jolla California USA, 

www.graphpad.com) was used exclusively to compare the regression lines under 

100% FiO2 [132]. Normality of data distributions was evaluated examining the normal 

quantile-quantile (Q-Q) plots. In the control group, the first dynamic sequence of the 

OE-MRI scan was treated as the “baseline sequence”; in the suprasellar cistern CSF, 

mean R1, measured at baseline (n = 3), was compared to mean R1 measured in the 

challenge sequences (all acquired under room air, n = 5) by means of 2-tailed 

independent sample t-test, based on literature evidence that this statistical test has the 

highest power for such small samples [133]. In the experimental group, comparisons 

were performed for suprasellar cistern CSF, GM and WM. The significance of the 

%change in mean R1 with varying FiO2 (21%, 28%/40%, 60% and 100%) was first 

assessed using a 2-tailed one samples t-test (p ≤ 0.05) [134]. Subsequently, p values 

were subsequently calculated for individual %changes by means of 2-tailed 

independent samples t-test (p ≤ 0.05), comparing mean R1 in the frames of the 

“challenge sequence” with mean R1 in the frames of the corresponding baseline 

sequence. The correlation between the discrete (FiO2) and continuous (mean R1) 

variables was calculated as described using the method described by Cox et al. [135].  

In addition, it was assessed whether pre-exposure to different FiO2 (low vs. high levels) 

could influence the magnitude of %change in mean R1 triggered by the administration 

of a specific FiO2, by means of 2-tailed independent samples t-test.  

The significance of percentage changes in total ICA flow, measured from quantitative 

PCA images, was assessed by 2-tailed one-sample t-test (p. < 0.05). The correlation 

between change in ICA flow and FiO2 was measured by Cox-Snell R2. The impact of 
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pre-exposure to different FiO2 levels on the measurement of flow at 21% and 100% 

FiO2 was assessed using the same methodology described for %change in mean R1. 

The hypotheses tested were that: 

1) exposure to 100% FiO2 produces significant changes in mean R1 in CSF, 

GM and WM; 

2) exposure to submaximal FiO2 (60%, 40%, 28%, 21%) produces signal 

change in CSF, GM and WM; 

3) signal changes in CSF, GM and WM are correlated to FiO2; 

4) previously administered high levels of FiO2 will not affect subsequent 

measurements of response to 100% FiO2 or recovery to baseline levels; 

5) administration of high FiO2 will produce reduction in overall internal carotid 

blood flow; 

6) the magnitude of reduction in internal carotid blood flow correlate with FiO2. 

 

Results 

1) The effect of high FiO2 on R1 in CSF, GM and WM. 

In the control group, no significant signal change was detected in the suprasellar cistern 

CSF.  

In the experimental group, when 100% oxygen was administered following air (15 

scans), a significant positive signal change was detected in the suprasellar cistern CSF 

in almost all cases (significant positive change in 14/15 scans; the non-significant case, 

patient 3 – scan 1, presented a p value of 0.09). The mean percentage change was 

4.83% (C.I.:3.059-6.560; Table 3.2 and 3.3; Fig. 3.7). Administration of lower FiO2 

following air also produced positive, but not statistically significant %changes in mean 

R1 in suprasellar cistern CSF, reaching near-significance level (0.061) at 60% FiO2. 
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Challenge 
FiO2 

n. 

Average 
mean R1 
at baseline   
FiO2 

Average 
mean R1 at 
challenge 
FiO2 

%change in 
mean R1 

St. dev of 
%change 

Lower CI  
(95%) of 
%change 

Upper CI 
(95%) of 
%change 

Sig. of 
%change     
(2-tailed) 

21% 21 0.669 0.674 0.413 2.553 -0.798 1.523 0.522 

28%/40% 9 0.692 0.694 0.327 1.17 -0.624 1.177 0.499 

60% 6 0.620 0.635 2.227 2.217 -0.149 4.503 0.061 

100% 15 0.650 0.676 4.83 3.11 3.059 6.560 < 0.0001 

 
Table 3.2 Percentage changes in mean R1 of the suprasellar cistern CSF in the experimental 
cohort at varying levels of FiO2, assessed by one samples t-test. 
 

 

 
 
 

 
 
Figure 3.7 Mean R1 dynamic course in the suprasellar cistern CSF. The top graph shows the typical 
time course of mean R1 in the suprasellar cistern CSF in a normal volunteer (frames 1-50 are acquired 
under a FiO2 of 21%); the switch to the FiO2 = 100% occurs at the 50th frame (vertical light blue bar; 
frames 51-80 are acquired at a FiO2 = 100%). The reference lines (red) correspond to baseline mean R1 
± 1 SD. The bottom graph demonstrates the same data using binned frames (1 bin = 5 frames; bin 
duration = 60 sec) for easier visualization. 
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Volunteer FiO2 

%change 
in mean 

R1 
p value of 
%change FiO2 

%change 
in mean 

R1 
p value of 
%change FiO2 

%change 
in mean 

R1 
p value of 
%change FiO2 

%change 
in mean 

R1 

p value 
of 

%change 
1 - scan 

1 40 -0.969 0.0441 60 -1.697 0.0006 21 -3.080 0.000000 N/A N/A N/A 
2 - scan 

1 28 0.173 0.6458 100 1.834 0.01 21 -1.994 0.000000 N/A N/A N/A 
2 - scan 

2 40 1.037 0.0038 100 4.807 < 0.0001 21 2.341 0.000045 N/A N/A N/A 
3 - scan 

1 100 0.621 0.0987 21 -0.152 0.7085 21 0.138 0.767368 N/A N/A N/A 
3 - scan 

2 100 1.666 0.003 21 0.146 0.7359 21 1.532 0.006641 N/A N/A N/A 
4 - scan 

1 28 -0.228 0.6381 40 -0.659 0.1587 21 -1.608 0.004610 N/A N/A N/A 
5 - scan 

1 60 1.756 0.0071 100 6.254 < 0.0001 21 0.224 0.758922 N/A N/A N/A 
5 - scan 

2 100 1.605 < 0.0001 40 -0.935 0.0198 21 -2.406 0.000000 N/A N/A N/A 
6 - scan 

1 60 3.077 < 0.0001 100 7.400 0.0198 21 1.005 0.112925 N/A N/A N/A 
6 - scan 

2 100 3.856 < 0.0001 21 -0.776 0.3360 21 -2.381 0.002269 N/A N/A N/A 
7 - scan 

1 60 4.667 < 0.0001 100 11.968 < 0.0001 21 9.005 0.000000 N/A N/A N/A 
7 - scan 

2 100 6.096 < 0.0001 21 2.432 < 0.0001 21 1.031 0.047617 N/A N/A N/A 
8 - scan 

1 100 4.186 < 0.0001 N/A N/A N/A N/A N/A N/A N/A N/A N/A 
8 - scan 

2 100 6.988 < 0.0001 N/A N/A N/A N/A N/A N/A N/A N/A N/A 
9 - scan 

1 40 0.476 0.4633 60 1.865 0.0163 100 2.906 < 0.0001 21 0.07 0.898 
9 - scan 

2 28 2.280 < 0.0001 40 1.764 0.0109 21 0.989 0.089274 N/A N/A N/A 
9 - scan 

3 100 3.503 < 0.0001 21 0.450 0.3525 21 -0.458 0.375362 N/A N/A N/A 
10 - 

scan 1 60 3.693 < 0.0001 100 8.802 < 0.0001 21 2.819 0.000030 N/A N/A N/A 

 
Table 3.3 Individual percentage changes in mean R1 in suprasellar cistern CSF. Individual 
percentage changes in mean R1 in suprasellar cistern CSF (from baseline average mean R1: frames 5-
50) at different FiO2 (excluding the initial four frames of the “challenge FiO2” to account for delay in 
oxygen dispensing) and corresponding p values, assessed by 2-tailed independent samples t-test. 
 
 
Percentage changes in mean R1 showed moderate correlation with FiO2 levels (Pseudo 

R-Square = 0.428, p < 0.01; Fig. 3.8). Furthermore, receiver operator curve (ROC) 

analysis showed that, in the suprasellar cistern CSF, a change in mean R1 > 1.40% 

from the baseline mean R1, would have distinguished the administration of a FiO2 of 

100% from lower FiO2 levels with a sensitivity and specificity of 69.44% and 93.33%, 

respectively (Fig. 3.9). When limiting the analysis to dynamic sequences acquired 

under FiO2 of 21% and 100%, the same threshold value resulted the best predictor of 

the administration of 100% FiO2 with a sensitivity of 93.3% and a specificity of 81%. 
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Figure 3.8 Whisker-plot of %changes in mean R1 at varying levels of FiO2 in the suprasellar 
cistern CSF 
 
 

 
 
Figure 3.9 ROC curves for prediction of FiO2 administration. Left: ROC curve for prediction of 
administration of 100% FiO2 vs. lower FiO2 (21%, 28%, 40% and 60%) in normal volunteers based on 
percentage change in mean R1 in the suprasellar cistern CSF. Right: ROC curve for prediction of 
administration of 100% FiO2 vs. 21% FiO2 in normal volunteers based on percentage change in mean 
R1 in the suprasellar cistern CSF. 
 
 
In GM, exposure to a FiO2 of 100% produced a significant positive change in R1 of 

0.438%, (C.I.:0.054-0.721; p = 0.026; Table 3.4 and 3.5). However, exposure to FiO2 

values from 21% to 60% produced no significant change in GM-R1. No significant 
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change in WM-R1 was seen at any level of FiO2 (Table 3.6). Interestingly, a very 

strong correlation (R2 = 0.910, p < 0.001) was found between percentage changes of 

mean R1 of GM and WM in volunteers scans acquired under a FiO2 of 100%. 

 
 

Challenge 
FiO2 

n. 

Average 
mean R1 at 
baseline 
FiO2 

Average 
mean R1 at 
challenge 
FiO2 

%change in 
mean R1  

St. dev of 
%change 

Lower CI  
(95%) of 
%change 

Upper CI 
(95%) of 
%change 

Sig. of 
%change          
(2-tailed)   

21% 21 0.889 0.889 -0.121 0.676 -0.477 0.133 0.254 

28%/40% 9 0.847 0.852 0.311 0.411 -0.055 0.576 0.093 

60% 6 0.861 0.865 0.020 0.261 -0.304 0.244 0.790 

100%  15 0.906 0.909 0.438 0.602 0.054 0.721 0.026 

 
Table 3.4 Percentage changes in mean R1 in GM in the experimental cohort at varying levels of 
FiO2, assessed by one samples t-test 
 
 

VOLUNTEER 
FiO2 = 100% 

%change in mean R1 p value of %change 
(from baseline average) 

 2 - scan 1 0.061 0.521053 
 2 - scan 2 2.150 < 0.0001 
 3 - scan 1 -0.065 0.4160 
 3 - scan 2 0.108 0.102 
 5 - scan 1 0.089 0.069 
 5 - scan 2 0.261 0.0169 
 6 - scan 1 -0.158 0.1912 
 6 - scan 2 1.152 < 0.0001 
 7 - scan 1 0.771 < 0.0001 
 7 - scan 2 0.410 < 0.0001 
 8 - scan 1 0.056 0.4314 
 8 - scan 2 0.750 0.0005 
 9 - scan 1 0.244 0.0570 
 9 - scan 3 0.709 < 0.0001 
10 - scan 1 0.035 0.6719 

 
Table 3.5 Individual percentage changes in mean R1 in GM. Individual percentage changes in mean 
R1 in GM (from baseline average mean R1: frames 5-50) at 100% FiO2 (excluding the initial four frames 
of the “challenge FiO2” to account for delay in oxygen dispensing) and corresponding p values, assessed 
by 2-tailed independent samples t-test. 
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Challenge 
FiO2 

n. 
Average 
mean R1 at 
baseline FiO2 

Average mean 
R1 at challenge 
FiO2 

%change 
in mean 
R1  

St. dev of 
%change 

Lower CI  
(95%) of 
%change 

Upper CI 
(95%) of 
%change 

Sig. of 
%change          
(2-tailed)    

21% 21 1.187 1.186 -0.153 0.675 -0.510 0.104 0.183 

28%/40% 9 1.115 1.117 0.182 0.396 -0.172 0.436 0.347 

60% 6 1.133 1.132 -0.073 0.198 -0.330 0.085 0.190 

100% 15 1.1195 1.1196 0.154 0.579 -0.216 0.425 0.497 

 
Table 3.6 Percentage changes in mean R1 in WM. Percentage changes in mean R1 in WM in the 
experimental cohort at varying levels of FiO2, assessed by one samples t-test. 
 
 
2) Does pre-exposure to high FiO2 affect observed change in R1? 

In experiments, where exposure to a FiO2 of 100% was immediately preceded by a 

“preload” FiO2 of  60%, the resulting %changes in mean R1 measured in GM and WM 

were unchanged compared to pre-exposure to 21% FiO2 . Conversely, percentage 

change of mean R1 in the suprasellar cistern CSF was significantly higher (p = 0.027) 

in experiments where exposure to a FiO2 of 100% was preceded by a FiO2 of 60% 

rather than air: 7.46% (C.I: 3.33-11.60) vs. 3.49% (C.I.:1.70 - 5.43) (Fig. 3.10). Under 

the administration of air, %change in mean R1, was not influenced by preliminary 

exposure to different FiO2 levels (100% vs. 28%/40%/60%, Fig. 3.10), neither in 

suprasellar cistern CSF (%change in mean R1 = 1.27% vs. -1.53%; p = 0.086) nor GM 

(%change in mean R1 = -0.12% vs. 0.007%; p = 0.79) nor WM (%change in mean R1 

= -0.10% vs. -0.01%; p = 0.82). 
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Figure 3.10 Effect of pre-exposure to high FiO2 on %change of mean R1 in suprasellar cistern 
CSF, GM and WM. Left column: %changes in mean R1 from baseline level at return to air preceded 
by submaximal (60% or less) or maximal (100%) FiO2 levels in suprasellar cistern CSF (a), GM (c) and 
WM (e). Right column: %change in mean R1 at 100% FiO2 from the baseline, with pre-exposure to a 
FiO2 of 60% or direct switch from baseline FiO2 (21%) in suprasellar cistern CSF (b), GM (d) and WM 
(f). 
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3) Time course of signal change in CSF, GM, and WM  

In the suprasellar cistern CSF, the rate of rise in mean R1 was variable. Most cases 

exceeded the threshold in the bin 1 (11/15; within 60 sec), whereas four subjects 

exceeded the threshold in bin 2 (60-120 sec). The peak R1 was reached in in the last 

three frame bins in 11/15 cases. After switching from 100% FiO2 to 21% FiO2 the mean 

R1 dropped below the threshold within 120 sec in 8/13 subjects. In four subjects, where 

the exposure to 100% FiO2 was preceded by 60% FiO2, the drop below the threshold 

value was slower (180 sec, 240 sec, 360 sec and not reached in one case). The time 

course of mean R1 in suprasellar cistern CSF was also evaluated at submaximal levels 

of FiO2; examination of the plots revealed a relationship between the amplitude of 

signal change and FiO2 (Figure 3.11). 

 
 

 
 
Figure 3.11 Dynamic course of mean R1 in suprasellar cistern CSF. Dynamic course of mean R1 in 
suprasellar cistern CSF (volunteer 6, scan 1); frames are binned (1 bin = 5 frames; bin duration = 60 
sec). 
 
 
The time course of change of mean R1 in GM, at least in some patients, was similar to 

the time course in CSF although the magnitude of change was smaller. Following the 
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administration of 100% FiO2, the threshold was surpassed in the first 2 bins in 10/15 

scans and the peak value occurred in the last three bins of the dynamic sequence, 

corresponding to the peak bin in CSF in 6/15 volunteers. The R1 time course curve in 

WM was difficult to evaluate with low magnitude change (see Fig. 3.12); peak values 

were reached within the last three bins in 8/15 cases.  

 
 

 

Figure 3.12 Time course of mean R1 in the CSF, GM and WM. Time course of mean R1 in the CSF, 
GM and in two volunteers undergoing the OE-MRI experiment under the following FiO2 sequences: 
21%, 100%, 21%, 21%; red lines correspond to baseline mean R1 + 1 SD. Vertical blue line corresponds 
to the switch of FiO2.  
 
 
4) Reproducibility of time course in CSF, GM, WM in normal volunteers. 

The reproducibility of the dynamic curves was assessed using the binned data 

(excluding the first bins of the sequences to account for the noise and oxygen delay) 

and converting for each bin the absolute mean R1 value to %change from baseline 

mean R1. The baseline mean R1 was calculated averaging the mean R1 in the bins of 

the baseline sequences. 

Since significant changes in mean R1 were not seen in WM in response to 100% FiO2 
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coefficients of determination (CoD) were derived only for suprasellar cistern CSF and 

GM. In suprasellar cistern CSF, the average percentage change in mean R1 in response 

to 100% FiO2 did not differ significantly between visit 1 and visit 2 (5.02% vs. 4.04, 

respectively; p = 0.577). For suprasellar cistern CSF, calculated CoDs demonstrated 

significant correlation between the rates of change in the ascending portion of the R1 

time courses of visit 1 and 2 in 6 out of 7 subjects (FiO2 switched from 21% to 100%; 

R2 = 0.546, CoD = 0.739 ± 0.172). Significant CoDs were also found for the 

descending segments of the R1 mean time courses in 4/6 subjects (FiO2 switched from 

100% to 21%; R2 = 0.448, CoD = 0.669 ± 0.225) (see Table 3.7).  

 
 

 Coeff. Det. (challenge) Coeff. Det. (back to baseline) 

Volunteer 2 0.819 0.280 

Volunteer 3 0.401 0.556 

Volunteer 5 0.690 0.932 

Volunteer 6 0.816 0.759 

Volunteer 7 0.929 0.743 

Volunteer 8 0.836 N/A 

Volunteer 9 0.684 0.745 
Mean 0.739 0.669 
SD 0.172 0.225 

 
Table 3.7 Coefficient of determination for the ascending portion (challenge) and descending (back 
to baseline) portion of the mean R1 dynamic course in suprasellar cistern CSF of normal 
volunteers undergoing the OE-MRI experiment twice. FiO2 order: (21%, 100%, 21%). Significant 
correlation (p < 0.01) are presented in bold. 
 
 
The slopes of %change in mean “R1 in suprasellar cistern CSF in visit 1 and 2, in 

response to 100% FiO2, did not present significant differences in 6/7 cases (Table 3.8 

and Fig. 3.13).  
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 Vol. 2 Vol. 3 Vol. 5 Vol. 6 Vol. 7 Vol. 8 Vol. 9 

p values 0.208 0.939 0.885 0.054 0.067 0.007 0.79 

 
Table 3.8 Comparison of slopes under the administration of 100% FiO2 in the suprasellar cistern 
CSF in normal volunteers undergoing OE-MRI twice. P values > 0.05 indicate absence of significant 
differences between the two visits.  
 
 

 
 
Figure 3.13 Linear regression plots (binned data) of mean R1 %change (FiO2 = 100) from baseline 
in suprasellar cistern CSF (visit 1 and 2).  
 
 
Differently, in GM a significant difference in mean R1 change at a FiO2 of 100% was 

documented between the two visits (0.142% vs. 0.792%; p = 0.043). Responses to 

switch from 21% FiO2 to 100% FiO2 demonstrated low reproducibility, whereas the 

R1 mean dynamic courses demonstrated moderate reproducibility (R2 = 0.270, CoD = 

0.520 ± 0.552) in response to the return to baseline conditions (from 100% FiO2 to air; 

Table 9). The slopes of %change in mean R1 in GM in visit 1 and 2, in response to 

100% FiO2, did not present significant differences in 6/7 cases (Table 3.10; Fig. 3.14). 
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 Coeff. Det. (challenge) Coeff. Det. (back to baseline) 
Volunteer 2 0.053 -0.578 

Volunteer 3 0.397 0.561 

Volunteer 5 0.037 0.640 

Volunteer 6 -0.280 0.817 

Volunteer 7 0.693 0.775 

Volunteer 8 -0.044 N/A 

Volunteer 9 0.488 0.904 
Mean 0.192 0.520 
SD 0.342 0.552 

 
Table 3.9 Coefficient of determination for the ascending portion (challenge) and descending (back 
to baseline) portion of the mean R1 dynamic course in GM of normal volunteers undergoing the 
OE-MRI experiment twice. FiO2 order: (21%, 100%, 21%). Significant correlations (p < 0.01) are 
presented in bold. 
 
 

 Vol. 2 Vol. 3 Vol. 5 Vol. 6 Vol. 7 Vol. 8 Vol. 9 

p values 0.208 0.161 0.260 0.853 0.367 0.0003 0.89 

 
Table 3.10 Comparison of slopes under the administration of 100% FiO2 in GM in normal 
volunteers undergoing OE-MRI twice. P values > 0.05 indicate absence of significant differences 
between the two visits.  
 
 

 

 
Figure 3.14 Linear regression plots of binned data of mean R1 %changes (FiO2 = 100) from 
baseline in GM (visit 1 and 2).  
 
 
5) Impact of FiO2 on ICA flow 

ICA flow data was available for analysis in 14 out of 18 MRI experiments.  The 

summed ICA flow showed significant progressive decrease with increasing values of 

FiO2. The percentage change in total ICA flow from baseline showed significant 
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correlation with the increase in FiO2 (Pseudo R-Square = 0.938, p = 0.011; Table 3.11 

and Fig. 3.15). 

 
 

Challenge 
FiO2 

n. 
Average flow at 
baseline FiO2  

(mL min-1) 

Average flow at 
challenge FiO2 

(mL min-1) 
%change  

St. dev of 
%change 

Lower CI  
(95%) of 
%change 

Upper CI 
(95%) of 
%change 

Sig. of 
%change          
(2-tailed)  

21% 31 0.493 0.490 -0.674 9.84 -4.284 -2.935 0.705 

28%/40% 9 0.466 0.442 -11.613 13.405 -22.120 -1.106 0.039 

60% 6 0.504 0.453 -20.241 13.827 -34.751 -5.731 0.016 

100%  11 0.497 0.410 -34.429 13.707 -46.63 -25.22 < 0.0001 
 
Table 3.11 %change of ICA flow from baseline flow (baseline FiO2 = 21%) at different FiO2 
levels 
 
 

 

Figure 3.15 Whisker-plot of %change of ICA flow at different FiO2 

 
 
 

The reduction in ICA flow at 100% FiO2 was significantly greater when the subject 

had been immediately previously exposed to 60% FiO2 (-45.6%) rather than air (-

25.7%; p = 0.018). The ICA flow at a FiO2 of 21% was not affected by previous 
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exposure to a FiO2 of 100% rather than lower FiO2 levels (Fig. 3.16).  

 
 

 

Figure 3.16 Effect of pre-exposure to high FiO2 on ICA flow. Left: %change in total ICA flow at 
FiO2 = 21% from baseline flow (FiO2 = 21%) with pre-exposure to 21%/28%/40%/60% FiO2 vs. pre-
exposure to 100% FiO2. Right: %change in total ICA flow at FiO2 = 100% compared to baseline flow 
(FiO2 = 21%) with pre-exposure to 21% FiO2 vs. pre-exposure to 60% FiO2.  
 
 
Individual percentage changes in changes in total ICA flow in subjects demonstrated 

a strong inverse correlation with percentage changes in mean R1 in suprasellar cistern 

CSF (R2 = 0.552, p < 0.001, Fig. 3.13). 

 
 

 
 
Figure 3.17 Scatter plot showing the correlation of percentage changes in mean ICA flow and in 
mean R1 in suprasellar cistern CSF. 
 
 
At a FiO2 of 100%, total ICA flow presented higher %change decreases in volunteers 

with higher %change in mean R1 in suprasellar cistern CSF (R2 = 0.614, p = 0.007); 
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this relationship resulted not significant taking into account only administration of air 

(R2 = 0.119, p = 0.191) Fig. 3.18). 

 
 

 
 
Figure 3.18 Correlation of %change in mean R1 in suprasellar cistern CSF and %change in ICA 
flow. Left: linear regression between %changes from baseline conditions (FiO2 = 21%) in mean R1 in 
suprasellar cistern CSF and in total ICA flow in response to the administration of 100% FiO2.  
Right: linear regression between %changes from baseline conditions (FiO2 = 21%) in mean R1 in 
suprasellar cistern CSF and %change in total ICA flow at a challenge FiO2 of 21%. 
 
 
Discussion 

In the past few years there has been growing interest in the use of OE-MRI to assess 

regional hypoxaemia in a range of tumor types [62, 74, 136, 137]. In cerebral tumors, 

hypoxia is known to be a significant feature largely due to reduced cerebral blood flow 

reflecting increases in intracranial pressure [138]. Our group has previously shown that 

OE-MRI can produce T1 signal change in patients with GBM [62], however no 

systematic study of oxygen induced T1 changes in brain has been presented.  

In this study, we have examined the effects of oxygen administration on T1 signal 

change in the brains of normal volunteers. Previous workers have shown that supra-

physiological levels of FiO2 can produce reductions in CBF of healthy volunteers [139-

143]. Decrease of CBF of up to 30% have been reported in response to 100% O2 

producing decrease of oxygen delivery (DO2) of over 25% [139]. In the current study, 

we measured combined internal carotid artery flow and demonstrated a 34% reduction 
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in total ICA flow in response to 100% FiO2. Furthermore, significant decreases were 

observed also at lower levels of FiO2 and there was a strong correlation between the 

percentage change in total ICA flow from baseline and FiO2 levels (in our study, 

Pseudo R-Square = 0.938), in keeping with previous literature [144, 145]. Previous 

workers have shown that these decreases tend to be greater in childhood and young 

adults, reducing in early middle age ([139, 146]). 

Previous studies have demonstrated very significant changes in suprasellar cistern CSF 

T1 values in response to increased FiO2 [123, 147, 148]. Similar signal changes were 

not seen within the ventricles or in the CSF spaces over the vertex [123, 149, 150]. We 

have shown similar significant changes, with peak increases in R1 of over 4% in 

suprasellar cistern CSF in response to 100% FiO2. Further similarity in the behaviour 

of suprasellar cistern CSF-R1 values and total ICA flow is seen when 100% oxygen 

administration is preceded by a lower supraphysiological concentration (FiO2  = 60%). 

Both suprasellar cistern CSF-R1 and total ICA flow changes are larger under these 

circumstances than when 100% oxygen is preceded by air (increase in suprasellar 

cistern CSF-R1 = 7.46% vs. 3.49%; decrease in total ICA flow = -45.6% vs. -25.7%). 

The physiological mechanism underlying hypoperfusion in response to hyperoxia is 

undefined. In hypoxia decreases in CBF mirror arterial oxygen content and show a 

semi-logarithmic relationship with PaO2, which reflects the shape of the oxygen 

dissociation curve [139, 151]. The mechanism for this hypoxic response is a decrease 

in cerebral vascular resistance due to vasoconstriction in pial arteries [140, 151-153] . 

In significant hyperoxia in healthy subjects, haemoglobin is essentially saturated, 

having reached the flat part of the dissociation curve. Previous workers have 

speculated that the CBF response to hyperoxia is mediated by the concentration of 

dissolved oxygen (PaO2) in arterial plasma [144], since this will continue to linearly 
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increase with FiO2 after haemoglobin is saturated. The observation that the mean R1 

change in the suprasellar cistern CSF is greater when 100% oxygen is preceded by 

60% oxygen than when it is preceded by air is of particular interest. This suggests that 

the oxygen content within the CSF increases during administration of 60% and then 

continues to increase through administration of 100%. This would suggest a diffusion 

process from plasma to CSF that has not reached saturation during the standard 100% 

FiO2 experiment. The fact that internal carotid flow shows the same response is 

illuminating. There is no physiological reason why pre-administration of 60% FiO2 

should result in a higher arterial plasma PaO2 making it difficult to understand how 

plasma PaO2 could be the physiological driver to decreased ICA flow. We propose the 

hypothesis that PaO2 in CSF rather than in arterial blood drives decreases in CBF 

resulting from supraphysiological FiO2. Clearly, although the findings of this study are 

suggestive, formal testing of this hypothesis is necessary. CSF PaO2 is influenced by 

arterial oxygen tension and is normally expected to be higher than PaO2 in the venous 

compartment draining neural tissue [154]. Of note, Kazemi et al. reported that CSF 

PaO2 presents not uniform values across different locations of sampling and 

measurements are influenced by the PaO2 of the neighbour neural tissue (specifically 

by the venous blood PaO2) and proximity of the measurement location to the site of 

oxygen transfer from arterial blood to the CSF. Previous evidence of significant 

increase in CSF PaO2 following 100% oxygen inhalation comes from a study by 

Zaharchuk et al. who demonstrated larger increases of PaO2 in the basilar cisterns and 

cortical sulci of 155 ± 45 mmHg of and 124 ± 34 mmHg, respectively, and a linear 

relationship between R1 and oxygen content in CSF[147]. In addition, we expect that 

the magnitude of ICA flow change would be also influenced by the efficiency of PO2 

exchange between the CSF and vascular compartment. It is not clear whether the 
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dysmorphic anatomy of patients with brain tumors could alter this complex 

mechanism. As long as the exchange between CSF and vascular compartment is still 

maintained, despite the altered brain anatomy, with increasing tumor masses, the 

resulting higher intracranial pressure may compress CSF, augment the effect of CSF 

PaO2 on neural tissue and diminish the effect of CSF PaO2 on CBF measured in ICAs. 

The administration of 100% FiO2 is therefore supposed to determine higher changes 

in R1 in normal GM and WM in patients with larger tumors (possibly causing 

intracranial pressure), up to a dimensional tumor threshold, after which the efficiency 

of PO2 exchange between the CSF and neural tissue become lower. 

In contrast to previously published findings in a variety of normal and tumor tissues 

[62, 74, 93, 155, 156], we saw significant changes in R1 in GM but not in WM in 

response to 100% FiO2. Different factors may have determined the discrepancy with 

previous literature. First, differences may derive from different sensibility of R1 to 

oxygen challenges in animal models, investigated by most studies in literature, and 

humans. Wu et al. documented significant change in both GM and WM in a rodent 

model of glioma [93]; in the only existing study  investigating OE-MRI in patients 

with high-grade glioma R1 change in normal brain tissues was not reported [62]. 

Second, although we tried to check and manually edited the masks, inclusion of pixels 

containing non-WM tissue in the VOIs may have occurred. A third source of 

variability may arise from different characteristics of the scanners used in the studies. 

In our opinion, in light of the decreases in overall CBF observed at high FiO2, our 

results are not totally surprising. Cerebral autoregulation is designed to maintain 

regional PaO2 within the brain tissue at a constant level [157] and these results suggest 

that that mechanism is active in supraphysiological hyperoxic states as well as the 

physiological state of hypoxia. Clearly, this has impact for future studies investigating 
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hypoxia in cerebral tumors using oxygen challenges with measurement of T1 change. 

The identification of hypoxia within the tissue requires the presence of perfusion and 

the absence of signal response to high FiO2 concentrations. If this autoregulatory 

mechanism is in place then the oxygen challenge will reduce CBF to the normal tissues 

and possibly to the tumor. This could lead to inappropriate characterisation of tumor 

tissue with false positive classification of tissue as hypoxic. Indeed, in the current study 

GM and WM would both have been classified as hypoxic with current recommended 

analysis techniques [122]. 

In applying oxygen challenge imaging to patients with cerebral tumors it is therefore 

essential to ensure that oxygen has reached the cerebral circulation and that DO2 has 

not resulted in autoregulatory decreases of CBF. Patients with cerebral tumors may be 

unwell, elderly or frail.  Previous works have shown that administration of oxygen via 

a simple facemask or a "Hudson" facemask with a small reservoir bag can lead to 

suboptimal oxygen administration due to inadequate peak flow and entrainment of 

room air [125]. However, elderly or infirm patients may poorly tolerate the use of the 

mouthpiece or formal anaesthetic mask. We would therefore recommend that 

measurement of oxygen induced changes in suprasellar cistern CSF-R1 values should 

be routinely performed to confirm that oxygen has been successfully administered. In 

the current study, significant change (1.40%) in the suprasellar cistern identified that 

pure oxygen rather than lower FiO2 had been administered with a sensitivity of 69.44% 

and a specificity of and 93.33%; furthermore the same threshold distinguished 

administration of 100% FiO2 from air with excellent accuracy (sensitivity = 93.3% and 

specificity = 81%).  

As stated above, the presence of a physiological autoregulatory decrease in cerebral 

blood flow in response to high levels of inspired oxygen would significantly affect and 
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potentially invalidate identification of hypoxia in cerebral tumors. This physiological 

response to hyperoxia is not well understood and it is likely that, in the presence of 

cerebral tumor, the response may be absent. In the study of Linnik et al. significant 

signal changes were seen within tumor tissue in response to high FiO2 although normal 

tissue values were not presented [62]. In order to confirm that a significant 

physiological reduction in CBF has not occurred we would recommend routine 

performance of PCA measurements in the major cerebral arteries before and during 

oxygen administration. Measurement of R1 change in normal GM and WM would also 

be of value and should be performed. 

 
 
Conclusions 

In conclusion, administration of high concentrations of inspired oxygen results in 

significant decreases in CBF in young normal subjects. Measurement of R1 in 

suprasellar CSF and GM shows significant increases at a FiO2 of 100%. Prior exposure 

to supraphysiological FiO2 before the oxygen challenge experiment results in larger 

decreases in cerebral blood flow and larger increases in suprasellar cistern CSF-R1. 

This behaviour suggests that CSF PaO2 may be a physiological driver for the reduction 

in CBF. WM shows no significant changes in response to high FiO2 which we attribute 

to a constant local tissue oxygen delivery due to a combination of increased oxygen 

carriage and decreased CBF. We recommend that studies using oxygen challenge in 

patients with cerebral tumors should confirm oxygen delivery by measurement of 

signal change in the basal CSF and should characterise the status of the autoregulatory 

response by measurement of major arterial flow before and during oxygen 

administration and by documentation of signal change in normal GM and WM. 
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Chapter 4 Time Course and Reproducibility of R1 in Brain and 
Tumor Regions of Patients with High-grade Gliomas 

 
 
 
This chapter describes a prospective MRI study. This research material has not yet been submitted for 

publication but has been presented in the alternative thesis format.  

The study design was by Prof Jackson, Dr. Coope and the candidate. Ethical application was by 

Professor Jackson. Patients were recruited at the Salford Royal NHS Foundation Trust and research 

MRI studies were carried out at the Wolfson Molecular Imaging Centre. 

The candidate has been involved with the recruitment, data acquisition, data processing, image analysis 

and statistical analysis. MRI sequence development was by Dr Morris. Interpretation of the results was 

carried out by Prof Jackson, Dr. Coope and the candidate. Literature review was by the candidate and 

Prof. Jackson. 

Dr Coope has also been involved in the development of the analytical techniques.  

The candidate gave his contribution in writing the first draft of the manuscript. Prof Jackson helped in 

the revision of the manuscript. All authors have provided input into helpful discussions. This study was 

jointly funded by Cancer Research UK and the Engineering and Physical Sciences Research Council 

(Grant reference C8742/A 18097). 

 
 
Abstract  

Background:  Tumor hypoxia represents a crucial factor in determining the 

invasiveness of GBM. Previous studies have demonstrated the feasibility of measuring 

R1 change in brain tumors in response to 100% oxygen by means of OE-MRI. The 

main aim of this study was to document the magnitude, timing and distribution of R1 

changes in brain tumors (enhancing and non-enhancing regions) and in normal brain 

in response to a FiO2 of 100% in patients with high-grade glioma and to evaluate the 

reproducibility of the measurements.  

Methods: 12 patients were connected through a mouthpiece to a modified “Mapleson 

A” semi-open anaesthetic circuit and underwent two whole-brain OE-MRI scans (visit 
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1 and 2) in the same day being exposed in sequence to a FiO2 of 21%, 100%  and back 

to 21%. Capnography traces of O2 and CO2 were monitored to assess satisfactory O2 

delivery and proper connection between the mouthpiece and patient mouth. Percentage 

change of mean R1 (from baseline level) at 100% FiO2 and at return to 21% FiO2 was 

calculated for tumor regions (enhancing = EN and non-enhancing = NE) and the 

different brain tissue components: whole cerebrospinal fluid (CSF), grey matter (GM), 

white matter (WM) and, in addition, in the suprasellar cistern CSF. Significance of 

%change of mean R1 was assessed using a 2-tailed one sample t-test (p ≤ 0.05). 

Reproducibility of change between visit 1 and 2 was evaluated by means of 2-tailed 

independent samples t-test. Reproducibility of the different segments of the R1 mean 

time course (ascending portion, 100% O2 portion and descending segment) for the two 

visits was assessed calculating coefficients of correlation. 

Results: Significant %change in mean R1 was measured under the administration of 

100% FiO2 in brain (suprasellar cistern CSF = 4.82%, whole CSF = 1.39%, GM = 

0.63% and WM = 0.26%) and tumor regions (EN = 2.31%, NE = 1.42%) of patients 

with satisfactory gas delivery; no significant change was detected in patients with 

unsatisfactory gas delivery. No significant difference of mean R1 change in response 

to a FiO2 of 100% was detected in normal brain and tumor regions when comparing 

visit 1 and 2. Overall, the time courses of mean R1 change in brain and tumor regions 

appeared reproducible. 

Conclusions: Mean R1 in brain and tumor regions shows significant increases at a FiO2 

of 100%. Therefore, mean R1 change may be used as a metric in clinical trials 

involving patients with brain tumors undergoing OE-MRI, ensuring that participants 

are receiving proper O2 delivery. 
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Introduction 

Tumor hypoxia is one of the main histological hallmarks of high-grade gliomas 

although it appears to vary between patients and shows significant variations within 

individual tumors [22]. Tumor hypoxia represents a crucial factor in determining the 

invasiveness of GBM, and has been associated with amplified resistance to 

radiotherapy, chemotherapy and with worse outcome after standard of care therapy 

[22, 52]. The relationship between tissue hypoxia, treatment resistance and decreased 

survival has raised the possibility of improving outcome by targeting novel therapeutic 

approaches to the hypoxic component of the tumor. This may be addressed by the use 

of hypoxia reversal strategies in combination with conventional chemo-radiotherapy 

or by the use of novel cytoreductive agents that are specifically taken up by, and toxic 

to, hypoxic cells [52]. 

The presence of significant tissue heterogeneity within individual tumors, together 

with the need to target hypoxic areas using surgery or radiotherapy, has led to 

increasing demands for effective imaging biomarkers of tissue hypoxia [33]. Although 

a number of MRI-based methods have been applied to the study of tumor hypoxia, 

none has proven satisfactory. 

OE-MRI employs a hyperoxic challenge. The patient, lying in the MR scanner, inhales 

100% oxygen via a face mask or non-rebreathing circuit. Molecular oxygen acts as a 

contrast agent increasing the longitudinal relaxation rate (R1) of water [74, 158]. 

Changes in R1, due to hyperoxic breathing, are thought to be proportional to changes 

in tissue oxygen concentration, and allow identification of hypoxic tissue Initial pre-

clinical and small-scale clinical studies have shown considerable promise for this 

technique. Pioneer studies have demonstrated the feasibility of visualizing tumor 

hypoxia in brain tumors [62, 159, 160]. Ongoing preclinical validation studies 
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(unpublished observations) continue to show close agreement between tissue hypoxia 

and OE-MRI signal change. At the present time, this represents the most promising 

method for clinical imaging of regional tissue hypoxia although there is a clear need 

for extensive biological validation before it can be applied in clinical studies. 

Furthermore, to date, no trial has ever validated the reproducibility of OE-MRI in 

patients with high-grade gliomas 

The aim of the study was to develop optimized acquisition and analysis strategies for 

the use of OE-MRI in high-grade gliomas. Specifically the study aimed to evaluate the 

magnitude, timing, distribution and reproducibility of R1 changes, in response to the 

administration of 100% FiO2, in normal [grey matter (GM), white matter (WM), CSF] 

and tumor tissues of patients affected by high-grade gliomas. In addition, we assessed 

also these features in the suprasellar cistern CSF, to validate the findings reported by 

our group in a cohort of normal volunteers (chapter 3) and demonstrate the possibility 

of clinical translation. 

 
 
Methods 

1. Patients 

The patient group was composed of twelve patients with high-grade gliomas 

(suspected on the basis of a clinical MRI) recruited through the Neuro-oncology 

multidisciplinary team (MDT) at Salford Royal NHS Foundation Trust (SRFT). 

Inclusion criteria involved the presence of a brain lesion radiological compatible with 

a newly diagnosed glioblastoma and/or recurrent grade 3 glioma with secondary 

resection planned, age > 18 years, capability to receive and understand verbal and 

written information regarding the study and give written informed consent, ability to 

lie still for two one-hour scanning sessions. Participants to the study were asked to sign 
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a consent form after reading patient information sheet and adequate time to ask 

questions or additional information.  

Patients with contraindications to MRI scanning (e.g. pacemaker, heart valve 

replacement, metal implants not approved for MRI, neurostimulators, claustrophobia), 

history of contrast (gadolinium) or radiotracer allergy, Karnofsky Performance Score 

< 60 were not enrolled into the study. 

Patients underwent two consecutive OE-MRI experiments at our institution on the 

same day, separated by 2-4 hours from each other, with a break of a minimum of 90 

minutes between the oxygen challenges. Each OE-MRI visit had an approximate 

duration of one hour. The patients were connected to a modified “Mapleson A” semi-

open anaesthetic circuit  implemented in the scan, as for the normal volunteers (see 

chapter 3). 

 
2. OE-MRI protocol and analysis, oxygen delivery gas sampling unit system 

A modified Mapleson anaestheric gas delivery circuit (as described in chapter 3) was 

used to administer different level of molecular oxygen (21% and 100%) through a 

mouthpiece at a rate of 15 litres/min throughout the imaging protocol. A nasal clip was 

also provided to prevent respiration of the environment air through the noose. The O2 

and CO2 levels within the system were constantly monitored displaying the 

corresponding traces on a computer receiving data from a commercial gas sampling 

unit (ML206 Gas Analyser and Powerlab 8/35; ADInstruments, Oxford, UK) and 

analysed (Labchart v. 7.3.4, ADInstruments, Oxford, UK). The O2 trace was assessed 

to ascertain the O2 level within the circuit, whereas the satisfactory sealing of the 

mouthpiece was assessed monitoring the characteristic alternating pattern of CO2. Fig. 

4.1 shows examples of O2 and CO2 capnography traces displayed by the Labchart 

system reflecting satisfactory and unsatisfactory O2 delivery and proper connection 
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between the mouthpiece and patient mouth. 

 
 

 

Figure 4.1 Representative capnographic traces of satisfactory and unsatisfactory gas delivery. 
Left: satisfactory gas delivery in a patient undergoing the OE-MRI protocol; note the waveform trace 
of CO2 (red) and the rise of PO2 (blue). Right: capnographic traces evidencing failed sealing between 
mouthpiece and mouth; note the shape of the rise of PO2 and CO2 trace developing as at a lower level 
than satisfactory gas delivery. Time is expressed in minutes. 
 
 
The MRI experiments was carried on a 1.5 T Achieva scanner (Philips Healthcare, 

Eindhoven, The Netherlands) using a using an eight-channel SENSE head coil.  

In the first MRI experiment, the MRI protocol included   

1) Survey acquisitions on three planes (TE: 5 ms, TR:15 ms, α: 20°, FOV: 

250x250 mm, matrix: 256x256; imaging duration: 2 min); 

2) T1-w axial structure SENSE acquisition (TE: 4ms, TR 9 ms, α: 8°, FOV 

230x230, matrix: 256x256, voxel size: 1.8x1.8x2.5 mm; imaging duration: 7 

min);  

3) three selective high resolution variable flip angle (VFA) whole brain maps 

(α = 3°, 13° and 18°, TE: 1 ms, TR: 12 ms, matrix: 128x128, FOV 230x230 

mm, voxel size: 1.8x1.8x5 mm; imaging duration: 58 sec);  

4) A VFA dynamic sequence comprising 70 frames (frame duration = 8 sec), 

lasting in total approximately 9.30 min (TE: 1ms, TR: 12ms, matrix: 128x128, 

FOV: 230x230 mm, voxel size: 1.8x1.8x5 mm). The first 15 frames were 

acquired were acquired under the administration of a baseline FiO2 of 21%. 
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frames 16-50 under of FiO2 of 100% and the remaining frames (51-70) under 

a FiO2 of 21%. Patients were therefore systematically exposed to the 

21%/100% and again 21% FiO2. 

The second MRI experiment included the same sequences and in addition: 

1) Survey sequences (acquired with the same parameters as for the first MRI 

experiment); 

2) T1-w axial high-resolution acquisition (TE: 4ms, TR 9 ms, α: 8°, FOV: 

240x240, matrix: 256x256, voxel size: 1.25x1.25x1.25 mm; imaging duration: 

8.30 min); 

3) Four T1-FFE spoiled gradient echo sequences with different flip angles (2°, 8°, 

15°, 20°) for calculation of baseline T1 maps (TR 2.6 ms, TE 1 ms, 

FOV:240x240, matrix: 128x128; voxel size: 1.8x1.8x2.5 mm); 

4) Dynamic contrast enhanced acquisition with identical acquisition parameters 

and a temporal resolution of 3.4 sec. Gadolinium-based contrast agent (Gd-

DTPA-BMA; Omniscan, GE Healthcare, Oslo, Norway) was injected using a 

pressure injector as a bolus of 3ml, at a rate of 15 mls-1 and dose of 0.1 mmolkg-

1 of body weight after acquisition of the fifth image volume. This was followed 

by a saline flush; 

5) T1-w axial post-contrast acquisition (TE: 4ms, TR 500 ms, α: 8°, FOV: 

240x240, matrix: 256x256, voxel size: 1.25x1.25x1.25 mm; imaging duration: 

8 min). 

Additional imaging sequences were also acquired for other research projects running 

at our institute. 2D phase contrast angiography (PCA) surveys and quantitative flow 

(QF) measurement could not be performed because the sequences would had 

prolonged the MRI protocol duration and diminished patient compliance. 
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3. Data processing and analysis 

a. Motion correction of the VFA data  

For each individual scan, motion correction was performed after merging the baseline 

VFA maps (voxel size: 1.8x1.8x5 mm, 3 frames x 3 repetitions = 9 images) and the 

70-frames of each VFA dynamic sequences together, using the mean volume of the 

concatenated sequence as reference volume for the registration. All these processing 

steps were performed using FSL (FMRIB Software Library v 5.0).  

 
b. Generation of R1 values and maps 

R1 values were calculated from the concatenated motion corrected variable flip angle 

dynamic series using an in-house R script (R-Project, Levallois Perret, France; library: 

www.dcemri.com).  

 
c. Tissue-type segmentation and definition of volumes of interest for the R1 maps 

Definition of volumes of interest encompassing the tumor was performed manually on 

Analyze v. 11.0 (AnalyzeDirect, Overland Park, KS) reviewing all the slices of the 

brain MRI post-contrast images on the axial plane and delineating: 1) a region 

including the enhancing part of the tumor, 2) the non-enhancing component of the 

tumor (Fig. 4.2). 

As for normal volunteers (chapter 3), a spherical VOI (radius: 10 mm), encompassing 

the suprasellar cistern CSF, was generated in fslmaths (FMRIB Software Library v5.0) 

defining the centre of the suprasellar cistern on the mean volume of the 

concatenated VFA datasets (VFA maps + VFA baseline dynamic sequence + VFA 

dynamic sequences acquired under different FiO2). 
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Figure 4.2 Segmentation of enhancing and non-enhancing tumor region on high-resolution post-
contrast MRI images. Green = non-enhancing region; red =  enhancing region. 
 
 
The spherical VOI was generated to evaluate whether a specific %change in mean R1 

(1.40%), identified in the cohort of normal volunteers described in chapter 3, could be 

used as cut-off in the clinical scenario to predict the satisfactory delivery of 100% O2 

using the gas traces as reference for validation. 

Volumes of interest (VOI) representing GM, WM and CSF were defined on the T1-

weighted axial images after segmenting the brain from the skull using BET (Brain 

Extraction Tool) implemented in FSL [126], using as default parameters a fractional 

intensity threshold (f) of  0.4 and a threshold gradient (g) of  0.2, based on previous 
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literature and local experiments [129]. Due to the altered anatomy of brain in patients, 

the extracted brain and brain mask were visually checked for each scan and eventually 

reprocessed modifying the f and g parameters. Before generating masks for GM, WM 

and CSF, the tumor masks were subtracted from the brain mask. The high resolution 

T1-weighted images of each individual MRI scan were automatically segmented using 

FAST (FSL, FMRIB Software Library v 5.0) to obtain the normal tissue masks (GM, 

WM and CSF masks), which were systematically visually checked and manually 

edited using Analyze 11.0 (AnalyzeDirect, Overland Park, KS).  

The tumor masks and normal tissue masks were subsequently registered to the low-

resolution space of the VFA dynamic sequences, to match the spatial resolution of the 

R1 maps. The masks were then re-sliced using the mean volume of the motion-

corrected concatenated VFA dynamic sequence as a reference. 

 
d. Measurement of R1 change 

For each FiO2 level (baseline 21%FiO2, 100% FiO2 and 21%FiO2), R1 was sampled 

from every scan using the defined VOIs and tissue masks. Data beyond 3 standard 

deviations from the mean were excluded to remove outliers. The mean R1 baseline 

value was obtained by averaging values from frames acquired breathing air (11 frames, 

n = 5-15); the initial 4 frames were excluded from the calculation due to image noise. 

The mean experimental R1 value for each FiO2 challenge (100% and 21%) was 

calculated from the last 11 frames (frames 40-50 for 100% FiO2 and frames 60-70 for 

21% FiO2) acquired during oxygen administration (Fig. 4.3). The choice of selecting 

the same number of frames (n = 11) for baseline and challenge sequences was taken to 

minizing the risk of violating the assumption of independent samples t-Test [161]. 

Finally, the %change in mean R1 was calculated as:  

%change in mean R1  =  
 ( )  ( )

 ( )
∗ 100. 
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Figure 4.3 Scheme of the OE-MRI protocol 
 
 
e. Reproducibility of changes  

The time course of R1 change in suprasellar cistern CSF, whole CSF, GM and WM 

and tumor regions were represented by line plots. Frames were also binned (1 bin = 3 

frames; duration = 24 sec: 8 sec x 3; number of bines acquired under 100% FiO2 = 11) 

in separate plots. The choice of merging 3 frames in 1 bin was made in order to obtain 

a bin duration similar to those obtained in previous experiment in volunteers (40s in 

healthy volunteers, chapter 3) and not reduce excessively the number of measurements 

(n. bins at baseline = 5, n bins at 100% FiO2 = 11, n. bins at 21% FiO2 = 7). An upper 

boundary consisting of the baseline mean R1 + 1 standard deviation was established 

as a threshold for significant signal change. The histogram bins in which 1) the 

threshold was exceeded; 2) peak signal change was reached and 3) signal fell below 

the threshold following return to medical air were recorded.  

Reproducibility of the signal change time course was assessed using repeated scans 

with satisfactory oxygen delivery according to the gas traces. In these subjects, 

%change in mean R1 visit 1 and 2, in response to 100%FiO2, were compared by means 

of 2-tailed independent samples t-test. (p = 0.05). The reproducibility of the histogram 
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bins in which: 1) peak signal change was reached and 2) signal fell below the threshold 

following return to medical air was examined. The reproducibility of the ascending 

(FiO2 switched from 21% to 100%) and descending (FiO2 switched from 100% to 

21%) parts of the R1 time course curve were compared by measurement of the 

coefficient of determination:  𝑟 =  ∑
 ∙ ( )

 ∙ 
.  

A further analysis was carried out for each individual undergoing OE-MRI twice to 

assess the equality of the binned R1 time curves in the two experiements under a 100% 

FiO2. Therefore, it was investigated the null hypothesis that the slopes were identical 

(parallel) considering significant differences only for p values < 0.05.  

 
4. Statistics 

Most of statistics were performed in IBM SPSS v.22 (IBM Corp. Released 2013. IBM 

SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp.); GraphPad 

Prism version 7.04 (GraphPad Software, La Jolla California USA, www.graphpad.com) 

was used exclusively to compare the segments of the mean R1 dynamic course 

acquired 100% FiO2 [132]. Normality of data distributions was evaluated examining 

the normal quantile-quantile (Q-Q) plots. The mean R1 measured during the 

administration of 100%FiO2, was compared to the mean R1 calculated under the 

baseline 21% FiO2; the comparisons were performed for suprasellar cistern CSF, 

whole CSF, GM, WM and tumor lesions (enhancing and non-enhancing regions), 

using the methods explained in chapter 3 for healthy volunteers.  

The reproducibility of the dynamic curves was assessed applying the same methods 

used for healthy volunteers (see chapter 3). 

The hypotheses tested were that: 

1) exposure to 100% FiO2 produces significant changes in mean R1 in suprasellar 

CSF, whole CSF, GM and in WM of patients with satisfactory oxygen delivery; 
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2) in patients with satisfactory oxygen delivery, exposure to 100%FiO2 produces 

higher changes in suprasellar CSF, whole CSF, GM, in WM compared to return to 21 

FiO2 following 100%FiO2; 

3) a %change in mean R1 > 1.40 in suprasellar cistern CSF, in response to the 

administration of 100% FiO2, can predict the satisfactory delivery of oxygen; 

4) in patients with satisfactory administration of 100% FiO2 the %change in mean 

R1 in the enhancing region of the tumor is significantly higher than in the non-

enhancing region; 

5) the significant changes in mean R1 in both normal and tumor tissue are 

reproducible. 

 
 
Results 

Initially, thirteen patients were recruited. Eleven out of the 13 scanned patients gave a 

positive feedback to the scanning protocol; only one patient did not tolerate the entire 

imaging protocol and was excluded from the study.  Eleven out of 12 patients were 

grade IV glioma at the histology examination: 10 classical GBM (one multifocal 

tumor) and 1 gliosarcoma (GSM); a patient turned out to have a grade III glioma 

(anaplastic oligodendroglioma - AOD). Unfortunately 5 scans in 3 patients (patient 4 

– visit 1, patient 9 – visits 1 and 2, patient 11 – visits 1 and 2), as also confirmed by 

the capnography traces, were affected by difficulty in holding the mouthpiece and 

unsatisfactory O2 delivery. Out of these 3 patients, one patient was female (patient n. 

9) and complained about the size of the mouthpiece and the other two patients had 

dentures. 

Patient demographic data and capnography information are illustrated in Table 4.1. 

 
 



98 
 

Pt 
n. 

Age 
(y) 

Sex Histology Tumor 
Location 

Total 
tumor 
volume 
(cm3) 

EN region 
(volume, 

cm3) 

NE region 
(volume,  

cm3) 

Normal  
trace  
visit 1 

Normal 
trace visit 

2 

1 56 F GBM Left                 
temporo-
occipital 

47.87 35.29 12.58 yes Yes 

2 52 M * AOD Right frontal 184.39 124.65 59.74 yes Yes 

3 53 F GBM 
multifocal 

Left occipital 43.57 29.77 13.8 yes Yes 

4 60 M * GSM Right 
temporal 

58.69 30.4 28.29 no yes 

5 58 M GBM Right frontal 89.82 52.86 36.96 yes yes 

6 67 F GBM Left temporal 12.93 8.1 4.83 yes yes 

7 66 M GBM Left frontal 100.52 52.13 48.39 yes yes 

8 68 F GBM Left parietal 10.85 7.91 2.94 yes yes 

9 64 F GBM Right 
frontoparietal 

5.47 5.16 0.31 no no 

10 38 M GBM Right parietal 57.96 38.79 19.17 yes yes 

11 77 M GBM Right parietal 100.97 54.22 46.75 no no 

12 70 F GBM Left frontal 15.73 11.97 3.76 yes yes 

 
Table 4.1 Patient characteristics and capnography information. “Normal trace” indicates an 
expected physiological O2 and CO2 traces, displayed on the computer connected to the gas analysis 
system. Pt. = patient, n. = number, Y = years, EN = enhancing, NE = non-enhancing; AOD = Anaplastic 
oligodendroglioma; GSM = gliosarcoma.  
 
 
1) The effect of 100% FiO2 on mean R1 of normal tissue (WM, GM, whole CSF and suprasellar 
cistern CSF) 

All patient scans with satisfactory capnography data, under the administration of 100% 

FiO2, showed significant positive %change of mean R1 from baseline (FiO2 = 21%) in 

all normal tissue types (p < 0.001). The region with the highest %change in mean R1 

resulted the suprasellar cistern CSF, followed by the whole CSF, GM and WM (Table 

4.2).  
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Table 4.2 Significance of %change in mean R1 in WM, GM, whole CSF and suprasellar cistern 
CSF. Significance of %change in mean R1 in WM, GM, whole CSF and suprasellar cistern CSF from 
baseline mean R1 (FiO2 = 21%), in response to administration of 100% FiO2, in patient scans (n = 19) 
with satisfactory gas delivery (one sample 2-tailed t-test). 
 
 
Analysis of individual p values in these patient scans revealed significance of change 

in most cases for suprasellar cistern CSF (18/19), whole CSF (17/19) and GM (18/19) 

but only in 4 cases for WM (Table 4.3 and 4.4). Patient 7 - visit 2 did not presented 

significant individual p value of change in CSF; patient 4 visit 2 demonstrated not 

significant individual p value of change in all tissue types (the same subject in visit 1 

proved to have unsatisfactory gas delivery in visit 1 on the basis of the capnography). 

Conversely, no significant change in response to the hyperoxic challenge was detected 

in patient scans with unsatisfactory gas delivery in all tissue types (Table 4.5). The 

highest pair of %change of mean R1 in suprasellar cistern CSF was measured in visit 

1 and 2 of patient n. 2 (AOD). The only scan with no significant p value of change in 

suprasellar cistern CSF was patient 4 (visit 2) who had a different histology (GSM) 

compared to the other patients. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Average mean R1 
at baseline FiO

2
 

Average 
mean R1 at 
100% FiO

2
 

Average 
mean R1 at 
21% FiO

2
 

%change in 
mean R1  
(FiO2 = 100%) 

St. dev of 
%change 

Lower CI  
(95%) of 
%change 

Upper CI 
(95%) of 
%change 

Sig. of 
%change       

WM 1.192 1.195 1.193 0.266 0.225 0.107 0.324 < 0.001 
GM 0.918 0.924 0.919 0.626 0.224 0.468 0.684 < 0.001 
CSF 0.885 0.896 0.884 1.392 0.818 0.947 1.737 < 0.001 
Suprasellar 
cistern CSF 0.647 0.679 0.654 4.822 1.750 3.928 5.615 < 0.001 
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Table 4.3 Patients with satisfactory oxygen delivery: individual percentage changes in mean R1 
in suprasellar cistern CSF. Patients with satisfactory oxygen delivery: individual percentage changes 
in mean R1 in suprasellar cistern CSF (from individual baseline average mean R1) at different FiO2 and 
corresponding p values (significant values are in bold), assessed by 2-tailed independent samples t-test. 
 
 

 
Table 4.4 Patients with satisfactory oxygen delivery: individual percentage changes in mean R1 
in whole WM, GM and whole CSF. Patients with satisfactory oxygen delivery: individual percentage 
changes in mean R1 in whole WM, GM and whole CSF (from individual baseline average mean R1) at 
different FiO2 and corresponding p values (significant values are in bold), assessed by 2-tailed 
independent samples t-test. 
 
 

Patient scan FiO2 
%change in 
mean R1 

p value of 
%change  

FiO2 
%change in 
mean R1 

p value of 
%change  

Patient 1 visit_1 100 5.637 0.02 21 -1.344 0.101 
Patient 1 visit_2 100 8.178 0.01 21 3.565 0.027 
Patient 2 visit_1 100 6.071 0.01 21 0.626 0.603 
Patient 2 visit_2 100 8.210 < 0.0001 21 0.621 0.598 
Patient 3 visit_1 100 3.574 0.004 21 -0.917 0.248 
Patient 3 visit_2 100 3.291 < 0.0001 21 0.212 0.780 
Patient 4 visit_2 100 5.712 0.074 21 3.600 0.084 
Patient 5 visit_1 100 3.726 < 0.0001 21 -0.082 0.900 
Patient 5 visit_2 100 3.820 0.01 21 1.094 0.240 
Patient 6 visit_1 100 5.660 < 0.0001 21 1.873 0.020 
Patient 6 visit_2 100 4.463 < 0.0001 21 0.529 0.404 
Patient 7 visit_1 100 4.942 < 0.0001 21 2.068 0.046 
Patient 7 visit_2 100 2.823 0.004 21 -0.870 0.190 
Patient 8 visit_1 100 4.603 < 0.0001 21 2.232 0.019 
Patient 8 visit_2 100 2.418 0.003 21 -0.041 0.947 
Patient 10 visit_1 100 3.436 < 0.0001 21 0.585 0.313 
Patient 10 visit_2 100 2.524 0.002 21 1.358 0.190 
Patient 12 visit_1 100 5.479 < 0.0001 21 1.185 0.204 
Patient 12 visit_2 100 7.044 < 0.0001 21 0.430 0.563 

Patient scan 

FiO2 = 100% 
%change in 
mean R1 in 
WM 

p value of 
%change  

%change in 
mean R1 in 
GM 

p value of 
%change 

%change in 
mean R1 in 
CSF 

p value of 
%change 

Patient 1 visit_1 0.003 0.98 0.392 0.038 1.277 0.002 
Patient 1 visit_2 0.593 0.019 0.790 0.005 1.744 < 0.0001 
Patient 2 visit_1 0.570 0.042 0.817 0.002 0.801 0.017 
Patient 2 visit_2 0.256 0.18 0.515 0.015 0.986 0.017 
Patient 3 visit_1 0.550 0.014 0.828 < 0.0001 0.955 0.001 
Patient 3 visit_2 0.070 0.62 0.441 0.001 1.038 < 0.0001 
Patient 4 visit_2 -0.180 0.146 0.234 0.081 0.275 0.070 
Patient 5 visit_1 0.468 0.016 0.738 < 0.0001 0.666 0.003 
Patient 5 visit_2 0.266 0.06 0.403 0.006 0.543 0.001 
Patient 6 visit_1 0.083 0.427 0.522 < 0.0001 1.919 < 0.0001 
Patient 6 visit_2 0.033 0.733 0.509 < 0.0001 2.074 < 0.0001 
Patient 7 visit_1 0.187 0.494 0.642 0.006 1.423 < 0.0001 
Patient 7 visit_2 0.191 0.208 0.356 0.013 0.116 0.571 
Patient 8 visit_1 0.314 0.078 0.991 < 0.0001 3.041 < 0.0001 
Patient 8 visit_2 0.179 0.58 0.813 0.008 2.822 < 0.0001 
Patient 10 visit_1 0.294 0.18 0.364 0.043 0.936 < 0.0001 
Patient 10 visit_2 0.674 0.023 0.894 0.003 1.557 < 0.0001 
Patient 12 visit_1 0.321 0.059 0.848 < 0.0001 1.921 < 0.0001 
Patient 12 visit_2 0.175 0.16 0.795 < 0.0001 2.362 < 0.0001 
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Table 4.5 Significance of %change in mean R1 in WM, GM, whole CSF and suprasellar cistern 
CSF from baseline mean R1 (FiO2 = 21%), in response to administration of a FiO2 of 100%, in 
patient scans with unsatisfactory gas delivery (one sample 2-tailed t-test). 
 
 
Patients with satisfactory oxygen delivery demonstrated significantly higher 

percentage change of mean R1 in suprasellar cistern CSF (4.821% vs. -0.400%, p = 

0.00004), whole CSF (1.392% vs. -0.165% p = 0.003) and WM (0.266% vs. -0.086%, 

p = 0.016) compared to patients with unsatisfactory gas delivery. Percentage change 

of mean R1 in GM was nearly significantly higher (0.626% vs. -0.086%; p = 0.07) in 

case of good satisfactory O2 delivery compared to unsatisfactory delivery (Fig. 4.4, 

Table 4.6).  

 
 

 

Figure 4.4 Box plot comparing %changes in mean R1 from to baseline mean R1, determined by 
the administration of a FiO2 of 100%, in patients with satisfactory and unsatisfactory O2 delivery 
(WM, GM, whole CSF and suprasellar cistern CSF). 
 

 
Average mean R1 
at baseline FiO

2
 

Average 
mean R1 at 
100% FiO

2
 

Average 
mean R1 at 
21% FiO

2
 

%change in 
mean R1  
(FiO2  = 100%) 

St. dev of 
%change 

Lower CI  
(95%) of 
%change 

Upper CI 
(95%) of 
%change 

Sig. of 
%change  
(FiO2  =  100%)       

WM 1.128 1.127 1.127 -0.087 0.409 -0.645 0.370 0.495 
GM 0.895 0.894 0.895 -0.086 0.650 -0.942 0.671 0.665 
CSF 0.826 0.823 0.820 -0.165 1.285 -1.810 1.380 0.727 
Suprasellar 
cistern CSF 

0.757 0.750 0.757 -0.400 3.042 -4.227 3.327 0.757 
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 Levene’s t test for 
Equality of Variance 

Independent Samples t-test  

F Sig. Sig. (2-tailed) 
WM 3.649 0.69 0.016 
GM 7.854 0.01 0.07 
CSF 0.574 0.427 0.003 

Suprasellar cistern CSF 4.227 0.082 0.00004 
 
Table 4.6 Comparison of %changes in mean R1 in WM, GM, whole CSF and suprasellar cistern  
CSF from baseline mean R1 (FiO2 = 21%), in response to administration of a FiO2 of 100%, in 
OE-MRI experiments with satisfactory (n = 19) and unsatisfactory (n = 5) O2 delivery. 
 
 
In addition, in patients with satisfactory oxygen delivery significant differences in R1 

changes were also measured between suprasellar cistern CSF and other brain tissue 

types, with suprasellar cistern CSF showing a larger increase in mean R1 (p < 0.001) 

in all paired comparisons. Similary, whole CSF demonstrate a significantly higher 

increase of mean R1 compared to GM and WM (p < 0.001); further significant 

difference was found comparing mean R1 change in GM and WM, with GM showing 

the higher increase (p < 0.001; Fig. 4.5). 

 
 

 
 

Figure 4.5 Confidence interval graph of mean R1 change in suprasellar cistern CSF, whole CSF, 
GM and WM patients with satisfactory gas delivery. Bars represent 95% confidence interval for 
mean R1 change in suprasellar cistern CSF, whole CSF, GM and WM of patients with satisfactory gas 
delivery. Significant differences are documented between each couple of tissue types. 
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2) Prediction of satisfactory gas delivery in suprasellar cistern CSF 

In previous experiments, conducted in healthy subjects (chapter 3), undergoing brain 

OE-MRI scans under different FiO2 levels, we had identified a cut-off value for 

%change of mean R1 measured in the suprasellar cistern CSF able to distinguish with 

sufficient accuracy the administration of 100% FiO2 from delivery of 21% FiO2.  

The %change of mean R1 from baseline in the suprasellar cistern CSF (4.822%) in our 

patients, in response to 100% FiO2, did not differ significantly from the corresponding 

%change in a subgroup of normal volunteers (n = 14) directly exposed to 100% FiO2 

following air (4.108%, see chapter 3). The threshold value (1.40%) was able to 

distinguish satisfactory from unsatisfactory gas delivery also in our patient group with 

notable accuracy (sensitivity = 95.83% and specificity = 100%, Fig. 4.6) with 19 true 

positive and no false negative cases.  

 
 

 
 

Figure 4.6 ROC curve for prediction of satisfactory 100%FiO2 administration using a cut-off 
value of 1.40% for %change in mean R1 in suprasellar cistern CSF. The threshold value was 
identified using a cohort of normal volunteers administered with different FiO2 levels. 
 
 
Four out of 5 patient scans with unsatisfactory gas delivery were correctly classified 

(true negative). The only scan which was erroneously classified by the mean R1 cut-
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off as “scan with satisfactory gas delivery” (false positive) was patient scan n. 11 – 

visit 2 (mean R1 change at 100% FiO2 = 1.40%; male, 77 years, large right temporal 

tumor). Visit 1 of the same patient was correctly classified as (true negative; mean R1 

change at 100% FiO2 = 1.32%). 

3) Effect of return to baseline FiO2 (21%) in mean R1 of normal brain tissues 

Following exposure to 100%FiO2, in patients with satisfactory capnography data mean 

R1 at return to 21% FiO2 did not present significant change compared to baseline mean 

R1 level, except for suprasellar cistern CSF (p = 0.016). However, under the 

administration of air, significant p values of change in suprasellar cistern CSF were 

detected only in four out 19 scans (see Table 4.3). Furthermore, in suprasellar cistern 

CSF, this change was statically lower than change detected under 100% FiO2 (0.88% 

vs. 4.82%, respectively; p < 0.001; Fig. 4.7). No significant percentage changes from 

baseline in mean R1 were measured at 21% FiO2 in scans with unsatisfactory gas 

delivery. 

 
 

 

Figure 4.7 Whisker plot comparing %changes in mean R1 in suprasellar cistern CSF in patients 
with satisfactory capnography data at 100%FiO2 and at return to 21%FiO2 (following a FiO2of 
100%). 
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In addition, in patients with satisfactory oxygen delivery, magnitude of change in mean 

R1 at 100% FiO2 demonstrated significant correlation (p < 0.01) with corresponding 

values at return to 21% FiO2 in whole CSF, GM, WM but not in suprasellar cistern 

CSF (Fig. 4.8). 

 
 

 
 
Figure 4.8 Scatter plots showing correlations of %change in mean R1 at 100% and at return to  
21% FiO2 in suprasellar cistern CSF, whole CSF, GM and WM. 
 
 
4) The effect of 100% FiO2 and 21% FiO2 in mean R1 of brain tumor regions 

In patients with no physiological capnography traces, no significant change in mean 

R1 was found at 100% FiO2 or 21%FiO2 in enhancing and non-enhancing regions. 

In patients with satisfactory capnography data enhancing and non-enhancing tumor 

regions demonstrated significant change in mean R1 from baseline R1 level in 

response to 100% FiO2 (2.31% and 1.42%, respectively; Table 4.7- 9).  
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Table 4.7 Significance of %change of mean R1 in response to the administration of 100% FiO2, 
in enhancing and non-enhancing regions in patient scans (n = 19) with satisfactory gas delivery 
(one sample 2-tailed t-test). EN = enhancing region; NE = non-enhancing region. 
 
 
Enhancing regions presented a significantly higher positive change at 100% FiO2 

compared to non-enhancing regions (p = 0.008; Fig. 4.9); furthermore, at 100% FiO2, 

all individual p values of change in enhancing regions resulted significant (Table 4.8), 

whereas, in non-enhancing region, only part of individual p values (12/19) proved 

significant (Table 4.9).  

By contrast, at return to 21% FiO2 following 100% FiO2, significant mean R1 change 

was measured by means of 2-tailed one-sample t test in patients with satisfactory 

oxygen delivery only in non-enhancing regions (0.514%; C.I.: 0.084 – 0.844; p = 

0.019). However the magnitude of change of mean R1 in non-enhancing regions was 

not significantly different from change in enhancing regions (0.232%, p = 0.206; Fig. 

4.9) at independent sample t-test. 

 
 
 
 
 
 
 
 
 

 
Average mean R1 
at baseline FiO

2
 

Average 
mean R1 at 
100% FiO

2
 

Average 
mean R1 at 
21% FiO

2
 

%change in 
mean R1  
(FiO2 = 100%) 

St. dev of 
%change 

Lower CI  
(95%) of 
%change 

Upper CI 
(95%) of 
%change 

Sig. of 
%change 
(FiO2 = 100%)   

EN 0.712 0.729 0.714 2.310 1.002 1.777 2.743 < 0.001 
NE 0.538 0.545 0.540 1.424 0.953 0.915 1.834 < 0.001 
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Figure 4.9 Whisker plot comparing %changes in mean R1 in enhancing and non-enhancing tumor 
regions in patients with satisfactory capnography data at 100%FiO2. A: Whisker plot comparing 
%changes in mean R1 in enhancing and non-enhancing tumor regions in patients with satisfactory 
capnography data at 100%FiO2. B: Whisker plot comparing %changes in mean R1 in enhancing and 
non-enhancing tumor regions in patients with satisfactory capnography data at 21%FiO2. C: Whisker 
plot comparing %changes in mean R1 in WM, GM and tumor regions EN=enhancing; NEN=non-
enhancing) in patients with satisfactory capnography data at 100%FiO2. D: Whisker plot comparing 
%changes in mean R1 in enhancing and non-enhancing tumor regions in patients with satisfactory 
capnography data at 21%FiO2. 
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Table 4.8 Individual percentage changes in mean R1 in enhancing tumor regions. Individual 
percentage changes in mean R1 in enhancing tumor regions (from baseline individual average mean 
R1) at 100% FiO2 and at return to 21% FiO2 with corresponding p values (significant values are in bold), 
assessed by 2-tailed independent samples t-test. 
 
 

 
Table 4.9 Individual percentage changes in mean R1 in non-enhancing tumor regions. Individual 
percentage changes in mean R1 in non-enhancing tumor regions (from baseline individual average mean 
R1) at at 100% FiO2 and at return to 21% FiO2 with corresponding p values (significant values are in 
bold), assessed by 2-tailed independent samples t-test. 
 
 
In enhancing tumor regions of patients presenting satisfactory O2 administration, no 

correlation was found between %change in mean R1 at 100% and 21% FiO2 (R2 = 

Patient FiO2 
%change in 
mean R1 

p value of 
%change  

FiO2 
%change in 
mean R1 

p value of 
%change  

Patient 1 visit_1 100 2.307 < 0.0001 21 0.187 0.336 
Patient 1 visit_2 100 2.879 < 0.0001 21 0.830 0.031 
Patient 2 visit_1 100 1.458 0.019 21 0.215 0.712 
Patient 2 visit_2 100 3.044 0.001 21 0.0015 0.976 
Patient 3 visit_1 100 2.881 0.009 21 1.187 0.025 
Patient 3 visit_2 100 1.541 < 0.0001 21 0.492 0.029 
Patient 4 visit_2 100 1.248 0.013 21 -0.035 0.938 
Patient 5 visit_1 100 3.076 < 0.0001 21 0.808 0.004 
Patient 5 visit_2 100 2.015 < 0.0001 21 0.182 0.499 
Patient 6 visit_1 100 3.182 < 0.0001 21 0.817 0.009 
Patient 6 visit_2 100 2.301 < 0.0001 21 -0.451 0.216 
Patient 7 visit_1 100 2.351 < 0.0001 21 0.488 0.515 
Patient 7 visit_2 100 1.292 0.006 21 -0.267 0.527 
Patient 8 visit_1 100 2.162 < 0.0001 21 0.672 0.032 
Patient 8 visit_2 100 0.916 < 0.0001 21 0.183 0.443 
Patient 10 visit_1 100 0.968 < 0.0001 21 -0.180 0.427 
Patient 10 visit_2 100 1.839 0.002 21 0.406 0.309 
Patient 12 visit_1 100 3.614 < 0.0001 21 -1.103 < 0.0001 
Patient 12 visit_2 100 4.814 < 0.0001 21 -0.031 0.847 

Patient FiO2 
%change in 
mean R1 

p value of 
%change  

FiO2 
%change in 
mean R1 

p value of 
%change  

Patient 1 visit_1 100 1.271 0.002 21 0.566 0.031 
Patient 1 visit_2 100 1.519 0.003 21 1.010 0.028 
Patient 2 visit_1 100 2.212 < 0.0001 21 1.918 0.024 
Patient 2 visit_2 100 1.869 0.02 21 0.397 0.411 
Patient 3 visit_1 100 0.740 0.358 21 0.406 0.579 
Patient 3 visit_2 100 0.425 0.131 21 0.315 0.350 
Patient 4 visit_2 100 0.071 0.908 21 0.119 0.842 
Patient 5 visit_1 100 1.735 < 0.0001 21 1.467 0.001 
Patient 5 visit_2 100 1.127 0.031 21 0.871 0.041 
Patient 6 visit_1 100 3.602 < 0.0001 21 1.717 < 0.0001 
Patient 6 visit_2 100 3.229 < 0.0001 21 0.810 0.065 
Patient 7 visit_1 100 1.142 0.124 21 0.880 0.253 
Patient 7 visit_2 100 0.684 0.160 21 -0.667 0.452 
Patient 8 visit_1 100 2.200 < 0.0001 21 1.044 0.018 
Patient 8 visit_2 100 1.191 0.001 21 -0.117 0.718 
Patient 10 visit_1 100 0.271 0.354 21 0.125 0.704 
Patient 10 visit_2 100 2.114 0.024 21 0.427 0.544 
Patient 12 visit_1 100 0.489 0.189 21 -1.256 0.001 
Patient 12 visit_2 100 1.172 0.002 21 -0.315 0.360 
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0.001; p = 0.97);  conversely, significant correlation was documented in non-enhancing 

tumor regions (R2 = 0.433, p = 0.03; Fig. 4.10). 

 
 

 
 
Figure 4.10 Scatter plot showing correlation of magnitude of change in mean R1 of non-enhancing 
regions at 100% and 21% FiO2 
 
 
5) Correlation of magnitude of change of mean R1 at 100% FiO2 in different tissues  

In dynamic sequences acquired under a FiO2 of 100%, no significant correlation was 

found between magnitude of change in mean R1 and volume of tumor regions (p = 

ns).  

Interestingly, the magnitude of change in mean R1 in suprasellar cistern CSF 

demonstrated a positive moderate correlation with %change of mean R1 in the 

enhancing tumor regions (R2 = 0.319, p = 0.05). Percentage changes in mean R1 of 

CSF demonstrated significant inverse correlations with dimension of enhancing (R2 = 

0.314, p = 0.05) and non-enhancing regions (R2 = 0.490, p = 0.01) and positive 

correlation with percentage change in mean R1 of GM (R2 = 0.377, p = 0.05). A 

moderate positive correlation was also found between percentage changes in mean R1 

of GM and WM (R2 = 0.480, p = 0.01). Lastly, dimensions of enhancing and non-



110 
 

enhancing regions demonstrated very strong correlation (R2 = 0.815, p = 0.01, Table 

4.10). 

 
 

 

Table 4.10 Correlation coefficients of different variables in patients with satisfactory gas delivery 
at a FiO2 of 100%  
 
 
6) Time course of signal change in WM, GM, whole CSF and suprasellar cistern CSF in patients 
with satisfactory gas delivery 

Time courses in patients with satisfactory gas delivery was analysed for experiments 

with significant p value of change in normal tissues in response to 100% FiO2 (GM = 

18; CSF = 17; suprasellar cistern CSF = 18). There were too few cases (n = 4) of WM 

masks with significant change to draw definite conclusions on time course. 

After the switch to 100% FiO2, mean R1 in suprasellar cistern CSF rose above the pre-

set threshold value (mean R1 of baseline sequence + 1 SD) within 96 sec: bin 1 (24 

sec) in 8/19 cases, bin 2 (5 cases) and bin 3 (4 cases) and bin 4 (1 scan). The peak 

signal change was reached starting from the 7th bin (after approximately 2 minutes and 

30 sec from the switch) in 15/18 cases. After switching back from 100% FiO2 to 21% 
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FiO2 the mean R1 dropped below the threshold value in 16 out of 18 scans (within 4 

bins  =  96 sec in 11/16 cases).  

In CSF, taking into account the 17 scans with significant individual p value of change  

in mean R1 in response to 100% FiO2 (Table 4.4), R1 overcame the threshold value 

within 96 sec (bin 1 = 10 scans, bin 2 = 3 scans, bin 3 = 2 scans, bin 4 = 2 scans). The 

peak signal change was reached most frequently after approximately 2 minutes and 30 

sec (in the last 5 bins in 12 experiments). The return to baseline level after the switch 

back to 21% FiO2 happened in 15 cases (most commonly within 96 sec, 12/15 scans). 

In GM the threshold value was passed in 17 out of 18 scans after switching FiO2 from 

21% to 100% (in 16/17 cases within the first 4 bins). The peak change was reached 

most commonly in the first 5 bins (120 sec; 10/18 scans) and the return to the baseline 

mean R1 level occurred in 14 cases (within the 96 sec in 13 experiments). 

Suprasellar cistern CSF demonstrated a slower return below the mean R1 threshold 

level compared to whole CSF and GM in independent-samples Kruskal-Wallis test (p 

= 0.012). Typical time courses of mean R1 for brain tissues are presented in Fig. 4.11, 

whereas analysis of R1 mean time courses is summarized in Table 4.11-13. 
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Figure 4.11 Multiseries plot representing typical time course of %change in mean R1 of different 
normal brain tissues in a patient scan. Patient 13 – scan 2; frames 1-15 were acquired under a FiO2 

of 21%; frames 16-50 were acquired under a FiO2 of 100%; FiO2 returns to 21% at the 50th frame; 
vertical light lines bar correspond to the time-points of FiO2 switch.  
 
 

 GM CSF 
Suprasellar 
cistern CSF 

Patient 1 visit_1 1 1 2 
Patient 1 visit_2 1 1 1 
Patient 2 visit_1 1 1 1 
Patient 2 visit_2  4 1 
Patient 3 visit_1 2 1 1 
Patient 3 visit_2 2 3 3 
Patient 5 visit_1 1 2 1 
Patient 5 visit_2 1 1 1 
Patient 6 visit_1 3 2 3 
Patient 6 visit_2 1 1 2 
Patient 7 visit_1 2 2 3 
Patient 7 visit_2 2  3 
Patient 8 visit_1 1 1 2 
Patient 8 visit_2 9 4 4 
Patient 11 visit_1 2 3 2 
Patient 11 visit_2 2 1 2 
Patient 13 visit_1 1 1 1 
Patient 13 visit_2 1 1 1 
Mean bin 1.9 3.2 4.3 

 
Table 4.11 Summary of ordinal bin numbers in R1 mean time courses passing the threshold 
(baseline mean R1 + 1 SD) after administration of a FiO2 of 100% in different brain tissue types. 
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  GM CSF 
Suprasellar 
cistern CSF 

Patient 1 visit_1 2 4 7 
Patient 1 visit_2 2 4 7 
Patient 2 visit_1 3 3 3 
Patient 2 visit_2  7 4 
Patient 3 visit_1 7 2 7 
Patient 3 visit_2 5 10 10 
Patient 5 visit_1 11 11 9 
Patient 5 visit_2 5 2 9 
Patient 6 visit_1 4 10 10 
Patient 6 visit_2 6 5 10 
Patient 7 visit_1 9 9 9 
Patient 7 visit_2 9  11 
Patient 8 visit_1 6 6 4 
Patient 8 visit_2 11 11 9 
Patient 10 visit_1 2 1 11 
Patient 10 visit_2 10 10 11 
Patient 12 visit_1 5 5 5 
Patient 12 visit_2 5 9 7 
 Mean bin 6 6.4 7.9 

 
Table 4.12 Summary of ordinal bin number in R1 mean time courses reaching the peak signal 
change after administration of 100% FiO2 in different brain regions. 
 
 

 GM CSF 
Suprasellar 
cistern CSF 

Patient 1 visit_1 2 2 4 
Patient 1 visit_2 3 3  
Patient 2 visit_1  2  
Patient 2 visit_2  2 3 
Patient 3 visit_1 3 3 8 
Patient 3 visit_2 1 3 4 
Patient 5 visit_1 4 2 5 
Patient 5 visit_2 2  4 
Patient 6 visit_1 2 3 6 
Patient 6 visit_2 4 6 6 
Patient 7 visit_1 3 3 3 
Patient 7 visit_2 1  4 
Patient 8 visit_1   6 
Patient 8 visit_2 1 3 1 
Patient 10 visit_1 1 2 4 
Patient 10 visit_2 1 6 2 
Patient 12 visit_1 3 5 4 
Patient 12 visit_2 2 3 4 
Mean bin 2.2 3.2 4.25 

 
Table 4.13 Number of time bins needed to in mean R1 time courses to pass the threshold (baseline 
mean R1 + 1 SD) after administration of 100% FiO2 in different brain tissue types. 
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7) Reproducibility of time course in WM, GM, whole CSF and suprasellar cistern CSF in in patients 
with satisfactory gas delivery 

No significant difference was detected for magnitude of change of mean R1 in 

response to the administration of 100% oxygen between visit 1 and 2 in normal brain 

tissues of patients with satisfactory gas delivery (WM = 0.309% vs. 0.271%; GM = 

0.683% vs. 0.613%; CSF = 1.437% vs. 1.471%; suprasellar cistern CSF = 4.792 vs. 

4.752%).  

Reproducibility of change in mean R1 using the binned data was evaluated in patients 

presenting significant individual p value of %change in visit 1 and 2. Since for WM 

significant p values were documented only in 4 scans (patient 1 - visit 2, patient 2 - 

visit 1, patient n. 3 - visit 1 and patient 5 - visit 1), reproducibility of R1 mean dynamic 

courses was not assessed. Exemplificative plots of mean R1 dynamic course are 

presented in Fig. 4.12. In GM significant correlation between the mean R1 dynamic 

course of visit 1 and 2 was found in 6 cases for the ascending segment (FiO2 switching 

from 21% to 100%) and in 6 patients for the descending segment (FiO2 switching from 

100% to 21%). The correlation was moderate (R2 = 0.338) for the ascending portions 

and weak (R2 = 0.268) for the descending portions of the dynamic courses. Only 5 out 

of 9 patients presented significant correlation in both ascending and descending portion 

of the dynamic courses (Table 4.14). 
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 Coeff. Det. (challenge) Coeff. Det. (back to baseline) 
Pt. 1 0.859 0.921 
Pt. 2 0.332 0.677 
Pt. 3 0.726 0.594 
Pt. 5 0.736 0.497 
Pt. 6 0.739 0.769 
Pt. 7 0.706 0.597 
Pt. 8 0.107 0.012 
Pt. 10 0.131 -0.296 
Pt. 12 0.902 0.891 
Mean 0.582 0.518 
SD 0.307 0.406 

 
Table 4.14 Coefficients of determination for the ascending portion (challenge) and descending 
(back to baseline) portion of the mean R1 dynamic course in GM of patients undergoing the OE-
MRI experiment twice. Significant correlation (p < 0.05) are presented in bold. 
 
 
In the whole CSF region, strong reproducibility was found for the ascending segments 

(R2 = 0.546) and moderate reproducibility (R2 = 0.448) for the descending segments 

of the dynamic courses (Table 4.15). 

 
 

 Coeff. Det. (challenge) Coeff. Det. (back to baseline) 
Pt. 1 0.966 0.956 
Pt. 2 0.052 0.454 
Pt. 3 0.370 0.526 
Pt. 5 0.576 0.834 
Pt. 6 0.899 0.919 
Pt. 8 0.727 0.727 
Pt. 10 0.618 0.414 
Pt. 12 0.955 0.916 
Mean 0.645 0.718 
SD 0.317 0.223 

 
Table 4.15 Coefficients of determination for the ascending portion (challenge) and descending 
(back to baseline) portion of the mean R1 dynamic courses in CSF of patients undergoing the OE-
MRI experiment twice. Significant correlation (p < 0.05) are presented in bold. 
 
 
In suprasellar cistern CSF, 6 out of 9 patients presented significant correlation in both 

ascending and descending segments of the R1 dynamic courses in visit1 and 2. 

Correlation resulted strong (R2 = 0.552) for the ascending segments and moderate for 

the descending segments (R2 = 0.4). 
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 Coeff. Det. (challenge) Coeff. Det. (back to baseline) 
Pt. 1 0.981 0.917 
Pt. 2 0.808 0.762 
Pt. 3 0.825 0.850 
Pt. 5 0.670 0.403 
Pt. 6 0.879 0.827 
Pt. 7 0.696 0.483 
Pt. 8 0.527 0.537 
Pt. 10 0.551 0.157 
Pt. 12 0.746 0.759 
Mean 0.743 0.630 
SD 0.149 0.249 

 
Table 4.16 Coefficients of determination the ascending (challenge) and descending (back to 
baseline) portions of the mean R1 dynamic courses in suprasellar cistern CSF of patients 
undergoing the OE-MRI experiment twice. Significant correlation (p < 0.05) are shown in bold. 
 
 

 

 

 
Figure 4.12 Time courses (visit 1 and 2) of %change in mean R1 in the GM, whole CSF and 
suprasellar cistern CSF. Patient n.1; bins 2-8 are acquired under FiO2 of 100%. 
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The sub-analysis of the portion of mean R1 %change in response to 100% FiO2 

demonstrated the absence of significant differences between the slopes in visit 1 and 2 

in all subjects (n = 9) for suprasellar cistern CSF, in 7/8 patients for whole CSF regions 

and in 5/9 subjects for GM (Table 4.17). 

 
 
 Pt. 1 Pt. 2 Pt. 3 Pt. 5 Pt. 6 Pt. 7 Pt. 8 Pt. 10 Pt. 12 

GM 0.008 0.531 0.809 0.860 0.005 0.751 0.045 0.008 0.720 

CSF 0.577 0.088 0.012 0.697 0.089 N/A 0.207 0.062 0.300 

Suprasellar 
cistern 
CSF 

0.587 0.338 0.098 0.494 0.052 0.148 0.216 0.374 0.167 

 
Table 4.17 Comparison of slopes under the administration of 100% FiO2 in GM, whole CSF, 
suprasellar cistern CSF in patients with satisfactory O2 delivery in both the OE-MRI experiments. 
P values > 0.05 indicate absence of significant differences between the two visits. 
 
 
8) Time course of signal change in brain tumor regions in patients with satisfactory gas delivery 

Mean R1, in enhancing regions, surpassed the threshold value within 2 bins (48 sec) 

in all patient scans except one (n = 18, excluding patient 7 - visit 2) after switching 

FiO2 from 21% to 100%. The peak signal change was reached most commonly after 

two minutes and 30 sec (bin ≥ 7th in 13/19 scans) and the return to the baseline mean 

R1 level occurred in 17 cases (within 96 sec in 12 experiments) (Fig. 4.13 and Table 

4.18). 

In non-enhancing regions (12 scans with significant individual p value of change), the 

threshold was passed in 7 out of 12 scans after the enhancing regions and in 5 cases in 

the same bin. The peak was reached in a similar timing (mean bin = 7.5) compared to 

enhancing regions. The return to baseline mean R1 level occurred slightly after the 

corresponding timing for the corresponding time regions (the same bin in 5/8 cases 

and one bin after in 3 scans); the return to the baseline level did not occur within the 
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end of the experiments in 4/12 patient scans. In non-enhancing regions the threshold 

value was passed significantly later compared to enhancing regions as evaluated by 

Wilcoxon’s rank sum test (p = 0.016). 

 
 

 

Figure 4.13 Multiseries plot representing typical time course of %change of mean R1 of the 
enhancing and non-enhancing tumor regions in a patient scan (pt. n. 5 – scan 1). Frames 1-15 were 
acquired under a FiO2 of 21%; frames 16-50 were acquired under a FiO2 of 100%; FiO2 returns to 21% 
at the 50th frame; vertical dotted black lines correspond to the time-points of FiO2 switch.  
 
 

 
Threshold 
EN region 

Threshold 
NE region 

Peak change 
EN region 

Peak change 
NE region 

Back to 
baseline 
EN 

Back to 
baseline 
NE 

Patient 1 visit_1 1 2 4 6   
Patient 1 visit_2 1 1 7 7   
Patient 2 visit_1 1 2 4 4 5  
Patient 2 visit_2 1 2 4 6 5 5 
Patient 3 visit_1 1  7  3  
Patient 3 visit_2 1  10  2  
Patient 4 visit_2 1  5  2 2 
Patient 5 visit_1 2 3 9 10 6  
Patient 5 visit_2 2 4 11 11 5 5 
Patient 6 visit_1 1 4 11 11 7  
Patient 6 visit_2 2 2 9 6 4 4 
Patient 7 visit_1 2  8  3  
Patient 7 visit_2 4  8  1  
Patient 8 visit_1 2 2 10 5 3 4 
Patient 8 visit_2 2 2 8 9 2 4 
Patient 10 visit_1 2  5  3  
Patient 10 visit_2 2 5 10 9 2 2 
Patient 12 visit_1 1  3  3  
Patient 12 visit_2 1 1 9 6 4 5 
Mean bin 1.6 2.5 7.5 7.5 3.5 3.9 

Table 4.18 Comparison of mean R1 time courses in tumor enhancing (EN) and non-enhancing 
regions (NE)  
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9) Reproducibility of time course in brain tumor regions of patients with satisfactory gas delivery 

Between visit 1 and 2 of patients with satisfactory capnography data no significant 

differences were found in mean R1 change in response to 100% FiO2 either in 

enhancing (2.44% vs. 2.29%; p = ns) or non-enhancing tumor regions (1.51% vs. 

1.42%; p = ns). Parametric maps were also generated using an in-house R script for 

display and comparison purposes (visit 1 vs. visit 2). An example comparison between 

different types of maps (ΔR1, ΔR1 max, ΔR1 t-test) in a patient with satisfactory gas 

delivery in both OE-MRI experiments is shown in Fig. 4.14. 

 
 

 

Figure 4.14 ΔR1, ΔR1 max, ΔR1 t-test maps in patient n. 1 (visit 1 and visit 2)  
ΔR1 = mean R1(FiO2 = 100%)-mean R1(baseline FiO2); ΔR1 max = maximum R1(FiO2 = 100%)-
maximum R1(baseline FiO2); ΔR1 t-test = significance of change using Welch's t-statistic: peak-
baseline. 
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Strong correlation (R2 = 0.624) between visit 1 and 2 was demonstrated only for the 

ascending segment of the mean R1 time courses in the enhancing regions, whereas 

weak correlation was found for the descending segment (R2 = 0.254) of the time 

courses. In the non-enhancing regions, the ascending and the descending segments 

demonstrated, respectively, moderate (R2 = 0.469) and weak correlation (R2 = 0.06; 

Table 4.19). 

 
 

 Coeff. Det. (challenge) Coeff. Det. (back to baseline) 
 EN NE EN NE 
Pt. 1 0.98 0.836 0.974 0.343 
Pt. 2 0.935 -0.11 0.919 -0.534 
Pt. 3 0.601 N/A 0.149 N/A 
Pt. 5 0.834 0.178 0.655 0.008 
Pt. 6 0.824 0.906 0.801 0.83 
Pt. 7 0.685 N/A 0.729 N/A 
Pt. 8 0.772 0.712 0.628 0.613 
Pt. 10 0.486 N/A 0.354 N/A 
Pt. 12 0.935 N/A 0.957 N/A 
Mean 0.790 0.504 0.685 0.252 
SD 0.159 0.447 0.280 0.536 

 
Table 4.19 Coefficients of determination for the ascending portion (challenge) and descending 
(back to baseline) portion of the mean R1 dynamic courses in tumor regions of patients with 
satisfactory O2 delivery in visit 1 and 2. Significant correlation (p < 0.05) are presented in bold. EN 
= enhancing region; NE = non-enhancing region. 
 
 
Most of the slopes of mean R1 %change, acquired under 100% FiO2, did not present 

significant differences between visit 1 and 2 in the enhancing (8/9 pairs of 

experiments) and non-enhancing regions (5/5 couples of experiments; see Table 4.20). 

 
 

 Pt. 1 Pt. 2 Pt. 3 Pt. 5 Pt. 6 Pt. 7 Pt. 8 Pt. 10 Pt. 12 

EN 0.26 0.71 0.627 0.03 0.239 0.973 0.768 0.141 0.058 

NE 0.325 0.409 N/A 0.832 0.947 N/A 0.367 N/A N/A 

 
Table 4.20 Comparison of slopes under the administration of 100% FiO2 in enhancing and non-
enhancing tumor regions in patients with satisfactory O2 in the two OE-MRI experiments  
P values > 0.05 indicate absence of significant differences between the two visits. EN = enhancing 
region; NE = non-enhancing region. 
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Discussion  

Although hypoxia is definitively considered a relevant biological feature in high-grade 

glioma, conditioning resistance to conventional treatments, no MRI technique for the 

characterization of tumor hypoxia in brain tumors has yet gained access to the clinical 

scenario [33]. R1 change has been investigated by different preclinical and clinical 

studies as a marker of hypoxia [62, 74, 159]. Measurement of  change in R1 may 

provide prognostic stratification and help selecting patients with brain tumors with 

higher change of benefit from hypoxia-modifying treatments. Furthermore, serial 

measurements of R1 change may be useful in monitoring treatment response [52]. 

This is the first study evaluating the time course and reproducibility of R1 change in 

response to the administration of 100% FiO2 in normal brain tissue and tumor regions 

of patients affected by high-grade glioma. In this study, in patients with satisfactory 

O2 delivery, significant %changes of mean R1 were identified at 100% FiO2 in 

suprasellar cistern CSF (4.82%) followed by whole CSF (1.39%), GM (0.626%) and 

WM (0.266%), at a magnitude in keeping with previous studies in animal models [93]. 

In healthy subjects undergoing OE-MRI (see chapter 3) we had documented similar 

changes of mean R1 in suprasellar cistern (4.83%) but lower proportional changes in 

GM (0.438%, with individual significant changes in only 7 out of 15 scans) and no 

significant changes in WM (p = ns). Some authors have also reported the lack of 

change of T1 values in GM and WM in response to hyperoxia in healthy subjects [147, 

149, 162]. Given the adequate O2 delivery, the reason for the higher changes of mean 

R1 in GM and WM in patients may be related to the lost or impairment of the 

downregulation of CBF in response to hyperoxia. We could not acquire PCA data in 

our patient group because additional sequences would have prolonged the MRI 

protocol and limit patient compliance; therefore, this hypothesis will need to be fully 
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validated in future studies including quantitative measurement of CBF. Nevertheless, 

the absence of an efficient autoregulatory mechanism of CBF would strength the 

reliability of R1 change measurement in patients with subcortical lesions.  

Taking into account CSF, R1 change may be related to direct diffusion of O2 from 

brain arteries, as suggested by preclinical evidence [154]. In our study, this mechanism 

is also reinforced by the inverse relationship between tumor size and %change of mean 

R1 in CSF; higher tumor compression may possibly diminish the flow and determining 

lower O2 diffusion to the CSF. In turn, the higher intracranial pressure of CSF due to 

the tumor compression may cause lower O2 delivery to the tumor explaining also the 

inverse correlation we found between the magnitude of R1 change in CSF and in 

enhancing regions at 100% FiO2.  

Magnitude of change of mean R1 in whole CSF demonstrate also a linear correlation 

with corresponding %changes in GM and WM during the hyperoxic challenge; 

conversely change of mean R1 in suprasellar cistern CSF did not present significant 

correlation with other tissues. The intrinsic difference of suprasellar cistern CSF region 

compared to other brain tissue components emerges also from the analysis of R1 mean 

dynamic courses. Following the administration of 100% oxygen, mean R1 presented 

significant change (above the prefixed threshold) within short time (96 sec) in all brain 

components. The time of onset of significant change in mean R1 can be in part justified 

by the sum of the time interval needed for the oxygen to fill the gas delivery system 

and the time needed by the oxygen saturation to reach the maximum level [155]. 

However, mean R1 showed a trend in surpassing the threshold value and reaching the 

peak level in suprasellar cistern after CSF and GM. In particular, mean R1 level 

surpassed the threshold value in the suprasellar cistern CSF in the same bin or after the 

whole CSF and GM masks in 12/17 cases; similarly, the peak signal change in 
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suprasellar cistern CSF was reached in 12/17 cases in concomitance or after the whole 

CSF and GM regions. The difference of temporal patterns between whole CSF and 

suprasellar cistern may also be partially justified by the inclusion of sulcal CSF in the 

whole CSF mask, since sulcal CSF is exposed to a larger surface area of diffusion 

represented by the vessels on the brain cortex, as also suggested by Bhogal et al. [149]. 

One of the novelties of the present study is the identification of a cut-off of mean R1 

%change in suprasellar cistern CSF (1.40%), in response to the administration of 100% 

oxygen, to discriminate satisfactory from unsatisfactory O2 delivery (AUC = 0.905; 

sensitivity = 95.83% and specificity = 100%) in patients with brain tumors undergoing 

OE-MRI. In a previous study at our institution (see chapter 3) the same threshold 

discriminated administration of 100% FiO2 from 21% FiO2 in a group of healthy 

volunteers with comparable diagnostic performance (AUC = 0.900; sensitivity = 

93.3% and specificity = 81%). The only patient who was wrongly classified as “patient 

with satisfactory gas delivery” by means of the cut-off reported some problem in 

holding the mouthpiece due to dentures (male, 77 years) and got a suboptimal amount 

of O2. Nevertheless, we believe that this mean R1 %change threshold may result useful 

in radiology departments not equipped with capnography analysis system to provide 

confirmation of correct oxygen administration. However, further validation in larger 

groups of patients with high-grade gliomas in warranted.  

Within the tumor lesions, in contrast to our expectations, we documented significant 

changes not only in the enhancing regions but also in the non-enhancing core of the 

tumor, which is commonly known to have poor perfusion and correlate with presence 

of hypoxic and anoxic tissue at histological examination [163-165]. Of note, 

preclinical studies on different tumor models have recently demonstrated that that even 

in necrotic tissue, late and slow enhancement of gadolinium in the tumor interstitium 
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may still occur due to passive diffusion dictated by spatial concentration gradients 

[166-168]. This fact may, therefore, explain the significant but lower (p = 0.008) and 

slower (p = 0.016) R1 change in non-enhancing areas reflecting scarce O2 diffusion, 

which is the biological cause of chronic hypoxia [33]. An additional point that would 

need to be cleared is whether O2 diffuses from the enhancing to the non-enhancing 

regions or reaches the interstitium due to misery perfusion through non-functional 

capillaries. Likewise, the significant change of mean R1 in non-enhancing regions at 

return to air, following administration of pure oxygen, may simply reflect the slower 

wash-out of O2 and compared to enhancing regions. The same consideration is 

possibly interesting also normal brain tissues. The return to the baseline mean R1 level 

was slower in suprasellar cistern CSF and whole CSF than GM, probably reflecting 

difference in O2 diffusion across pial and large brain arteries. Significant correlations 

were also found between changes of R1 at 100% and at return to baseline FiO2 in CSF, 

GM, WM and non-enhancing regions probably due to the effect of residual O2 at the 

moment of R1 measurement. As expected mean R1 change in response to 100% FiO2 

occurred in non-enhancing regions after enhancing regions, suggesting that O2 may 

present a slower diffusion in the inner putative hypoxic core of the tumor. However, 

no significant differences were evidenced between the two types of tumor regions for 

the bins corresponding to the peak signal change and the return below the mean R1 

threshold value after the switch of FiO2 from 100% to 21%. 

The linear correlation of mean R1 change in suprasellar cistern CSF and in enhancing 

tumor areas could instead reflect simply brain blood flow. In normal volunteers 

(chapter 3) we had documented an inverse correlation between R1 change (reflecting 

oxygen content) in suprasellar cistern CSF at 100% FiO2 and flow change of internal 

carotid arteries (showing reduction at increasing FiO2 levels). Conversely, in patients 



125 
 

the correlation between changes of mean R1 in suprasellar cistern CSF and enhancing 

regions is linear due to the lack of autoregulation of cerebral blood flow in response to 

hyperoxia. In contrast, %change of mean R1 in suprasellar cistern CSF did not show 

correlation with magnitude of change of mean R1 in non-enhancing tumor regions, 

possibly suggesting that O2 in putative hypoxic regions is influenced by non-functional 

and unpredictable lower perfusion compared to enhancing regions.  

Linnik et al. first demonstrated a linear correlation between ΔR1 in response to 

administration of pure oxygen and pimonidazole binding in an animal brain tumor 

model [62]. Recently Fan and colleagues in a study with rat model of glioma (n = 25 

Sprague-Dawley rats) proved the presence of tissue hypoxia in tumor areas with less 

increasing signal compared to non-hypoxic tumor regions. In their study the glioma 

models underwent a turbo-spin-echo sequence with inversion recovery (IR) and the 

authors used a threshold of 10%change in percentage of signal intensity change (PSIC) 

maps in response to administration of 100% oxygen to define low and high regions of 

interest. The authors demonstrated the correlation of tumor areas with low PSIC ( < 

10%) with hypoxia staining (GLUT-1) and necrosis (r = 0.71; P < 0.05) and a 

significant longer survival (log-rank P = 0.035) in rats with higher PSIC [160]. 

Similarly, also in patients undergoing OE-MRI VFA protocols, there could be a 

threshold of mean R1 at a voxel level that could be tested as imaging biomarker of 

hypoxia; however, this hypothesis deserves further well-designed studies including 

histological assessment.  

In addition, this is the first study demonstrating reproducibility (visit 1 vs. visit 2) of 

the magnitude of mean R1 change in human normal brain tissue components and high-

grade gliomas. In addition, the pattern of rise of the mean R1 dynamic courses in 

response to administration of 100% FiO2 resulted sufficiently reproducible in normal 
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tissues and tumor regions. Similar reproducibility was documented for the R1 mean 

dynamic course in response to the administration and cessation of 100% FiO2. The 

only evident exception was the return to the baseline mean R1 level in non-enhancing 

regions which presented weak reproducibility. 

 
 
Conclusions 

From this investigation, mean R1 change appears to be significant and acceptably 

reproducible in normal brain tissue, especially in suprasellar cistern CSF, and in tumor 

regions (in particular in the enhancing areas of the lesion) in terms of magnitude and 

rate of change. Therefore, mean R1 may be used as a metric in clinical trials involving 

patients with brain tumors undergoing OE-MRI, ensuring that participants are 

receiving proper O2 delivery. Our findings suggest that R1 change may be correlated, 

at least partially, to O2 diffusion. The magnitude of change of mean R1 in CSF is 

associated to tumor volume and therefore possibly influenced by blood flow. 
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Chapter 5  Histogram Analysis of Extravascular Extracellular 
Space Data from DCE-MRI in Glioblastoma Provides a Potential 
Imaging Biomarker Of Micro-necrosis, Related To Survival 

 
 
 
This chapter describes a retrospective MRI study, which has been submitted for publication. The authors 

are Dr Ka-loh Li, Dr Natale Quartuccio, Dr Samantha Mills and Prof Alan Jackson.  

The study design was by Prof Jackson; Dr Mills has been involved with the recruitment, data acquisition 

and analysis; data processing was done by Dr. Dr Ka-loh Li and the candidate. Dr Ka-loh Li has also 

been involved in the development of the analytical techniques.  

Data analysis and statistical analysis was done by Dr Ka-loh Li Prof Jackson and the candidate. The 

candidate gave his contribution in writing the first draft of the manuscript. Prof Jackson performed much 

of the statistical analysis and manuscript preparation. All authors have provided input into writing and 

editing of the manuscript. This study was jointly funded by Cancer Research UK and the Engineering 

and Physical Sciences Research Council (Grant reference C8742/A 18097). 

 
 
Abstract  

Background: This study was designed to test the hypothesis that “features describing the 

distribution of DCE-MRI derived parameters provide additional predictive power for overall 

survival (OS) compared to estimation of median or mean values”. 

Methods: 27 patients with glioblastoma were imaged prior to treatment. Imaging included T1-

weighted DCE-MRI and data were analyzed using median and centile values of DCE-MRI 

parameters. Histograms of ve were processed using a Gaussian-mixture model. 

Results: Using only median values of DCE derived parameters, age, R1med, (ve)med and (vp)med 

were independent significant predictors of OS. Inclusion of centile values showed age, R15, 

ve20 and Ktrans
med as predictors. Following Gaussian fitting of ve, three fitting parameters μ2, 

W3 and σ3 showed significant variations in hazard rates across quartiles. Multiparametric 

proportional hazards modeling showed age, vp, μ2, and σ3 as independent significant predictors 

and this model was significantly superior to the others. The second and third Gaussian 

components identify a tissue habitat adjacent to nonperfused areas in patients with long 
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survival and an increased volume distributed throughout the enhancing tumor in patients with 

short survival. 

Conclusions: Accurate measurements of ve support identification of a distinct tumor habitat 

whose existence relates to survival. 

 
 
Introduction 

Overall survival in Glioblastoma (GBM) varies significantly and there is increasing interest in 

the identification of predictive and early response biomarkers. Overactivation of the epidermal 

growth factor receptor (EGFR), O6-methylguanine-DNA methyltransferase (MGMT) 

promoter methylation, TP53 mutation and Ki-67 indices provide prognostic information but 

cannot be assessed without resection or biopsy [22].  

A number of MR-derived imaging biomarkers (IB) correlate with progression free survival 

(PFS), overall survival (OS) or various specific tissue characteristics. Texture analysis of 

contrast enhanced MR images provides prognostic information [169, 170]. However, IB 

derived from dynamic contrast enhanced MRI (DCE-MRI) and diffusion weighted imaging 

(DWI) have received particular attention. Apparent diffusion coefficient (ADC) is predictive 

of OS particularly in pure astrocytic tumors [171-173]. Relative cerebral blood volume (rCBV) 

from dynamic susceptibility contrast-enhanced MR is predictive of OS and PFS [174-177] and 

the contrast transfer coefficient (Ktrans) derived from DCE-MRI is predictive of OS [178], 

MGMT methylation [179] and EGFR status [180]. Recent work has also described a 

relationship between OS and the extravascular extracellular volume fraction (ve)[181]. Choi 

and colleagues showed improved predictive power for DCE-MRI parameters when centile 

values and the shape of the distribution curve are considered [182]. OS was best predicted by 

the 5th centile value of Ktrans and kurtosis of ve and PFS by the minimum and 5th percentile 

values of Ktrans and kurtosis of ve.  

Recent workers have hypothesized that tumor "habitats", identified by multispectral imaging 

data, represent tissue subtypes that drive localized biological and genetic variability giving rise 

to the concept of "habitat imaging"[183, 184]. 
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In this study we describe the additional information provided by analysis of data distributions 

of parametric variables from DCE-MRI. We describe the identification of a tissue habitat, 

defined by Gaussian fitting of the histogram of ve, the presence of which is directly related to 

survival. 

 
 
Materials and Methods 

Patients 

Ethical approval was obtained for the study from the North-West of England Medical Ethics 

committee (NW 04-293), the study was performed in accordance with the experimental 

protocol approved and all patients gave informed consent prior to imaging. All imaging was 

performed prior to surgery and all patients received corticosteroid treatment for a minimum of 

48 hours prior to imaging. Suitable patients were identified via the weekly neuro-oncology 

multi-disciplinary team meetings at Salford Royal NHS Foundation Trust. Inclusion criteria 

included: 1) age > 17 years; 2) histological confirmation of grade IV GBM according to World 

Health Organisation (WHO) criteria. Exclusion criteria included: 1) patients in whom MRI 

was contraindicated, 2) failure to histologically confirm GBM, 3) patients who did not receive 

standard treatment of concomitant and adjuvant temozolomide with radiotherapy and 4) 

patients in whom death was unrelated to the diagnosis of GBM. Clinical notes were reviewed 

retrospectively to establish the date and cause of death. This cohort has been reported 

previously in two studies examining the relationship between enhancing fraction and tumor 

grade [185, 186]. 

 

Data acquisition 

Imaging was performed at Salford Royal Foundation Trust on a 3 Tesla Philips Achieva 

system (Philips Medical Systems, Best, NL) using an 8-channel SENSE head coil. All imaging 

sequences were acquired in a sagittal oblique orientation incorporating the internal carotid for 

arterial input function (AIF) measurement. Imaging sequences included: 

1) Sagittal oblique pre contrast T1-weighted sequence (TR 9.3 ms, TE 4.6 ms, slice 
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thickness 4.2 mm, 128 x 128); 

2) Three T1-FFE spoiled gradient echo sequences with different flip angles (2°, 10°, 

16°) for calculation of baseline T1 maps (TR 3.5 ms, TE 1.1 ms, slice thickness 4.2 

mm, 128 x 128); 

3) Dynamic, contrast enhanced acquisition with identical acquisition parameters as 

above and a flip angle of (16°), consisting of 100 volumes with temporal spacing of 

approximately 3.4 seconds. Gadolinium-based contrast agent (Gd-DTPA-BMA; 

Omniscan, GE Healthcare, Oslo, Norway) was injected using a pressure injector as a 

bolus of 3ml, at a rate of 15 mls-1 and dose of 0.1 mmolkg-1 of body weight after 

acquisition of the fifth image volume. This was followed by a saline flush; 

4) A sagittal oblique post contrast T1-weighted sequence (TR 9.3 ms, TE 4.6 ms, slice 

thickness 4.2 mm, 128 x 128). 

 

Data analysis 

Tumor volumes of interest (VOIs) were manually defined using a previously validated 

technique (Intraclass Correlation Coefficient > 0.94)[185]. Initial analysis used the extended 

Tofts and Kermode model [187] using MIStar (Apollo Medical Imaging, Melbourne, 

Australia) according to the conventional equation describing the equilibrium of contrast media 

between the intravascular space and the extravascular-extracellular space (EES):  

𝑑𝐶

𝑑𝑡
= 𝐾 (𝐶 −

𝐶

𝑣
) 

where 𝐶  is the concentration of the contrast media in the tissue, 𝑡 is the time, 𝐾  is the 

volume transfer constant (from plasma to EES), 𝐶  is the concentration of contrast media in 

plasma and 𝑣  is the fractional volume of EES per unit volume of tissue [188]. 

Parametric maps of R1, the integrated area under the contrast concentration curve over 60 

seconds (IAUC60), the enhancing fraction (EnF%), the contrast transfer coefficient (Ktrans), the 

proportional vascular fraction (vp) and the extravascular extracellular fraction (ve) were 

generated. Measurements of the median value and of the 5th, 10th, 20th, 90th and 95th centile 
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values were recorded for each variable. These were designated by the abbreviation of the 

variable followed by of subscript indicating median values (med) or individual centile values 

(5, 10, 20, 90, 95). 

Dynamic data was re-analyzed using a modified hybrid pharmacokinetic model to reduce 

artefactual correlations between parameters [189] and histograms of ve constructed. This 

hybrid models combines two major approaches for the analysis of DCE-MRI from the first 

passage of a Gd-DTPA contrast bolus, tested at our institution, in order to improve the 

accuracy of the estimation of Ktrans, vp and ve: 1) the multiparametric curve-fitting (MPCF) 

approach and the 2) first-pass leakage profile (FPLP) method [189-191].  

The hybrid method derives ve values by the MPCF method from the equation: 

𝐶 (𝑡) = 𝑘∫ 𝐶 (𝑡 )𝑑 𝑡  

which describes the leakage profile of the tumor, namely the relationship between 𝑘∫  

(permeability), Ci(t) (tracer concentration measured from the tumor) and the sum of 

accumulated Cp(t) in the vascular compartment. 

The final values of vp are obtained from the FPLP analysis according to the equation [189]:  

𝑣  =  𝐶 (𝑡 )𝑑𝑡 / 𝐶 (𝑡 )𝑑𝑡 / 

where the fractional plasma volume -  vp – is the ratio of the area under the Cv(t) curve and the 

area under the Cp(t) curve, during the first passage of the contrast agent bolus; TFP is the end 

of the first pass.     

Patients were divided into three groups characterized by OS: group 1 (OS < 150 days); group 

2 (OS = 150-365 days); group 3 (OS > 365 days). Group histograms were produced by pooling 

all tumor voxels and normalizing by the total number of tumor voxels in the group. Group 

histograms were plotted on the same axes to support direct comparison. 

Histograms of ve were fitted using a mixture of Gaussian functions, a parametric probability 

density function generated as a weighted sum of a finite number of Gaussian distributions. 

Optimal fitting required four Gaussians using the following expression: 
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Y  =  w1*n(x;μ1,σ 1) w2*n(x;μ2,σ 2) w3*n(x;μ3,σ 3) w4 *n(x;μ4,σ 4) 

 
where w1, w2, w3, and w4 are weights, μ1, μ2, μ3, and μ4 are means, σ1, σ2, σ3, and σ4 are 

standard deviations for the 4 components respectively. 

 

Statistical analysis 

Correlations between measured parameters were assessed using Pearson's correlation 

coefficient. Correlations with survival data were identified by calculation of Spearman's 

correlation coefficient (assuming constant risk). These data were used only to provide 

comparison with other studies that employ this technique. Log-rank analysis was used to 

identify potential predictors of survival testing the hypothesis that: "the hazard rate for survival 

showed no significant difference across terciles of the variable". Values for Chi2 were 

generated and compared to the critical value for each distribution. All analyses were adjusted 

for multiple comparisons using a Šidák correction. Cox proportional hazards modeling was 

used to study the effect on survival of variables that were significant in univariate analysis. 

Models were constructed using variable selection based on significance of individual 

parameters (p < 0.01) using a stepwise leave one out approach. Three models were constructed. 

Following model construction the performance was assessed by calculation of the Harrell 

concordance index (C; where a value of 0.5 indicates random performance and a value of 1.0 

indicates perfect predictive power) [192]. Concordance indexes were then compared using the 

method described by Newson [193]. A jackknife data resampling technique was applied in 

calculating concordance indexes and their confidence intervals. Statistical analyses were 

performed using SPSS version 15.0 (SPSS Inc., Chicago, USA); Wizard Pro for the Mac 

(http://www.wizardmac.com/) and Stata version 11.1 (StataCorp, College Station, Tex). 
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Results 

Patients 

32 patients were initially recruited into the study between April 2006 and August 

2008. Two patients initially recruited were excluded as they did not have GBM 

confirmed on histology (glial tumor, likely high-grade but not diagnostic of GBM) and 

1 patient was excluded due to a non tumor-related death. Two patients were 

excluded as they were assigned to non-standard (palliative) therapy. Of the remaining 

27 patients the median age was 61 (range 38-76) and 19 patients were male. Median 

survival was 202 days (range 62-1363). All patients had a KPS of > 80 at presentation. 

Patient information are summarized in Table 5.1. 

 
Patient n. Gender Age Survival (Days) 

1 f 66 87 
2 m 65 62 
3 f 57 81 
4 m 63 40 
5 m 63 400 
6 f 58 568 
7 m 55 172 
8 m 66 133 
9 m 70 127 
10 m 62 182 
11 f 76 94 
12 f 61 1363 
13 f 53 1231 
14 m 69 30 
15 m 64 224 
16 f 52 583 
17 m 58 230 
18 m 70 221 
19 f 61 279 
20 m 41 575 
21 m 71 332 
22 m 58 528 
23 m 48 68 
24 m 38 904 
25 m 66 523 
26 m 70 166 
27 m 56 152 

 
Table 5.1 Patient information 
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Do Centile Values of DCE-MRI Biomarkers Contain Additional Predictive 
Information compared to Median values? 

Survival showed linear correlations with age (R2 = 0.41; p < 0.05); R1med (R2 = 0.55; 

p < 0.003); R15 (R2 = 0.64; p < 0.001); R110 (R2 = 0.63; p < 0.001); R120 (R2 = 0.61; p 

< 0.001); R190 (R2 = 0.50; p < 0.05); ve10 (R2 = 0.50; p < 0.01) and ve20 (R2 = 0.42; p < 

0.05). Log-Rank analysis showed significant variations in hazard rates across quartiles 

for: age; tumor size, EnF%, R1med, R15, R110, R120, R190 (p < 0.01), ve10, ve20 (p < 0.01), 

IAUC60med (p < 0.05), Ktrans
5 and Ktrans

10 (p < 0.05). 

Proportional hazard modeling demonstrated significant improvement in separation 

between the terciles of OS by ve20 compared to ve med. Median values for the terciles 

defined by ve med were: 221, 166 and 224 days compared to 152, 182 and 230 days for 

the terciles defined by ve20. Although percentile distributions of R1 (R1med, R15, R110, 

R120, and R190) also showed significant variations on log-rank tests, the differences in 

separation of survival terciles were less striking. Proportional hazards models were 

constructed to compare comparative predictive power between median biomarker 

values and centile values showing increased predictive power in log-rank tests. 

Model 1 included only median values of DCE derived parameters; age, R1med, ve med 

and vp med provided the only independent statistically significant predictors (Table 5.2, 

Fig. 5.1A). The mean residual error was 2.93 days. Model 2 allowed inclusion of both 

median and centile values of parametric variables (Figure 5.1B); age, R15, ve20 and 

Ktrans
med were the only independent significant predictors (Table 5.2). The mean 

residual error was 2.37 days. The Harrell concordance indices for models 1 and 2 were 

C = 0.76 and C = 0.83 this difference was significant (p < 0.05). 
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Table 5.2 Results of multi-parametric proportional hazards models 1-3. The variable column shows 
all parameters with independent significant predictive value. 
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Figure 5.1 A-C Scatter plots of OS versus predicted OS from each of the three multiparametric 
proportional hazards models (1-3) shown in Table 5.1  
Points represent individual cases. The dashed line shows the line of perfect agreement and the solid line 
shows the linear regression fit for the model. 
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Can Histogram Analysis Identify Tumor Regions Associated with Overall 

Survival? 

Data analyzed using the extended Tofts and Kermode pharmacokinetic model [187] 

demonstrated strong correlations between median values (R1med, ve med, Ktrans
med, 

vp med) and each of their calculated centile values (P < 0.001). Significant correlations 

were also observed between Ktrans
med and ve med and between their centile values. 

Data analyzed using the hybrid model [194] showed no correlations between 

individual parameters. R1 values conformed to a normal distribution. In contrast, 

histograms of ve distributions showed subjective differences between the three survival 

groups. 

Patients with long survival showed an almost bimodal distribution, whereas patients 

with short survival appeared to show the same two peaks but with an increasing 

number of pixels representing intermediate values (Fig. 5.2). Patients with short 

survival show an increasing proportion of pixels falling into the second and third 

Gaussian distribution (Fig. 5.2).  

 
 

 

 Figure 5.2 Comparison of histograms in patient grups with differents survival 
A) comparison of the averaged ve values from each of the three groups (I-III; short, intermediate and 
long survival). There is a clear bimodal structure seen in groups II and III whilst group I shows increased 
proportions of pixels lying between these two extreme distributions.  
B) histogram showing the results of Gaussian fitting to the averaged data from group 1 (short survival). 
Note the relatively large contributions from tissue components 2 and 3. The dark dashed line 
demonstrates the combined ve histogram for this group and the pale dashed line shows the summation 
of the fitted Gaussian model.  
C) histogram showing the results of Gaussian fitting to the average data from group III (long survival). 
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Note the essentially bimodal distribution with relatively little contribution from components two and 
three. 
Table 5.3 shows the mean value for each of the fitting parameters in the three survival 

groups. Correlation analysis showed significant correlations between σ3 and R1 med 

and all centile values of R1 (p < 0.001). There was no significant correlation between 

median or centile values of ve and any Gaussian fitting parameter. Significant 

intergroup differences were observed in μ2 (p < 0.01), W3 (p < 0.01) and σ3 (p < 0.05). 

The same parameters also showed significant linear correlation with OS: μ2 (R2 = 0.44, 

p < 0.001), W3 (R2 = 0.26, p < 0.01) and σ3 (R2 = 0.23, p < 0.05). 

 

 

Table 5.3 Gaussian fitting parameters averaged over three groups (I-III) showing short, 
intermediate and long survival 
 
 
Log-Rank analysis showed significant variations in hazard rates across quartiles for all 

three parameters (p < 0.001). Proportional hazards modeling was performed using 

parameters selected as significant (p < 0.1) in univariate log rank tests from descriptive 

variables, mean DCE-MRI derived parameters (excluding ve) and Gaussian fitting 

model parameters (model 3, Fig. 1C). Variables initially entered into the model were 

age, tumor size, R1, EnF%, Ktrans, vp, μ2, W3 and σ3. Age, vp, μ2, and σ3 were the only 

independently significant parameters (Table 5.2). The mean residual error was 1.65 
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days. The Harrell concordance index was C = 0.88 and was significantly better than 

models 1 and 2 (p < 0.05). Histogram data from individual cases was used to identify 

each of the four components identified from Gaussian fitting. Thresholds are identified 

at the boundaries of the tissue types (ie a probabilistic Bayesian threshold used to 

segment at p = 0.5).  

In group 1, only small areas of component two and three were 

identified. Typically, component three tissue was identified within the spatial 

distribution of a larger area of component two and these were seen predominantly 

adjacent to central areas of non-enhancement. In patients with short survival a much 

larger fraction of the tumor was represented by components two and three that were, 

typically, distributed throughout the enhancing component of the tumor (Fig. 5.3). 

 
 

 
 
Figure 5.3 Parametric images showing the approximate anatomical distributions of components 
1-4 in two patients with long survival (A) and two patients with short survival (B). The fitting 
histograms from the patient represented in the bottom image are shown in each case. Note that in the 
short survival patients areas of component three appear only within contiguous areas of component two 
and that these abut areas of non-enhancement. In short survival patients, components two and three are 
distributed throughout the solid enhancing component of the tumor. 
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Discussion 

The data presented in this study confirms previous observations that, compared to 

simple median values, distribution properties of derived parameters can show 

significantly greater predictive power for OS. These data support the hypothesis that 

additional predictive information is provided by the use of centile values of 

distributions compared to the use of median values alone in agreement with Choi et al. 

who identified strong relationships between OS and low centile values of Ktrans  and 

the skewness of the distribution of ve [182]. 

The prognostic significance of R1, which was seen in univariate logistic regression, is 

no longer seen in the multivariate regression, which incorporates the Gaussian fit and 

centile parameters. R1 is largely affected by the free water fraction within the tumor. 

In a recent study of vestibular schwannomas treated with anti-antiangiogenic therapy 

R1 was shown to be the most significant predictor of volumetric response and this was 

attributed to rapid reductions in endothelial permeability with associated 

decreases in intracellular oedema. Thus, tumors with the greatest oedema show the 

greatest volumetric response [194]. Decreases in R1 would therefore be associated 

with increases in extracellular extravascular space (EES) and consequently ve. We 

believe that this expected biological correlation explains the loss of predictive activity 

of R1 in multivariate analyses in the current study. 

Histograms of ve contained clear structure, which varied between patients with long 

and short survival (Fig. 5.2). Subjective assessment demonstrated a bimodal 

distribution associated with long survival and an increase in the number of pixels 

lying between these distributions in patients with short survival. Gaussian fitting 

confirmed this and parameters from the second and third component demonstrated 

strong correlations with OS. Multivariate analysis showed that μ 2 (which represents 
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the mean ve value of the second Gaussian component), and σ 3 (which represents the 

width of the distribution of the third component) became the most predictive imaging 

features whilst R1 measurements were no longer independently significant. 

The exact biological significance of ve measurements is not entirely clear [195, 196]. 

Previous studies have shown some discriminative power between intra-axial and 

extra-axial tumors [197, 198] and a tendency to increase with increasing grade in 

glioma [197, 199] and a relationship between the kurtosis of the distribution and both 

OS and PFS[182]. In addition, ve demonstrated sensitivity in identifying changes in 

response to treatment with corticosteroids, with decreases in ve occurring following 

treatment, presumably reflecting a reduction in tumor oedema [200, 201].  

Ludemann and colleagues described two independent contrast distribution spaces, 

characterized by rapid and slow leakage of contrast, suggesting that fast transport 

describes vessel permeability, whilst slow transport represents contrast diffusion 

occurring into “(micro)-necrotic tissue”. They further identified a typical distribution 

of slow permeability components adjacent to necrotic areas supporting their hypothesis 

that these areas represent increasing micro-necrosis in areas of hypoperfusion [197, 

199]. 

Our findings are in keeping with these observations and the development of fitting 

components two and three in the Gaussian model may therefore represent increasing 

development of micronecrosis although it may also represent development of a 

tumor habitat with an increase in EES for some other reason. The distribution of 

components two and three in patients with long survival shows a preferential location 

in large solid tumor masses and adjacent to the necrotic, non-perfused, core. 

Furthermore, component three is seen preferentially to be located within areas 

characterized as component two. In patients with short survival the distribution of 
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components two and three is far more extensive throughout the solid tumor mass and 

is not particularly characterized by location adjacent to necrotic areas, although 

involvement is so extensive in this group that it is difficult to judge this reliably. 

The major weaknesses of the current study are: 1) a small sample size and 2) the lack 

of recognized prognostic tissue biomarkers (MGMT, EGFR, IDH1), not available 

for analysis in this cohort. In addition, we have not compared the predictive power of 

identifying this tumor habitat with the predictive power from other known imaging 

biomarkers, particularly ADC. Although this does not invalidate the observation of 

the relationship between survival and the presence of habitats identified on the basis 

of ve distribution, it will be essential both to confirm the observation in larger cohorts. 

Furthermore, it would be worthy to examine the relationship between molecular tissue 

subtype and associated prognostic tissue biomarkers and the presence and distribution 

of the tissue habitat identified here. 

 
 
Conclusions 

We have shown that accurate measurements of ve, designed to reduce correlation 

with other DCE derived biomarkers, support identification of a distinct tumor 

habitat whose existence is related to survival. The distributions of ve demonstrate a 

strong significant relationship to overall survival, even in this small patient group, and 

clearly warrant further investigation. 
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Chapter 6  Conclusions and Future Work 

 
 
 
This thesis was focused on validating the measurability and reproducibility of certain 

putative imaging MRI biomarkers of tissue hypoxia in high-grade gliomas. Our 

investigations were concentrated on OE-MRI, QF measurements and DCE-MRI.  

The studies presented in chapter 3 and 4 represent an improvement of OE-MRI 

understanding and demonstrate that R1 change, a commonly used biomarker of 

hypoxia, is reasonably predictable, measurable and reproducible in normal brain tissue 

and in high-grade gliomas and documented a relationship between increasing FiO2 and 

CBF changes. 

The last experimental part of the thesis (chapter 5) investigated, instead, the association 

between DCE-MRI derived parameters and tumor microenvironment demonstrating a 

correlation of the histogram of the extravascular extracellular space (ve) with different 

imaging habitats and survival in patients with high-grade glioma. 

 
 
Magnitude of R1 change in normal brain tissue 

In healthy subjects we found significant percentage changes of mean R1 from baseline 

values in response to hyperoxia (FiO2 = 100%) in CSF (suprasellar cistern CSF = 

4.83%, C.I. = 3.059 – 6.56, p < 0.001, individual significant changes in all 14/15 

scans). These %changes were barely significant in GM (0.438%, C.I. = 0.054 – 0.721, 

p = 0.026; individual significant changes in only 7 subjects) but not significant in WM. 

Our explanation for the absence of a compelling R1 change in response to hyperoxia 

in normal brain parenchyma relies on the relation between physiological reactive 

vasoconstriction of brain arteries (determining a progressive reduction of cerebral 

blood flow) at increasing concentration of administered O2. A decrease of CBF under 
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hyperoxic conditions in healthy subjects has been previously reported [156, 202]. In 

addition, it is worth to mention that Xu et al. reported a decrease of global cerebral 

metabolic rate of O2 by 10.3±1.5% and 16.9±2.7% for increasing levels of 

supraphysiological FiO2 (50 and 98% in their study, respectively) in healthy 

participants [144].  

The significant change of mean R1 in CSF (suprasellar cistern region) in response to 

100% oxygen can be put in relationship with a diffusion process from plasma. 

Conversely, no significant changes at lower supraphysiological FiO2 were measured in 

CSF, possibly suggesting a delicate balance between the O2-induced vasoconstriction 

that is sufficient, up to certain levels of O2 concentration, to mask the R1 effect of the 

O2 diffusion from plasma, which becomes evident at 100% FiO2. Additionally, CSF 

compartment may be considered as a large reservoir, where changes in oxygenation 

would need more time to occur [147].  

In CSF of patients, similarly to our findings in healthy subjects, we detected significant 

response of mean R1 to pure oxygen; however, %change in response to hyperoxia in 

GM and WM resulted higher in patients than in volunteers. Noteworthy R1 change in 

brain parenchyma of patients resulted more convincing, with significant changes in 

almost all cases for GM. As for healthy participants, R1 change in WM was not 

compellingly significant.  

The discrepancy of mean R1 %change in GM between healthy volunteers and patients 

can be explained due to at least a damaged cerebral blood flow regulation [203]. The 

stability of CBF is regulated by three key paradigms: cerebral pressure autoregulation, 

flow-metabolism coupling and a widespread network of perivascular nerves (the so-

called neurogenic regulation). In these three physiological models a key role is played 

by endothelial cells and astrocytes [204]. In this regard, Sharma et al. reported a larger 
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tumor size (100 ± 32; range = 89-265 cm3) in patients with impairment of 

autoregulation compared to patients without impaired autoregulation (40 ± 8; range = 

7-136 cm3; p = 0.002)[205]. 

 
 
Discrimination of successful and unsuccessful O2 delivery in subjects undergoing 
OE-MRI 

In patients undergoing OE-MRI, we documented a %change in mean R1 of suprasellar 

cistern CSF under a FiO2 of 100% comparable to that observed in healthy volunteers. 

Indeed the cut-off of mean R1 change (1.40%), identified in volunteers (chapter 3) 

discriminating between administrations of 100% O2 from air, proved in patients an 

almost identical diagnostic performance (sensitivity = 95.83% and specificity = 100%) 

in identifying the tightness of the gas delivery system (and consequentially successful 

100% O2 delivery to the patient respiratory system).  

 
 
Influence of pre-exposure to high supraphysiological FiO2 on CBF change and R1 
change in brain tissue 

In normal volunteers, we documented significantly higher R1 change in suprasellar 

cistern CSF and significantly larger decrease of CBF in response to 100% oxygen 

when exposure was preceded by high supraphysiological FiO2 (60% in our 

experiments) rather than air. This suggests that CSF needs prolonged administration 

of high FiO2 compared to other tissues and that 100% FiO2, does not allow a complete 

diffusion process of O2 to reach the maximal saturation, at least according to our 

experimental OE-MRI protocol. An important impact of pre-exposure was 

surprisingly observed also in CBF; we are not aware of similar findings in literature. 

We postulate that PaO2 in CSF may drive decreases in CBF resulting from 

supraphysiological FiO2. 
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Time course of R1 change in normal brain tissue 

In normal brain parenchyma of healthy volunteers, the onset of significant mean R1 

change over our prefixed threshold occurred reasonably rapidly after the 

administration of pure oxygen (within 120 sec in 10/12 volunteer scans with significant 

changes in GM) with an apparently slower drop to the baseline level at return to air. 

Likewise, this trend (surpass of the threshold faster than return to baseline level) was 

also confirmed in suprasellar cistern CSF. Considering a negligible delay for O2 to 

travel through the gas circuit and reach the patient respiratory system, this timing 

appears coherent with the on-transient (within approximately 30 sec) and off-transient 

(within approximately 80 sec) responses of cerebral vasculature in normal brain to 

isocapnic hyperoxia  reported by Steinback et al. [206]. These findings possibly 

suggest higher sensibility of R1 change to acute hyperoxia rather to acute hypoxia.  

 
 
Magnitude of R1 change and time course in brain tumor tissue 

Also response of brain tumor regions to hyperoxia has to put in relationship to tumor 

blood flow, oxygenation status, and metabolism [207]. Within tumor tissue, it is likely 

that O2 does not determine vasoconstriction due to abnormal behaviour of pericytes 

and smooth cells [208].  

As expected, R1 change resulted lower and slower in the non-enhancing core 

compared to enhancing regions of the tumor underlining a weaker O2 diffusion.  

 
 
Reproducibility of R1 change in normal brain and tumor tissues 

From our analysis, R1 measurement appears sufficiently reproducible to be used in 

both normal and tumor tissues. The R1 change demonstrates a comparable rise in 

response to hyperoxia and drop after cessation of the administered O2. R1 appears 

therefore a candidate biomarker for serial measurements. Diffusion processes may 
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influence also reproducibility; in accordance to this postulate, the lowest 

reproducibility was shown in non-enhancing tumor regions. 

 
 
Histogram analysis of extravascular extracellular space data from DCE-MRI in 
glioblastoma provides a potential imaging biomarker of micro-necrosis, related 
to survival 

The last chapter has demonstrated the possibility of identifying different imaging 

habitats and predicting survival by means of histograms of a DCE-MRI derived 

parameter (ve) generated using a mixture of Gaussian functions. Patients with short 

survival presented the presence of higher percentage of pixels positioned between the 

second and third Gaussian distribution of the ve histogram, whereas a clear bimodal 

distribution of ve was documented in patients with long survival. 

Although histological tissue data were not analysed in this study, ve may represent an 

imaging biomarker of micronecrosis. In support of this hypothesis, Egeland et al. have 

reported in a preclinical study, including three amelanotic human melanoma xenograft 

lines, different ve frequency distributions in necrotic tissue compared to viable tissue 

[163]. In particular, voxels with unphysiological ve value ( > 0.15 in this study) 

correlated with necrotic fraction in histological tissue. Another group, instead, reported 

a correlation between ve and tumor growth, possibly related to larger tumor 

extracellular space and oxygen consumption [209]. 

 
 
Future work 

In terms of future work, we aim to analyse the reproducibility of the OE-MRI signal 

at the voxel levels in normal brain tissue and tumor lesions. A technical aspect that 

could need to be investigated would be the influence of the magnitude of field of MRI 

on the magnitude of change and reproducibility of the signal. Furthermore, another 
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aspect to be implemented in the OE-MRI protocol will be the evaluation and correction 

of the image noise. 

In the present thesis we did not acquire data of ICA flow changes in patients with brain 

tumors in response to increasing FiO2; these data would be of paramount importance 

to validate some of our hypotheses generated by the presented studies and provide 

further understanding on the relationship between FiO2 and brain flow.  

We aim also to correlate our DCE-MRI findings (chapter 5) in patients with high-grade 

gliomas with hypoxia markers in previously collected histological tissue. 

Furthermore, a future development of my research will be the biological validation of 

OE-MRI and [18F]FAZA PET. A study, funded by the Cancer Research UK (CRUK) 

and entitled “Biological Validation of MRI and PET Biomarkers of Tissue Hypoxia in 

Glioblastoma Multiforme” (see Appendix A), is currently recruiting patients with 

high-grade glioma awaiting surgery. Study participants undergo our validated MRI 

research protocol and [18F]FAZA and [15O]H2O PET scans. On the day of surgery, 

patients receive pimonidazole tablets; in addition, biopsies, based on hypoxia imaging, 

are collected. The main goal of this study is to cross-validate the imaging methods and 

provide a comparison with histological evaluation of hypoxia by means of the 

pimonidazole distribution in tumor samples. Furthermore, we intend to develop 

optimized acquisition and analysis strategies for the use of [18F]FAZA PET in cerebral 

tumours and elucidate the relationship between imaging biomarkers of hypoxia, 

cerebral blood flow and biomarkers of microvascular structure derived from [15O]H2O 

and DCE-MRI.  

The study is currently recruiting patients at the weekly multidisciplinary team 

discussions (MDTs) held at the Neurosurgery department at Salford Royal NHS 

Foundation Trust (SRFT), whereas the imaging part of the projects is being conducted 
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at the Wolfson Molecular Imaging Centre (WMIC). At the moment, 6 patients have 

undergone the research protocol. The image analysis pipeline is still under 

development. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



150 
 

Appendix A Research protocol Version 2.0 (23/11/2015): 
Imaging Hypoxia in Cerebral Tumours 
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