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ABSTRACT 

Background: The purpose of this study was to develop a reliable volumetric assessment 

of MRI-based tumour features, using available clinical software, to track tumour 

features longitudinally in patients with adult diffuse gliomas, and to assess the 

correlation between tumour features and biomarkers obtained by liquid biopsy. 

Methods: A manual segmentation protocol was developed to quantify tumour volumes 

and diffusion restricted volumes on serial MRIs. These measures were assessed 

longitudinally and then correlated with liquid biopsy derived RNA concentrations.  

Results: The segmentation technique has high reliability and can be used to track 

tumour volumes longitudinally. Significant correlations were found between diffusion 

restricted tissue and RNA concentrations in contrast enhanced and gross tumour 

regions. 

Conclusions: This technique is suitable for longitudinal studies of novel biomarkers of 

tumour progression and post-treatment recurrence. Further study is indicated on the 

relationship between diffusion restriction and clinical course, as well as the correlation 

with RNA concentration. 
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CHAPTER 1  INTRODUCTION 

1.1 Biology and Classification of Adult Gliomas 

Gliomas are malignant brain tumours of astrocytic, oligodendroglial or ependymal origin 

(Louis et al., 2021). Together, they account for 80% of malignant brain tumours in adults 

(Goodenberger & Jenkins, 2012). Gliomas are graded according to the World Health 

Organization’s classification for central nervous system tumours (WHO CNS5) on the 

basis of their clinical and biological behaviour (Louis et al., 2021). Traditionally, WHO 

grades 2 and 3 are assigned to gliomas with anaplasia and mitotic activity, whereas 

grade 4 is assigned to gliomas that also demonstrate microvascular proliferation or 

necrosis (Louis et al., 2007). The majority of gliomas (54%) are the grade 4 Glioblastoma 

Multiforme (GBM), which is the most aggressive malignant brain cancer (Ostrom et al., 

2013; Urbańska et al., 2014).  

More recently, the classification of gliomas has come to be based on integrated 

histology and molecular markers (Louis et al., 2021). Genome-wide molecular profiling 

studies have elucidated the importance of genetic factors in tumorigenesis and 

prognosis (Cancer Genome Atlas Research Network, 2015; Reifenberger et al., 2017). 

The incorporation of molecular markers such as mutations in isocitrate dehydrogenase 

(IDH) has been instrumental to an integrated approach to brain tumour diagnosis and 

has refined classification of adult diffuse gliomas, as depicted in Figure 1. For adult 

diffuse gliomas, tumours are now classified as 3 types: (1) Oligodendroglioma, IDH-
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mutant, 1p/19q co-deleted; (2) Astrocytoma, IDH-mutant; and (3) Glioblastoma, IDH-

wildtype (Louis et al., 2021).  

Molecular biomarkers such as IDH-mutation status have shown to have a better 

correlation with prognosis than histological features (Reifenberger et al., 2017). IDH 

mutations cause aberrant DNA and histone methylation, and are among the earliest 

genetic aberrations in glioma development (Wick et al., 2013). IDH mutations are known 

to occur in approximately 60-80% of gliomas and are typically associated with better 

outcome, partly owing to the younger median age of patients at diagnosis (Wick et al., 

2013; Reifenberger et al., 2017).  

With respect to determining astrocytic or oligodendroglial origin, molecular markers 

now outweigh histological features (Louis et al., 2021). Oligodendrogliomas have co-

deletions of chromosome 1 (1p) and chromosome 19 (19q), which is now considered a 

defining feature (Yip et al., 2012). The 1p/19q co-deletion is also associated with better 

clinical outcomes, as well as being an important distinguishing feature from 

astrocytomas (Yip et al., 2012). Oligodendrogliomas are graded as 2 or 3 and have a 

median survival time of 10-12 years (El-Hateer et al., 2009).  

Astrocytoma IDH mutant diffuse gliomas can be graded as 2, 3 or 4, with grade 4 

assigned to a tumour with any of the following features: microvascular proliferation 

(MVP), necrosis or homozygous deletion of the CDKN2A/B gene locus (Louis et al., 2021; 

Weller et al., 2021). Astrocytoma IDH-mutant diffuse gliomas also characteristically 
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show loss of nuclear expression ATRX and mutations in the tumour protein 53 (TP53) 

gene (Weller et al., 2021).  

Lastly, GBM IDH-wildtype is always considered to be a grade 4 glioma, arising either as a 

primary GBM (90%) or as a secondary GBM (10%), due to the malignant transformation 

of a lower grade astrocytoma or oligodendroglioma (Urbańska et al., 2014). One of the 

hallmarks of GBM is neovascularity and breakdown of the blood brain-barrier (BBB) (Kim 

and Lee, 2009). When GBMs reach a critical mass, typically around 1-2cm in diameter, 

they recruit additional blood vessels to compensate for their rapid growth and the 

hypoxic intratumoural environment (Kim and Lee, 2009). GBM angiogenesis is 

accomplished by secreting proangiogenic signalling molecules such as vascular 

endothelial growth factor (VEGF), which remain consistently active within the tumour 

microenvironment (Good et al., 1990). This perpetual signalling facilitates rapid 

microvascular proliferation of endothelial cells, allowing the tumour to recruit large 

amounts of new blood vessels by exploiting pre-existing vasculature (Good et al., 1990). 

The rapid proliferation leads to structural consequences in the surrounding vasculature, 

producing highly permeable and irregular new blood vessels (Ahir et al., 2020). The 

neovascularity further facilitates the tumour’s growth and compromises the BBB (Ahir et 

al., 2020). In addition to microvascular proliferation and/or necrosis, genetic and 

molecular alterations such as TERT promoter mutation, epidermal growth factor 

receptor (EGFR) gene amplification and the combined gain of chromosome 7 and loss of 

chromosome 10 (+7/−10) are also used in the diagnosis of Glioblastoma IDH-wildtype 

(Louis et al., 2021).  
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Figure 1. Diagnostic schema for diffuse gliomas.  
Glioma classifications based on the 2021 WHO classification of tumours of the central 
nervous system 5 (Louis et al., 2021). MVP, microvascular proliferation. 
 

1.1.1 Clinical Presentation and Survival Rates 

Presentation of gliomas often includes constitutional symptoms such as fatigue and 

nausea, as well as headaches due to increased intracranial pressure (Urbańska et al., 

2014). Depending on the location of the tumour, cognitive deficits or seizures may occur 

(McKinnon et al., 2021). Neurological symptoms such as impairment of memory, 

attention and executive functioning result from disruption of healthy areas of the brain, 

and this may be exacerbated by edema (Dallabona et al., 2017).  

Peritumoural edema is frequently seen in patients with high grade gliomas and 

contributes significantly to neurological symptoms (Schoenegger et al., 2009). Extensive 
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edema may also contribute to shorter survival times; however, this has been debated 

(Lacroix et al., 2001; Schoenegger et al., 2009; Pope et al., 2005). Regardless, it is well 

established that neoplastic infiltration of malignant cancer cells is present within glioma 

related edema (Leao et al., 2020).  

The physical changes to the brain due to the rapid proliferation of cancer cells ultimately 

leads to neurological deterioration and is universally fatal (Abler et al., 2018; Mitra et 

al., 2016).  

The survival rate following diagnosis of a malignant glioma varies depending on 

classification and generally decreases with older age at diagnosis (Ostrom et al., 2020). 

Oligodendrogliomas have the highest five-year relative survival rate (up to 83.4%) 

among all gliomas (Ostrom et al., 2020). For astrocytomas, the five-year relative survival 

rate ranges from 31.1-53% depending on grade and age (Ostrom et al., 2020). Finally, 

GBMs have the lowest five-year relative surivival rate of any malignant central nervous 

system tumour (7.2% for all ages), with a median survival of 8 months from time of 

diagnosis regardless of treatment (Ostrom et al., 2020; Stupp et al., 2005). The median 

age at diagnosis for GBM is 64-65 years, and among patients older than 40 years, only 

5.9% live past 5 years (Ostrom et a., 2020; Stupp et al., 2005; Lacroix et al., 2001). Those 

who live beyond 5 years with a GBM diagnosis are considered to be long term survivors 

(Krex et al., 2007). 
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1.1.2  The Current Clinical Standard for Treatment 

Treatment for high grade gliomas is multimodal and aggressive, due to the invasive 

nature of these tumours. The current standard of treatment for GBMs consists of 

maximal surgical resection that is safely achievable, followed by local radiotherapy with 

concomitant chemotherapy and adjuvant chemotherapy using temozolomide (TMZ) 

(Stupp et al., 2005; Stupp et al., 2009; Van Dijken et al., 2017). TMZ is an oral alkylating 

agent that functions by sensitizing tumour cells to radiation and has shown to be critical 

in improving overall survival (Stupp et al., 2005). In a randomized clinical trial of 573 

patients with high grade gliomas, there was a significant increase in overall survival for 

patients receiving concomitant TMZ and radiation (14.6 months) compared to those 

receiving radiation alone (12.1) (Stupp et al., 2005).  

In lower grade gliomas, optimal treatment is controversial, as management must 

balance the benefits of therapeutic intervention with side effects of the treatment. First, 

maximal safe resection is performed, when possible, in order to reduce mass effect and 

edema and their associated neurological symptoms (Palombi et al., 2018). Decisions 

regarding subsequent treatment with chemoradiotherapy must then weigh the risk of 

cumulative neurotoxicity and radiation-induced edema, which can lead to long term 

deficits in memory and cognition (Klein et al., 2012). These adverse effects are especially 

unfavourable for younger patients with lower grade gliomas, as these patients are 

expected to have longer progression free survival times (5-10 years) (Ostrom et al., 

2020). In order to minimize cumulative neurotoxicity and preserve cognitive function, 

post-operative treatment may be delayed until imaging shows signs of progression 
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(Wang et al., 2019). Once progression is evident, chemoradiotherapy can be used to 

slow malignant transformation into a higher-grade glioma (Wang et al., 2019). 

Following chemoradiotherapy, cerebral edema is a common side effect of treatment. 

Cerebral edema is treated with dexamethasone, a glucocorticoid with anti-inflammatory 

and immunosuppressant properties, which has been shown to reduce the neurological 

symptoms produced by edema (Palombi et al., 2018). In a large cohort study of 459 

patients undergoing radiochemotherapy, patients that had adjuvant dexamethasone 

suffered significantly fewer neurological symptoms than those with radiochemotherapy 

alone (Palombi et al., 2018). However, while dexamethasone may alleviate neurological 

systems associated with aggressive treatment, there is evidence that its concurrent use 

with chemoradiotherapy negatively impacts overall survival (Shields et al., 2015).  

Epigenetic factors influence treatment response, most notably the methylation status of 

the promoter site of the gene for the DNA-repair enzyme O6-methylguanine-DNA 

methyltransferase (MGMT) (Stupp et al., 2005). MGMT rescues cancer cells from 

damage induced by chemotherapeutic alkylating agents, resulting in tumour resistance 

(Weller et al., 2010). The MGMT promotor can exist in methylated and unmethylated 

states, and methylation status differs among tumours (Chai et al., 2021). Gliomas with 

MGMT-promotor methylation have low levels of the repair enzyme, making them 

sensitive to treatment with TMZ, which in turn sensitizes cells to radiation (Chamberlain 

et al., 2007). This is particularly important for patients with low tolerance to aggressive 

chemoradiation regimens. MGMT methylation is thus associated with better outcomes 
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and longer survival times and can be used to guide treatment decisions in order to 

prevent unnecessary treatment toxicities (Weller et al., 2015; Weller et al., 2021).  

In addition to methylation status, extent of surgical resection is an important prognostic 

indicator for overall survival. Resection of 89% or more has shown to be necessary to 

improve survival outcome (Lacroix et al., 2001). In a retrospective clinical study of 416 

patients undergoing surgical resection for GBM, it was shown that resections of 98% or 

more of the tumour volume give a significant survival advantage (13 months vs. 8.8-10.1 

months for resections <98%) (Lacroix et al., 2001). 

Despite maximal surgical resection, the diffuse infiltration of GBMs into surrounding 

areas of the brain limits their complete surgical resection, making tumour recurrence 

inevitable (Wick et al., 2014). Even with the most aggressive treatment, roughly 90% of 

GBMs will recur in the same location and the median overall survival following diagnosis 

of tumour recurrence is approximately 6.5 months due to limited effective treatment 

options (Stupp et al., 2005; Van Linde et al., 2017). The diagnosis of tumour recurrence 

is complicated by the overlapping appearance of treatment effects.  

1.2  Role of Magnetic Resonance Imaging in the Detection and Monitoring of Adult 

Gliomas 

The detection and surveillance of brain gliomas relies heavily on magnetic resonance 

imaging (MRI). MRI is used for initial diagnosis, to assess the extent of surgical resection 

and to monitor for recurrence after treatment (Van Dijken et al., 2017). Adequate 
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imaging is crucial for clinical decisions regarding the continuation or discontinuation of 

treatment plans for individuals with gliomas. 

MRI provides a non-invasive means for visualizing tissues within the body, based on the 

exploitation of magnetic relaxation properties that vary among different tissues 

(Argentieri et al., 2020). When placed in a strong external magnetic field, hydrogen 

nuclei (protons) within the body align with the z axis of the magnetic field (B0) (Fig. 2a) 

(Mastrogiacomo et al., 2019). Specifically, protons align parallel or antiparallel to B0. As 

the parallel orientation is more energetically favourable, a slight majority align in this 

orientation, producing a net magnetic vector (M0) parallel to B0 (Fig. 2a). A 

radiofrequency pulse (RF) can then be used to excite the protons, tilting M0 by a specific 

degree based on the pulse. Once the RF pulse is switched off, the time it takes for the 

excited nuclei to return to equilibrium along the axis of the main magnetic field can be 

measured to produce tissue contrasts (weighting), namely T1-weighted (T1w) and T2-

weighted (T2w) images (Sharma, 2009). T1 relaxation time (also known as spin-lattice) is 

the time it takes for the magnetism along the z axis to recover to 63% of its original 

value, and is affected by the protons’ ability to release their kinetic energy to the 

surrounding environment (Fig. 1b) (Mastrogiacomo et al., 2019). T2 relaxation time 

(spin-spin) is the time it takes for the magnetism along the transverse (x-y) plane to 

decay (dephase) to 37% of its initial value, and is determined by the ability of the 

protons to exchange energy with each other (Fig. 2c) (Argentieri et al., 2020; 

Mastrogiacomo et al., 2019).  



10 
 

Figure 2. Basic MRI Principles.  

a) Protons spinning around their own axis are magnetized along an external magnetic 

field (B0). The sum of parallel and anti-parallel spins produces a net magnetization 

vector (M0). A 90o radiofrequency pulse (RF) is applied, tilting M0 into the transverse 

plane (Mxy).  When the RF pulse is removed, M Mxy returns to equilibrium through T1 (b) 

and T2 relaxation (c). b) T1 relaxation is the time required to reach 63% of the original 

longitudinal magnetization. c) T2 relaxation is the time required for Mxy to dephase to 

37% of the original value. Figure based on Mastrogiacomo et al., 2019.  

 

The RF pulse sequence can be modified by changing the interval between pulses 

(repetition time; TR) or the interval between the applied pulse and the peak of the 

returning signal (echo time; TE) in order to produce image contrasts (Mastrogiacomo et 

al., 2019). With a long TR, protons have enough time to realign with the magnetic field, 
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minimizing T1 contrast. Likewise, with a short TE, there is little time for the signal to 

decay, minimizing T2 contrast (Mastrogiacomo et al., 2019). Therefore, a short TR and 

short TE is used to generate a T1w image and a long TR and long TE is used to generate a 

T2w image. Based on the free water content, the macromolecular environment and the 

structural characteristics of tissues, the relaxation time differs between tissue types, 

allowing them to be distinguished with MRI (Westbrook & Talbot, 2019). Tissues with 

high free water content have long relaxation times, producing a stronger MR signal, 

whereas tissue with low free water content have rapid signal decay and appear darker 

on imaging (Argentieri et al., 2020). The pulse sequence used to generate T1w and T2w 

images in this manner is called spin-echo (SE) and uses a 90o pulse followed by a 180o 

inversion pulse (Bitar et al., 2006). In addition, an inversion-recovery pulse can be used 

to supress the signal from free water, such as cerebrospinal fluid (CSF), producing a Fluid 

Attenuated Inversion Recovery (FLAIR) image (Bitar et al., 2006). The signal intensities of 

various tissues within the brain are summarized in Table 1 for T1w, T2w and FLAIR 

images.  

Table 1. T1w, T2w and FLAIR image signal strength for various tissues within the brain. 
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Gadolinium-based contrast enhancing agents can be used to increase T1 signal 

wherever the contrast enhancing agent accumulates, producing preferential tissue 

enhancement (Ibrahim et al., 1998). This is accomplished by the paramagnetic 

properties of the rare earth metal, which increases the magnetic susceptibility of a 

tissue, thus shortening T1 relaxation time and subsequently increasing MRI signal 

(Ibrahim et al., 1998). Contrast enhancing agents are injected intravenously and pool in 

regions of disrupted BBB, making them useful for detecting and characterizing brain 

tumours that have a compromised BBB (Westbrook & Talbot, 2019). Tumour 

progression, transformation of lower grade gliomas to higher grade gliomas and 

treatment response are traditionally examined on contrast enhanced T1w MRI and 

T2w/FLAIR MRI; however, more advanced techniques have allowed further tumour 

features to be examined (Van Dijken et al., 2017).  

Using advanced MRI techniques, tumour parameters such diffusion restriction, relative 

cerebral blood volume and blood flow can be examined on diffusion-weighted and 

perfusion weighted imaging, respectively (Van Dijken et al., 2017). This thesis will 

primarily focus on three MRI parameters: contrast-enhanced tumour tissue, T2 FLAIR 

hyperintensity and diffusion restriction.  

Diffusion-weighted imaging (DWI) can be used to evaluate changes in cellular density, by 

measuring the random movement of water molecules within a tissue (Kwee et al., 

2010). Presence of cellular structures, such as cell membranes, restricts the free 

movement of water molecules and levels of diffusion restriction vary depending on a 

tissue’s cytoarchitecture.  
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To obtain diffusion information, diffusion sensitizing gradients are applied during image 

acquisition. The degree of diffusion sensitization is expressed as the b-value, with higher 

values denoting greater diffusion weighting. First, a b=0 image is acquired as a baseline. 

Then, images with a higher b-value are acquired in at least 3 mutually orthogonal 

directions (x, y and z) by applying two equal and symmetrical strong gradients on either 

side of the 180o RF pulse to generate transverse magnetization (Westbrook & Talbot, 

2019). The first gradient dephases stationary water molecules, whereas the second 

gradient rephases them, undoing the effect (Westbrook & Talbot, 2019). Thus, 

stationary water molecules retain their signal. Water molecules that are moving will not 

be in the same location once the second gradient is applied and will not be rephased to 

the same degree that they were dephased, resulting in a loss of signal (Bitar et al., 

2006). The further water molecules move, the more signal is lost. The most commonly 

used pulse sequences to create DWI are the spin-echo echo-planar sequence (SE-EPI) 

and gradient echo (GRE) sequence (Bitar et al., 2006).  

Apparent diffusion coefficients (ADC) can be calculated from DWI and used to quantify 

the diffusion restriction within each individual voxel (Orlandi et al., 2016). ADC is an 

estimate of the mean diffusivity, measured in mm2/s, which enables tissue cellularity to 

be assessed non-invasively (Kwee et al., 2010). Regions of high cellular density exhibit 

low ADC values, whereas regions of low cellular density show high ADC values (Kwee et 

al., 2010).  
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1.2.1  Glioma Appearance on Conventional MRI Contrasts 

Adult diffuse gliomas have similar appearances on MRI, however there are some key 

differences between classifications.  

GBMs typically appear as a mass lesion with a heterogeneous hypointense necrotic 

cavity and an irregular rim of contrast-enhancing tissue on T1w images (Leao et al., 

2020). The appearance of an enhancing rim is due to gadolinium pooling in areas of 

disrupted BBB, reflecting tumour vascularity and angiogenesis (Ibrahim et al., 1998). The 

non-enhancing portion of the tumour and peritumoural vasogenic edema are best 

observed on T2w and FLAIR MRI sequences and will appear as hyperintensity 

surrounding the contrast-enhancing lesion (Leao et al., 2020; McKinnon et al., 2021). 

Neoplastic infiltration of GBM cells can also be assessed on T2/FLAIR images, as a 

characteristic feature is the blurring of the grey-white matter junction (Leao et al., 

2020). On DWI, the solid enhancing component of the tumour often appears as 

increased signal due to diffusion restriction within areas of high cellularity, in 

comparison to surrounding vasogenic edema which typically has facilitated diffusion. 

The necrotic cavity often has facilitated diffusion as well; however, interpretation can be 

complicated if blood products are present (Young, 2007). High ADC values (low diffusion 

restriction) have also been shown to correlate with MGMT methylation status (Suh et 

al., 2018).  

Oligodendrogliomas typically appear as round lesions and frequently show focal 

hemorrhage (Louis et al., 2016). Oligodendrogliomas are hypointense on T1w and only 
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about 50% of these tumours show enhancement on post-gadolinium images (Jenkinson 

et al., 2006). Figure 3b demonstrates an example of an oligodendroglioma with post-

contrast enhancement on T1w imaging. On T2w images, vasogenic edema appears as 

hyperintense except for areas of calcification which are dark, due to signal loss (Van den 

Bent et al., 2008). Lastly, on DWI there is often no diffusion restriction, which can be a 

helpful in differentiating them from astrocytomas (Tozer et al., 2007). 

The appearance of adult diffuse astrocytoma, IDH-mutant on MRI varies depending on 

grade. Typically, in grade 2 astrocytomas, on T1w image there is no (Fig.3d) or little 

enhancement (Fig. 3c), whereas solid areas of enhancement suggest a higher grade 

(Tervonen et al., 1992). Areas of necrosis on T1w post contrast imaging also signify a 

higher-grade astrocytoma (Louis et al., 2021). The “T2/FLAIR mismatch sign” is highly 

specific for diffuse astrocytoma, IDH-mutant, 1p/19q non-codeleted (Juratli et al., 2019). 

Tumours with this imaging sign are homogeneously T2 bright, with central signal 

suppression on FLAIR images (Figure 3c and 3d) (Juratli et al., 2019). This appearance is 

likely produced by cellular degeneration and edema, which is subsequently supressed 

on FLAIR imaging (Juratli et al., 2019; Watanabe et al., 1992). Lastly, on DWI, areas of 

low diffusion suggest a higher-grade, as decreasing ADC values correlate with increasing 

tumour grade (Hilario et al., 2012).  
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Figure 3. Adult diffuse 

gliomas on conventional 

MRI contrasts.  

MRI contrasts are T1w 

post-gadolinium, T2w and 

T2 FLAIR from left to right. 

a) GBM, IDH wild-type, 

MGMT non-methylated. b) 

Oligodendroglioma, 1p/19q 

co-deleted, IDH-mutant 

and MGMT methylated. c 

and d) Diffuse grade 2 

Astrocytoma, IDH-mutant 

and MGMT methylated 

showing T2/FLAIR 

mismatch.  

 

 

1.2.2 Imaging Challenges of Post-treatment Glioma Assessment 

With respect the assessment of tumour recurrence in high grade gliomas, conventional 

T1 weighted MRI is unreliable due to the subjective nature of image interpretation, 

further complicated by the similar appearance of treatment-related effects (Van Dijken 

et al., 2017). This is also true for the assessment of lower grade glioma transformation, 
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as patients undergoing chemoradiation to slow the tumour’s progression also exhibit 

treatment-induced effects.  

As a result of treatment induced vascular endothelial damage, there is increased 

permeability in radiated areas which causes increased contrast enhancement and can 

be mistaken for tumour recurrence (Hygino Da Cruz et al., 2011). This effect is known as 

pseudoprogression (PsP), in which new or growing enhancing lesions following the 

completion of chemoradiotherapy appear as progressive disease on T1w imaging, but 

subside on follow-up imaging without any change in treatment (Reimer et al., 2017). A 

similar issue occurs with T2w imaging in follow-up scans. Following surgical resection 

and chemoradiotherapy, treatment induced inflammation presents as T2/FLAIR 

hyperintensity (Leao et al., 2020). However, an increase in non-enhancing tissue (seen 

as T2 hyperintensity) could also signal disease progression, regardless of a stable 

appearance of contrast enhanced tissue (Chukwueke et al., 2019). Moreover, 

enhancement and edema on post-treatment imaging may demonstrate a mixture of 

treatment-related effects and viable tumour tissue, further complicating diagnosis 

(Hygino Da Cruz et al., 2011).  

PsP typically occurs within 3-6 months following chemoradiotherapy and occurs in 

approximately 30-60% of patients that undergo concomitant chemoradiotherapy with 

TMZ (Dalesandro et al., 2016; Hygino Da Cruz et a., 2011). Furthermore, MGMT 

promotor methylated tumours have a significantly higher (91.3%) probability of PsP 

than unmethylated tumours (Lee et al., 2012; Reimer et al., 2017; Brandes et al., 2008). 
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Although PsP is typically clinically asymptomatic, some patients exhibit clinical 

deterioration (Hygino Da Cruz et al., 2011).  

In addition to difficulties in diagnosing tumour recurrence, conventional MRI cannot 

reliably distinguish between low and high-grade gliomas (Van Dijken et al., 2017). The 

unreliability and subjectivity of MRI becomes a key issue in clinical decision-making and 

treatment planning (Reimer et al., 2017; Van Dijken et al., 2017). Identifying glioma 

grade early on is important for clinical decisions regarding the timing of treatment 

intervention (Leao et al., 2020). For post-treatment evaluation, if recurrence is missed, 

this may result in a delay of further intervention or stopping effective treatment. 

However, if treatment effects are mistaken as tumour recurrence, this may cause 

further damage to healthy tissue by unnecessarily continuing aggressive treatment 

(Leao et al., 2020). Decisions regarding secondary surgery also rely on timely diagnosis 

of tumour progression. Detecting tumour recurrence/progression quickly is crucial for 

survival outcomes; hence, reliable techniques to evaluate tumour behaviour are 

urgently needed. 

1.2.3  Advanced MRI Techniques 

Currently, the only way to differentiate between PsP and true disease progression is 

through follow-up imaging on conventional MRI; however, advanced MRI techniques 

are being examined as an alternative to overcome these issues. Advanced techniques 

such as DWI, perfusion weighted imaging and MR spectroscopy can be used to assess 

changes in cellular density, tumour-induced neovascularity and metabolite 
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concentrations, respectively (Van Dijken et al., 2017). In a meta-analysis of 35 studies, 

performed by Van Dijken et al. (2017), it was found that advanced MRI techniques 

showed a higher diagnostic accuracy in distinguishing between PsP and true progression 

than anatomical MRI, and that spectroscopy had the highest diagnostic accuracy among 

advanced MRI techniques. 

Magnetic Resonance Spectroscopy (MRS) is a technique used to examine the chemical 

composition and biochemical changes of various tissues (Tolia et al., 2015). The 

resonance frequency of metabolites is measured in parts per million and plotted as 

peaks on a graph, which can then be used to compare normal brain tissue to abnormal 

tissue (Tolia et al., 2015). Gliomas typically have elevated choline and lipid levels, lactate 

peaks and lower N-acetyl aspartate levels (Hygino Da Cruz et al., 2011; Tolia et al., 2015; 

Seeger et al., 2013). Spectroscopy can depict structural degradation in cerebral tissue 

and detect metabolic changes associated with radiation injury before its appearance on 

imaging (Hygino Da Cruz et al., 2011). This could then be used to distinguish viable 

tumour tissue from PsP, with several studies identifying high choline/creatine ratio as 

the best predictor for recurrent glioma (Van Dijken et al., 2017; Seeger et al., 2013; 

Rabinov et al., 2002). However, distinguishing PsP from recurrence is still challenging, as 

PsP can have a similar spectroscopic profile to recurrent glioma because choline can also 

be elevated with PsP due to loss of neuronal function and cell membrane integrity 

(Hygino Da Cruz et al., 2011). Moreover, MRS has large voxels making it prone to partial 

volume effect (when a voxel contains a heterogeneous mix of tissue) which in turn 

makes it harder to detect changes in smaller lesions or heterogenous lesions (Young, 
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2007). MRS is also technically challenging, with long scan times making it susceptible to 

signal contamination (Van Dijken et al., 2017). Although there are promising results 

using MRS, there is no current consensus on threshold used among studies limiting the 

standardization of MRS for diagnostic decision-making (Young, 2007; Van Dijken et al., 

2017). 

Perfusion weighted imaging is an MRI contrast that allows relative cerebral blood 

volume (rCBV) and relative cerebral blood flow (rCBF) to be examined (Seeger et al., 

2013). Perfusion weighted imaging can be performed using various techniques, 

including dynamic susceptibility contrast-enhanced imaging (DSC), dynamic contrast-

enhanced T1w imaging (DCE), and arterial spin labelling (ASL). DSC is the most 

commonly used and straightforward technique for perfusion imaging, with readily 

available post-processing software (Essig et al., 2013). Studies using DSC imaging to 

assess differences in perfusion within a lesion have shown evidence of increased rCBV in 

recurrent glioma compared to stable disease (Seeger et al., 2013). In an analysis of 18 

studies using DSC imaging, there was a pooled sensitivity of 87% and a specificity of 86% 

for differentiating between PsP and recurrence (Van Dijken et al., 2017). The 

disadvantages of DSC imaging include operator dependence, susceptibility artifacts and 

difficulties in rCBV quantification as values can vary over time and there is no consensus 

for optimum time point or threshold (Essig et al., 2013; Van Dijken et al., 2017). 

Steroids, which are commonly prescribed to post-operative glioma patients, are also 

known to influence DSC measures (Young, 2007). Moreover, rCBV may be less useful in 

differentiating PsP from early progressive disease in MGMT hypermethylated tumours. 
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(Dalesandro et al., 2016). Lastly, DSC has limitations in resolution, which decreases its 

capacity for anatomical and disease delineation (Seeger et al., 2013). 

Analysis of five studies using DCE showed a slightly higher pooled sensitivity (92%) than 

DSC, with a specificity of 85% (Van Dijken et al., 2017). Although DCE had the highest 

accuracy for distinguishing PsP from recurrence among perfusion techniques, DCE is not 

widely used due to the complexity of image acquisition and post-processing software 

(Essig et al., 2013). Lastly, ASL can be used for perfusion weighted imaging without the 

administration of a contrast agent, by using magnetically labelled blood as an 

endogenous tracer to measure rCBF (Essig et al., 2013). Although ASL offers the 

advantage of being completely non-invasive, the technique is not universally available 

and there is scarce evidence of its use for distinguishing between PsP and recurrence 

(Van Dijken et al., 2017).  

The third commonly studied advanced MRI technique for assessing glioma progression, 

transformation and recurrence is DWI. ADC measurements from DWI have been studied 

for the assessment of gliomas, as the heterogeneity of the tumour tissue leads to 

variations in diffusion restriction (Werner et al., 2019). Pathologic processes such as the 

degradation of cellular integrity within necrotic regions leads to areas with increased 

ADC values relative to normal tissue (Lee et al., 2012). On the other hand, solid tumour 

components reflect lower ADC values and could be used to assess regions of rapid cell 

proliferation congruent with tumour growth and progression (Lee et al., 2012). Despite 

ongoing research on ADC predictive value for differentiation between tumour 

recurrence and PsP, evidence is scarce and often conflicting (Kwee et al., 2010). In the 
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meta-analysis performed by Van Dijken et al. (2017), ADC values had the lowest 

diagnostic accuracy and should be combined with other advanced techniques. The low 

accuracy of ADC could be a result of heterogeneous signal intensities, which could be 

cellular tumour or inflammatory processes and is, again, compounded by the lack of 

standardized cut-off points for diagnostic decision-making (Hygino Da Cruz et al., 2011).  

1.3 Interest in Circulating Biomarkers for Adult Gliomas  

Novel approaches are urgently needed to assess progression and transformation, and to 

detect recurrence of gliomas after treatment with greater confidence. Monitoring 

patients with low-grade gliomas and patients with treated gliomas requires a quick and 

reliable test that can be obtained repeatedly and noninvasively. One promising 

approach is to examine molecular markers through a simple venous blood sample, 

termed “liquid biopsy” (Doyle & Wang, 2019). Liquid biopsy is a minimally-invasive 

technique that is currently being studied for its ability to test for tumour-derived 

biomarkers such as extra-cellular vesicles (EVs) (Osti et al., 2019; Doyle & Wang, 2019; 

Rooj et al., 2016).   

EVs are small membrane-bound vesicles that do not contain a nucleus and are released 

by all cells as a means for intercellular communication (Yekula et al., 2019). EVs are 

subdivided into three main categories: exosomes, microvesicles and apoptotic bodies, 

which differ in size, cargo, function and biogenesis (Doyle & Wang, 2019). EVs have been 

shown to contain various cargo, such as small RNA (sRNA) and proteins, that mimic its 

donor cell’s physiology and could be used to determine their cells of origin (Simon et al., 
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2020). EVs are secreted by all cells, including neoplastic cells of gliomas, in which case 

they could reflect tumour behaviour (Osti et al., 2019; Balakrishnan et al., 2020).  

EVs that are released from neoplastic cells are thought to play a critical role in 

establishing progression (Osti et al., 2019). Recent studies have demonstrated the 

multifaceted roles of EVs in transforming the glioma microenvironment into a tumour 

promoting niche, in which normal cell-derived EVs are co-opted to facilitate tumour 

invasion (Osti et al., 2019; Yekula et al., 2019). EVs are known to modulate tumour 

proliferation, induce angiogenesis, reprogram metabolic activity, evade immune 

response and lead to drug resistance (Czernek & Düchler, 2017; Yekula et al., 2019). 

Glioma-derived EVs that are shed into the tumour microenvironment end up circulating 

in the bloodstream due to BBB compromise (Balakrishnan et al., 2020).  

Liquid biopsy can detect EVs shed into the blood stream by gliomas, offering a 

complementary approach to tumour surveillance (Balakrishnan et al., 2020; Doyle & 

Wang, 2019). Currently, tissue biopsy is used to determine the molecular profile of 

gliomas; however, it is both invasive and prone to sampling bias (Saenz-Antoñanzas et 

al., 2019). Liquid biopsy could potentially offer an alternative to invasive tissue biopsy, 

as it contains information from the entire tumour which enables confirmation of the 

tumours molecular profile (Saenz-Antoñanzas et al., 2019; Siravegna et al., 2019). Tissue 

biopsy is performed during surgical resection; however, not all glioma patients are 

candidates for surgical resection due to inaccessible lesions or surgical co-morbidities 

(Balakrishnan et al., 2020). Moreover, re-biopsy after initial resection is an unfavourable 

option for distinguishing PsP from recurrence as it is very invasive.  Liquid biopsy would 
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enable clinicians to bypass an invasive tissue biopsy in patients that are poor surgical 

candidates and allow regular monitoring throughout treatment (Doyle & Wang, 2019).  

1.3.1 Extracellular Vesicles in Clinical Research 

A common interest in EV research is studying their correlation to disease state, 

especially with regard to their prognostic, diagnostic and predictive biomarker abilities 

in glioma patients (Tankov & Walker, 2021). It has been shown that RNA profiles of 

glioma secreted EVs are unique to glioma cells and therefore glioma-derived EVs can be 

distinguished and isolated from other circulating EVs (Simon et al., 2020). Some studies 

have also suggested that tumour cells release greater quantities of EVs than healthy 

cells, although this is still under debate (Osti et al., 2019; Xavier et al., 2020). Therefore, 

clinical research has primarily focused on RNA and protein profiling of EV cargo as well 

as assessing overall EV concentration throughout the disease timeline (Simon et al., 

2020; Osti et al., 2019).  

With regards to EV concentration specifically, it has been calculated that a single GBM 

cell is capable of producing 10,000 EVs within 48 hours in vitro, and that EVs have a half-

life of approximately 5 hours in vivo (Skog et al., 2008; Rank et al., 2011). In a recent 

study performed by Osti et al. (2019), it was found that GBM patients demonstrated 

higher EV concentrations in their peripheral blood than healthy patients and that this 

concentration drops following surgical resection of the tumour. EV concentration was 

also correlated with the progression of high-grade astrocytoma patients and a 

correlation between higher amounts of necrosis and lower EV concentration was also 
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noted (Osti et al., 2019). This could indicate that EV concentrations are tumour volume 

dependent; however, other factors such as tumour cellularity and level of perfusion may 

be at play.  

The molecular profiling of EV cargo has also revealed promising biomarkers for 

determining glioma classification and grade and is being studied for proteomic 

signatures of tumour invasiveness and aggression (Santangelo et al., 2018; Hallal et al., 

2019; Skog et al., 2008). Santangelo et al. (2018), found that concentrations of micro-

RNA (a subset of small RNA) within EVs (specifically miR-21, miR-222 and miR124-3pm), 

were grade dependent in astrocytoma patients, highlighting those levels of small RNA 

(sRNA) could be used to predict tumour grade. (Hallal et al., 2019), demonstrated that 

IDH wild-type and IDH mutant gliomas also have distinct sRNA signatures, adding to the 

increasing evidence that the molecular profile of EVs captured from peripheral liquid 

biopsy is consistent with tissue biopsy information.  

Although there is strong evidence of a correlation between liquid biopsy and tissue 

biopsy, currently, it is not known how liquid biopsy correlates MRI surveillance imaging. 

There is little evidence regarding the correlation between EV concentration and features 

of tumour progression and recurrence on MRI.  

1.3.2  The Halifax Cohort 

To study the utility of glioma-derived EVs as a biomarker of tumour behaviour, adult 

patients treated for a glioma at the Queen Elizabeth Health Sciences Centre are 

recruited for participation in a longitudinal cohort study. Blood samples are taken 
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following an initial diagnostic MRI, at the time of surgery or tissue biopsy, and in 

conjunction with all follow-up standard-of-care imaging. Plasma is extracted by the 

Weeks Lab and is sent to the Atlantic Cancer Research Institute (ACRI) in Moncton, New 

Brunswick. The ACRI uses a patented technology, called Vn96, to isolate and quantify 

EVs and to perform sRNA profiling. Tumour-specific EV counts can then be correlated 

with the course of disease and changes seen on clinical MRI.  

1.4 Image-based Monitoring of Adult Gliomas in Clinical Trials 

The current standard for MRI monitoring of brain tumours in clinical trials relies on the 

Response Assessment in Neuro-Oncology (RANO) criteria (Chukwueke et al., 2019; Leao 

et al., 2020). For the measurement and quantification of brain tumour components, 

under the RANO criteria, there is measurable and non-measurable disease. Measurable 

disease is described as enhancing lesions with clearly defined margins and 2 

perpendicular dimensions that are both ≥10mm, not including a necrotic core or a 

resection cavity (Figure 4) (Leao et al., 2020). Non-measurable disease includes any non-

enhancing tissue, lesions less than 10mm in diameter and lesions with ill-defined 

margins (Leao et al., 2020). RANO uses bi-dimensional linear measurements as a 

surrogate for tumour volume. These measurements are performed on up to 5 

enhancing foci, which are then added together for the final measurement.  
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Figure 4. Measurable lesions with bi-dimensional measurements according to RANO 

criteria.  

Only enhancing nodular components with defined margins and diameters ≥10mm are 

measured. Surgical cavities or cystic and necrotic components are excluded. Patient 

MRIs are WWS06A, WWS09A, and WWS35A from left to right.  

 

Although the standardization of brain tumour measurements is important for 

reproducibility and clinical management decisions, there are several practical issues 

with the RANO criteria. For the measurement of the enhancing tumour component, 

lesions with a central necrotic component or an irregular enhancing thick wall are 

subject to great measurement variability (Yang et al., 2014). Differences in 

measurement technique, such as exclusively measuring the enhancing component or 

measuring the entire lesion, lead to varying results and presents a considerable 

challenge for quantification.  

Secondly, under the RANO criteria, post-resection examinations cannot be assessed 

reliably, as they contain surgical cavities which are considered non-measurable (Fig. 5c). 

This poses issues for the accurate quantification of the extent of a surgical resection, 

which is known to be a significant prognostic indicator for progression free survival in 

glioma patients (Lacroix et al., 2001). A similar issue arises when attempting to quantify 
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the volume of peritumoural edema as well as non-enhancing T2w hyperintense solid 

tissue, as non-measurable disease also includes T2/FLAIR hyperintense tissue (Fig. 5f). 

Peritumoural edema is a common feature of gliomas and the lack of a standardized 

method for the reproducible quantification of glioma related edema may be a 

contributor to the ongoing debate over its prognostic implications (Schoenegger et al., 

2009; Lacroix et al., 2001). Moreover, astrocytomas with a T2/FLAIR mismatch sign 

become difficult to measure, as they often show very little or no enhancement and are 

predominantly examined on T2/FLAIR MRI contrasts (Fig. 5e) (Juratli et al., 2019).  

 
Figure 5. Non-measurable disease under the RANO criteria.  

Lesions with central necrotic or cystic cavities (a, WWS07A; and b, WWS27A). Lesions 

with surgical cavities (c, WWS04B) or bi-dimensional diameters <10mm (d, WWS26A). 

Disease with ill-defined margins (c and e, WWS32A) as well as T2/FLAIR hyperintense 

non-enhancing lesions (f, WWS07A) are also characterized as non-measurable.  

 

To assess measurable and non-measurable disease objectively, as well as incorporate 

clinical factors, the RANO criteria suggest 4 categories of response: complete response, 

partial response, stable disease and progressive disease (Leao et al., 2020). These 

criteria utilize large percent-based increases or decreases in the measurable enhancing 
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lesions, rely on visual assessment of non-measurable disease, account for changes in 

clinical evaluations and steroid use, and are considered on a 4-week timeline (Leao et 

al., 2020). The disadvantages of using these 4 categories for assessment is that 

standard-of care MRI is typically performed every 3 months rather than 4 weeks, small 

changes in enhancing lesions that could reflect progression/recurrence would be 

overlooked or miscategorized and visual assessment of non-enhancing lesions is 

subjective in nature (Yang, 2014). Although the RANO criteria offers standardization, a 

surrogate for tumour bulk it is not ideal for clinical correlations with physiological 

parameters such as EV shedding or RNA profiles. For these, a volumetric technique 

would be better a priori. 

1.4.1  Tumour Volumetry and Segmentation Techniques on MRI 

In order to address the pitfalls of the RANO criteria, a number of methods exist for brain 

tumour quantification. Brain tumour segmentation on MRI is an increasingly popular 

area of research, which consists of extracting various tumour tissues, such as contrast-

enhancing tissue, peritumoural edema and necrosis, from normal brain tissue (Wadhwa 

et al., 2019). Segmentation techniques are advanced processes for the volumetric 

analysis of brain tumour tissues and fall under three categories: manual, semi-automatic 

and automatic (Wadhwa et al., 2019). Segmentation on MRI can further be classified as 

threshold-based, boundary-based and region-based, which are the most predominant 

within the literature, however, other technique classifications include pixel-based and 

model-based segmentation (Wadhwa et al., 2019). 
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Fully-automated techniques have utilized machine learning algorithms for segmentation 

of gliomas and shown good accuracy for both low- and high-grade gliomas (Van Kempen 

et al., 2021). According to the Multimodal Brain Tumor Image Segmentation Benchmark 

(BRATS) 2015, many algorithms for automated segmentation show similar variability to 

trained human raters for different sub-regions, but not one technique showed high 

accuracy for all sub-regions (Menze et al., 2015). The development of automated 

segmentation methods is technically challenging, as differentiation of diseased tissue 

relies on the intensity differences from normal brain matter (Menze et al., 2015). 

Techniques that have shown promising results, such as Brain Tumour Image Analysis 

(BraTumIA) (Porz et al., 2014), are often designed to work primarily on pre-operative 

MRIs, leaving a gap in post-operative tumour assessment and quantification. Moreover, 

fully-automated techniques limit or do not allow user intervention, making it difficult to 

remove misclassified non-tumour tissue from the final product (Menze et al., 2015).  

Semi-automatic segmentation techniques offer the advantage of user interaction in 

either initialization or post-processing, and are considered beneficial within a clinical 

workflow setting (Gering et al., 2020; Menze et al., 2015). Among semi-automated 

algorithms, computation times vary from a few minutes to several hours, with a trade-

off between speed and segmentation quality (Menze et al., 2015) Algorithms with 

simple user initialization proposed by Guo (2013) and Hamamci (2012) discussed in the 

BRATS 2015, have demonstrated good results for 2D contour-based segmentation and 

whole tumour segmentation respectively, and exhibited fast processing times (Menze et 

al., 2015; Hamamci et al., 2012). Semi-automated techniques have been shown to 
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outperform fully-automated methods; however, complex post-processing algorithms 

limit their adoption into research and clinical practice (Pooja et al., 2021).  

Due to the varied and heterogeneous nature of gliomas, not one technique or 

automated process can account for their diversity. Segmentation is difficult due to 

limitations of poor spatial resolution, low contrast, ill-defined boundaries, 

inhomogeneity, partial volume effect, noise, variability of tumour shapes and acquisition 

artifacts (Wadhwa et al., 2019). A meta-analysis of currently available segmentation 

techniques cited semi-automated techniques with little user intervention as more 

acceptable for clinical use, yet deemed manual segmentation by a trained rater as the 

ground truth (Wadhwa et al., 2019).  

Manual segmentation by a trained rater with anatomical and morphological knowledge 

of gliomas is used for the comparison of semi-automated and fully-automated 

techniques and is considered to be the best method a priori (Wadhwa et al., 2019). A 

drawback of manual segmentation is that results are subject to intra- and inter-observer 

variability since it relies on the knowledge of the observer and requires expertise in the 

field (Pooja et al., 2021). Manual segmentation techniques often utilize 2D free-hand 

contour-based segmentation making them time-consuming and inefficient for assessing 

whole tumour volume (Menze et al., 2015). 

Currently, no segmentation technique is widely used or universally accepted as 

standard. It is essential for techniques of tumour volumetry to be accessible and 

efficient for their implementation into practice and clinical research. Furthermore, there 
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is little research on whole-tumour segmentation techniques for advanced MRI contrasts 

such as DWI or Perfusion weighted imaging. Whole-tumour volumetry is of crucial 

importance for diagnosis, monitoring disease progression and treatment response; thus, 

a reliable method that quantifies multiple tumour parameters on several MRI contrasts 

and can be used on readily available clinical software is urgently needed.  

1.4.2  Evaluation of DWI 

Segmentation techniques have largely focused on quantifying tumour components on 

conventional MRI contrasts; however, few are applicable to advanced MRI contrasts 

such as DWI (Wadhwa et al., 2019). Evaluation of DWI typically uses minimum ADC 

values as a biomarker for malignancy, and this is typically assessed by sampling within 

the enhancing portion of the tumour (Kono et al., 2001; Darbar et al., 2018). However, 

sampling issues arise when defining a specific point within the tumour as a region of 

interest (ROI) instead of assessing the tumour tissue as a whole. The ROI approach is a 

major limitation of studies evaluating diffusion restriction, as gliomas are known to be 

extremely heterogeneous and a single point measure neglects the variation between 

different regions of the tumour tissue (Reimer et al., 2017). The use of point ROIs is 

subjective and may bias areas high diffusion restriction instead of taking into account 

the level of restriction within the entire tumour boundary. Secondly, this compounds 

the issue of partial volume effect, especially when examining cases of PsP vs. 

recurrence, as there is often a mix of radiation necrosis and viable tumour tissue 

throughout the restricted area (Reimer et al., 2017). ADC values are also seldom 

examined within non-enhancing tumour tissue, despite this being acknowledged as an 
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area of diseased tissue (Kono et al., 2001). This highlights the need to examine ADC 

values across the whole tumour.  

A study that analyzed ADC values within both enhancing and non-enhancing tissue, 

found that GBM patients had lower ADC values (820 x 10-6 mms2/s) than grade 2 

astrocytomas (1.14 x 10-3 mms2/s) within the enhancing portion, but showed no 

significant difference between ADC values within the peritumoural T2 hyperintense 

region (Kono et al., 2001). Several different mean ADC values and cut-off points for 

analysis have been suggested for differentiating between tumour grades as well as 

radiation necrosis and recurrent tumour (Darbar et al., 2018; Orlandi et al., 2016; Lee et 

al., 2012). Darbar et al. (2018) also noted high grade gliomas to be 0.363-0.727 µm2/s, 

but used an 0.8 µm2/s high cut-off for analysis. In contrast, Orlandi et al. (2016) 

suggested a low cut-off of 0.5 and high cut-off of 1.5 (µm2/s) by using ADC histogram 

plots. Additionally, Lee et al. (2012) suggested an ADC cut off of 1.2 µm2/s to 

differentiate between PsP and true progression. In each of these studies, the objective 

was to assess the mean ADC within an area of highly restricted tissue, which is a likely 

source of the variation between studies and lack of a standard cut-off point. A better 

approach might be to measure the volume of tissue at incremental levels of restriction 

in order to assess how much of the tumour is restricted. Moreover, the volumes of 

restricted tumour tissue should be measured within both the enhancing and non-

enhancing tumour components.     
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1.5  Objectives 

In order to address the shortcomings of RANO measurements and address the gap in 

segmentation and volumetry for advanced MRI contrasts, I have developed a protocol 

for manual segmentation using readily available clinical software. The protocol for 

segmentation and quantification of tumour tissue utilizes locally available tools that are 

already embedded within the clinical workflow, but are not currently used to extract 

volumetric information. The segmentation technique needed to be able to: 1) 

determine volume of contrast-enhancing tissue, 2) determine the gross total tumour 

volume (enhancing, non-enhancing and vasogenic edema), 3) determine the volume of 

diffusion-restricted tumour tissue at multiple thresholds within boundaries defined by 

(1) and (2). The technique had to be applicable to scans obtained at the time of 

diagnosis and to serial scans obtained following treatment. 

The specific objectives of the thesis were: 1) to develop a technique for volumetric 

assessment of each of the above MRI-based tumour features, using readily available 

clinical post-processing software, 2) assess the intra- and inter-rater reliability of the 

technique, 3) demonstrate the use of the technique to track MRI-based tumour 

features longitudinally in participants from the Halifax cohort, and 4) begin to assess 

the correlation between MRI-based tumour features and biomarkers obtained by 

liquid biopsy as these become available. 
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CHAPTER 2  RESEARCH METHODS 

2.1  Participants  
 
Adult patients undergoing treatment for a grade 2-4 glioma, following an initial 

diagnostic MRI at the Queen Elizabeth II (QE2) Health Science Centre, were identified by 

a tumour nurse practitioner. Patients with a with Karnofsky Performance Scores (KPS) 

>70 were invited to participate in the study. Patients provided informed consent for 

liquid biopsy and for the retrospective analysis of their serial standard-of-care MRI 

examinations. MRIs were performed 48 hours following surgery and longitudinally 

throughout chemoradiotherapy. Blood was drawn prior to surgery, during 

surgery/biopsy, 2 weeks after surgery and within a 48-hour window of all follow-up 

standard-of-care MRIs.  

High grade glioma patients received standard concurrent radiation and chemotherapy 

using TMZ for 28 days. Adjuvant chemotherapy was administered for six to twelve 28-

day cycles. Patients with lower grade gliomas were followed with MRI, and liquid biopsy 

was performed every 6 weeks until malignant transformation was identified by imaging 

(Fig. 6). Imaging was also obtained if patients showed signs of neurological 

deterioration.  

This study was an observational prospective sub-study of a larger clinical cohort study 

and was approved by the Nova Scotia Health Authority Research Ethics Board. Within 

this sub-study, 40 total patients were enrolled and of these, 34 patients were examined 

for MRI features. A total of 9 patients had pre-operative EV counts available and a total 
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of 10 patients had RNA data for post-treatment examinations (25 exams in total). 

Patients were excluded from further study if the final diagnosis was not that of an adult 

diffuse glioma (n=4), standard imaging protocol was not followed (n=1) or if the patient 

had a previous resection for a brain tumour (n=1). Diagnostic MRI examinations were 

also excluded from analysis (n=4) if a more recent pre-operative MRI was available. For 

the purpose of this study, grade 4 astrocytomas were considered as GBM diagnosis 

under the WHO CNS4 classification system (Louis et al., 2016) which was in place at the 

commencement of this study. Patient details are summarized in Appendix B, Table 5. 

 
 
Figure 6. Timeline of study procedures.  
Low grade glioma patients either move into chemo-radiotherapeutic regimen following 
surgery or are monitored until imaging detects transformation. All radiation and 
chemotherapy cycles are 28 days. 

 

2.2  Magnetic Resonance Imaging 

All MRI examinations were obtained with a 1.5 Tesla GE scanner (Signa HDx, GE 

Healthcare, Waukesha, WI) with an 8-channel, high resolution, phased array head coil. 

Imaging protocol include the following sequences in order: 3 Plane localizer SSFSE, 

Sagittal T1 FLAIR, Axial T2 PROPELLER, Axial DWI, Axial T1 FSE, Axial T2 FLAIR with 
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contrast (CE), Axial T1 FSE +CE, Coronal T1 FSE +CE. The imaging parameters of the 6 

contrasts examined in this study are described in detail below.  

2.2.1  T2w and FLAIR Imaging 

T2w imaging was performed using a PROPELLER sequence to reduce patient motion. 

Imaging parameters for scan and acquisition timing were TR 6250 ms, TE 84 ms, ETL 26, 

FA 111o and NEX 2. The scan range parameters were field of view (FOV) 220 x 220 mm2, 

matrix 320 x 320, and slice thickness 5mm. T2 FLAIR imaging was obtained after 

gadolinium enhancement and the following imaging parameters: TR 9000ms, TE 124ms, 

TI 2000, ETL 30, FA 160o, NEX 1, FOV 220 x 220 mm2, matrix 256 x 224 and slice 

thickness 5mm.  

2.2.2  DWI Imaging 

DWI was performed using a spin echo pulse sequence with the following imaging 

parameters: TR 8000ms, TE 73.9 ms, FA 60o, NEX 1, FOV 220 x 220 mm2, matrix 160 x 

192 and slice thickness 5.8mm. ADC maps were created using b = 0 and b= 1000 mm2/s.  

2.2.3  T1w Imaging  

T1w imaging was acquired using an FSE-XL pulse sequence optimized to GE scanner for 

blurring cancellation. Imaging parameters were TR 562 ms, TE 25.6 ms, ETL 3, FA 111o, 

NEX 2, FOV 220 x 220 mm2, matrix 320 x 192 and slice thickness 5mm. Axial T1w CE 

imaging was acquired using the same imaging parameters with the addition of a 

gadolinium contrast agent. 
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2.2.4  Perfusion Imaging 

Perfusion weighted imaging was acquired using a gradient echo sequence with phase 

correction and contrast. Imaging parameters were TR 2275 ms, TE 45 ms, FA 60o, NEX 1, 

FOV 240 x 240 mm2, matrix 96 x 96 and slice thickness of 5mm.  

2.3  Image Post-processing  

MRIs were taken from PACS archive and anonymized, then given a study code (e.g., 

WWS01) according to time point. Pre-operative MRIs were labelled as “A” scans 

(WWS01A) and post-operative MRIs were labelled as “B” (WWS01B). Follow-up MRIs 

were taken approximately every 3 months and labelled as C, D, E, etc. until study 

endpoint for the patient. The anonymized MRIs were stored on the AW 3.2 server and 

imported into ReadyViewTM (GE Healthcare, Chicago, IL) for post-processing and 

analysis. Volumetric analysis of serial MRI examinations was performed using 

segmentation and thresholding tools embedded in the ReadyViewTM software.  

Three MRI features of tumour components were examined and quantified: 1) 

gadolinium enhancement in T1w images, 2) T2 FLAIR hyperintensity and 3) ADC values 

from Diffusion Weighted MRI. All images were pre-processed for motion correction. The 

method used for segmentation was a blend of manual segmentation of tumour 

boundaries and threshold-based segmentation. Although intensity-based thresholding 

provided a semi-automated step in removing non-tumour tissue, the threshold was 

manually set according to patient specific tumour signal intensity. Moreover, user 

intervention was available at each step throughout the protocol, prior or following the 
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intensity thresholding step. Segmentation was performed on T1w and T2 FLAIR images. 

The net enhancing volume and net FLAIR hyperintense volume were defined as regions 

of interest (ROIs) and cloned to ADC maps for analysis of diffusion restriction within the 

gross tumour volume and within the enhancing tumour component. Although this sub-

study did not examine perfusion imaging, the technique developed can also be applied 

to perfusion images with parametric maps of relative cerebral blood flow (rCBF) and 

relative cerebral blood volume (rCBV) using ROI cloning, which can be seen in Appendix 

A.  

Cystic tissues were removed from volumetric analysis in all three parameters. Necrotic 

tissue was also excluded from measurement using patient specific intensity 

thresholding. Lastly, T1 bright lesions on pre-gadolinium scans, such as hematomas, 

were removed using segmentation and ROI cloning followed by reverse object removal. 

2.3.1  Removing pre-gadolinium T1 hyperintensity from exam series 

Anonymized MRIs on the AW server were imported into ReadyviewTM and analyzed 

within the “ADC Volume Viewer”. A 3-pane split view was used throughout the 

segmentation process in order to examine contrasts consecutively and with the aid of a 

reference image. Pre-processing for motion correction was applied before analysis. First, 

the pre-gadolinium T1 FSE scan was visually analyzed for areas of T1 hyperintensity. If 

there was no evidence of T1 pre-contrast hyperintense lesions, post-processing 

proceeded to segmentation of the gadolinium-enhancing tumour tissue described in the 

following section (2.3.3).  
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Figure 7. Tools embedded within ReadyViewTM software used for post-processing.  
a) Scalpel tool used for freehand segmentation of tissue, with cut-outside or cut-inside 
options on infinite or dynamic cut depths (mm). b) Threshold tool used for patient-
specific intensity-based thresholding, with slider bar and visual shading (green) of 
included areas within the chosen threshold. c) Post-processing options, including 
convert to ROI, used for define regions of interest in 2D planes. d) ROI processing 
options, including Clone, used for cloning ROI to other exams within the series; and Cut 
all outside, used for removing tissue outside of defined ROIs. e) Remove object tool used 
for “reverse ROI removal” by choosing Show removed to display background and 
remove tissue within defined ROIs. 
 

In the axial plane, the largest section of a T1w bright lesion was loosely encircled using 

the Scalpel tool (Fig. 7a) with cut depth set to infinite, ensuring all lesion boundaries 

were included within the segmented area (Fig. 8b). The background was then removed 

using Cut all outside, with the circled area of hyperintensity remaining. The exam was 

then switched into the coronal plane and the largest section of hyperintensity was again 

crudely segmented (Fig. 8c). Exam view was subsequently switched into 3D while 

keeping a second axial T1w reference image juxtaposed. In 3D view, any anatomical T1 

bright structures, such as the inner table of the skull or scalp fat, remaining in the field 

of interest were removed using the Scalpel tool (Fig. 8d). Intensity-based thresholding 

(Fig. 7b) was then applied to the remaining volume to remove intermediate-signal 

intensity tissues such as white and grey matter surrounding the lesion. The cut-off value 
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used for thresholding was patient-specific in order to meet the boundaries of the 

hyperintense lesion (Fig. 8e) to generate the final segmented product (Fig. 8f).  

The final product of T1 hyperintensity was then switched from 3D view into axial view 

and the area was defined as an ROI (Fig. 8g). This ROI was then cloned (Fig. 7d) to all 

exams within the series (Fig. 8h). The background was then removed from T1w post-

gadolinium and T2 FLAIR images by using Cut all outside function (Fig. 7d). Using the 

object removal tool (Fig. 7e), the Show all removed feature allowed the image to be 

reversed. This reversed image would now have the pre-gadolinium T1 hyperintensity 

removed for further analysis on T1w post-gadolinium and T2 FLAIR images (Fig. 8i).  
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Figure 8. T1w pre-gadolinium hyperintensity exclusion.  
a) T1w image of WWS25B (post-operative exam) showing fluid filled cavity. b) Crude 
segmentation of axial plane. c) Crude segmentation on coronal plane. d) 3D rendering 
following bi-planar segmentation, further segmented for non-tumour tissue that is T1 
bright. e) Intensity-based thresholding of segmented product. f) Final product of pre-
gadolinium T1 bright lesion in 3D view. g) Final product set as ROI in axial view. h) ROI 
cloned to T1w post-gadolinium and T2 FLAIR exams. i) ROI removed from exams using 
reverse object removal, any remaining enhancement/hyperintensity is measured from 
these images.  
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2.3.2 Volume of gadolinium-enhancing tumour tissue  

MRIs pre-processed for T1w hyperintensity due to hematoma or surgical cavities, as well 

as MRIs without any evident T1w hyperintensity were used for measuring volumes of 

gadolinium-enhanced tumour tissue. Following a similar step-wise process as described 

earlier, bi-dimensional segmentations were performed on axial and coronal planes to 

produce a crude volume for further segmentation in 3D view (Fig. 9a-d). Once all non-

tumour T1 bright tissue was removed, the tissue was thresholded according to the 

enhancing boundaries of the tumour and defined as an ROI for quantification and future 

use on ADC maps (Fig. 9e-g), named the contrast-enhanced (CE) ROI. The measurement 

could be taken by using the volume measurement tool in Readyview, which permits 

quantification of the remaining tissue in the exam, or by setting the tissue as an ROI, 

both recorded in cm3 of enhancing tumour tissue.  
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Figure 9. Segmentation of the CE component of a GBM on T1w imaging.  
a) Contrast enhanced T1w image of WWS38A. b) Rough segmentation on axial plane 
followed by a segmentation on the coronal plane. c) 3D rendering of the contrast 
enhancing component following double segmentation on axial and coronal planes. d) 3D 
rendering following segmentation of non-tumour tissue that is T1 bright. e) Intensity 
thresholding of the 3D enhancing tissue with axial 2D reference image. f) Final product 
of the contrast enhancing component in axial view following thresholding. g) Enhancing 
tissue set as ROI and measured in cm3. 
 
 
Each measurement was taken 3 times (including any pre-processing steps to remove T1 

bright tissue), separated by a minimum of 1 week between measurements. 

Quantification of the volume was only completed as the final step in the technique and 

could not be altered once taken. Triplicate measurements of the first 6 patients at 

baseline (WWS01A-06A) were taken by a trained observer (Willms, M.) and by an 

experienced neuroradiologist (Schmidt, M.), and used to assess reliability of the 

technique before proceeding. Intra- and inter-observer reliability was assessed with 
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intraclass correlation coefficients (ICC) using IBM SPSS Statistics 26 Software (IBM 

Corp.). Triplicate measurements by a single observer were performed for the remainder 

of the patient MRIs, and the median was used for evaluation. The first 10 MRIs with a 

median of <5cm3 were used to assess the reliability of small tumour volumes and 

discern the lower limit of the segmentation technique. Segmented CE volumes were 

analyzed for differences between IDH mutation and MGMT methylation status for pre-

operative volumes to assess if molecular profile influences contrast-enhanced tumour 

volume.  

2.3.3 Volume of FLAIR hyperintense tumour tissue  

Volume of T2 FLAIR hyperintense tissue was segmented and quantified using the same 

protocol described in section 2.3.2 and 2.3.3. T2 FLAIR images were acquired post-

contrast injection, therefore the final volume included enhancing tumour tissue, non-

enhancing tumour tissue and vasogenic edema seen as T2w hyperintensity. This was 

named the gross tumour (GT) ROI. An example of T2 FLAIR segmentation using the same 

MRI (WWS38A) as section 2.3.3 can be seen in Figure 10. Tumours with no contrast-

enhancing component were only assessed for T2 FLAIR hyperintensity. MRIs exhibiting 

T2/FLAIR mismatch were first segmented on T2w images to create an ROI mask for the 

FLAIR sequence in order to include relatively low intensity solid tissue by correlating the 

sequences.   
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Figure 10. Segmentation of the GT on T2/FLAIR imaging. 
Segmentation of the T2 hyperintense component of a GBM on T2/FLAIR imaging 
(WWS38A). 
  
Triplicate measurements were again taken for WWS01A-06A by two observers for 

reliability assessment using ICCs. Triplicate measurements by a single observer were 

performed for the remainder of the patient MRIs and the median was used for 

evaluation. Segmented GT volumes were also analyzed for differences between IDH 

mutation and MGMT methylation status on pre-operative volumes to assess if 

molecular profile influences gross tumour volume.  For all subsequent statistical tests, 

the results were considered statistically significant at significance level α < 0.05. All 

statistical computations were performed with the statistical software package SPSS 

26.0, Chicago, IL. 

2.3.4 ROI cloning and ADC map analysis 

Based on previous cut-off values for ADC thresholding suggested within the literature, 

the volumes of restricted tissue were measured on a µm2/s ADC map, at <4.0 (inclusive 

of all tissue), <1.5, <1.2, <1.0, <0.8, <0.6 and <0.5 cut-offs (Darbar et al., 2018; Orlandi et 

al., 2016; Lee et al., 2012; Kono et al., 2001). The threshold <1.2 and <1.0 were of 

particular importance for assessing differences in PsP and recurrence. As many studies 
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cite GBMs to have a mean ADC within the range of 0.363-0.820, the <1.0, <0.8, <0.6 and 

<0.5 thresholds were used to determine what volume of tumour tissue is this highly 

restricted (Darbar et al., 2018; Kono et al., 2001).   

Once the two ROIs were created from the T2 FLAIR and T1w images, the CE ROI and the 

GT ROI were then cloned onto the ADC map (µm2/s) by selecting Clone to all series of 

exam. The area outside the ROIs was the removed using Cut all Outside (Fig. 7d). The 

ADC maps were pre-processed for EPI correction and then a functional analysis 

summary table was used to display average, minimum and maximum ADC values as well 

as the volume (cm3) within the two ROIs. The volume as well as the average ADC for the 

corresponding volume were recorded for both the GT and CE ROI at each of the chosen 

thresholds (Fig. 11). Thresholding could be applied bi-directionally, for example, highly 

restricted tissue could be excluded by applying a >0.8 low cut-off; however, for the 

purpose of this study, thresholds were only applied as high cut-offs.  
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Figure 11. ROI cloning for 
ADC map analysis. 
a) T1w contrast enhance, 
T2/FLAIR and ADC map of 
WWS38A MRI. b) Cloning 
ROIs of enhancing and non-
enhancing tissue to ADC 
map. c) Thresholding of 
ADC map within ROIs 
(µm2/s). 

 

 
2.4  Correlation with EV RNA 

The total Vn96-captured EV RNA yield per ml of plasma was available for 25 MRI time 

points of 10 patients. One RNA measure was excluded from analysis due to a duplication 

in MRI time points. An exploratory correlation analysis was performed on the naïve 

(normalized, untransformed) and log transformed RNA data to evaluate the relationship 

between RNA concentrations and corresponding tumour volumes for each MRI 

parameter. The MRI parameters assessed were: CE volume, GT volume, volumes with 

ADC <4, <1.5, <1.2 and <1 µm2/s for both CE and GT ROIs.  

< 1.5 < 1.2 
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The naïve RNA data was normalized to ml of plasma (measured in ng) and was not 

normally distributed; therefore, a Spearman correlation matrix was used. Logarithmic 

transformation of the normalized RNA data was normally distributed; therefore, a 

Pearson correlation matrix was used. Both correlation matrices were performed in SPSS 

using two-tailed significance. Bonferroni correction for 10 variables was applied in both 

correlation studies, with results being statistically significant at the p<0.005 level. 
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CHAPTER 3  RESULTS 

3.1 Patient Characteristics  

A total of 40 patients were enrolled for MRI examination and of these, 6 patients were 

excluded for further analysis due to a history of previous tumour and resection 

(WWS19), non-standard imaging protocol (WWS17) or a final diagnosis other than 

glioma (WWS11, 24, 34 and 35). The 34 patients included in the analysis had a mean age 

of 57.4 ± 14.1 years (range 31—78) and consisted of 20 males and 14 females. 31 

patients to date have undergone surgical resection and 26 have started 

chemoradiotherapy. The average length of follow up was 10.3 months at the time of 

data analysis (Fig. 12). A total of 129 MRI exams were included in analysis.   

Patients with GBM had a mean age of 61.7 ± 11.4 years (range 37—78) and consisted of 

16 males and 10 females. Patients with lower grade gliomas had a mean age of 43.3 ± 

13.2 years (range 31—66) and consisted of 4 males and 4 females. Of the non-GBM 

tumours, 2 patients were diagnosed with an oligodendroglioma, 1p/19q co-deletion, 5 

patients were diagnosed with a grade 2 astrocytoma, IDH-mutant and 1 patient with a 

grade 3 glioma NOS. The mean time to surgery from pre-operative (A) MRI was 5.32 

days for GBM patients and 32.5 days for non-GBM patients.  

In the 34 patients enrolled in this study, MGMT promotor methylation was present in 21 

patients (62%) and 9 patients had an IDH mutation. Further patient characteristics can 

be found in appendices, Table 22. 
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Figure 12. Patient follow-up timeline.  
Time (months) since surgery/biopsy. Pathology and IDH mutant and MGMT methylation 
status are denoted on the left for each patient. Sequential MRIs are marked by an x on 
the patient’s timeline and are colour coded according to group (C, D, E and F). Bars with 
a red mark denote patients whom are deceased.   
 
 
3.2  Image Post-Processing Reliability 

The reliability assessment of WWS01-WWS06 performed by two raters using triplicate 

measurements showed excellent intra-rater and inter-rater reliability for the contrast-

enhanced (T1w CE) and FLAIR hyperintense volume measurements (Figure 13). The 6 

patients selected for the reliability assessment included 5 GBMs and 1 

Oligodendroglioma (WWS04) and illustrated a broad range of tumour appearances. 

Segmented CE and FLAIR volumes used in the reliability assessment included tumours 

with multifocal lesions, high motion artifacts, central necrotic cores and lesions with 
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close proximity to other brain structures. The ICCs of tumour volumes are shown in 

Table 2.  

 
Figure 13. Segmented CE and GT volumes included in reliability study.  
Segmented CE tumour tissue on T1w gadolinium enhanced and GT tissue on T2 FLAIR 
with axial reference images for 6 patients’ pre-operative MRIs (WWS01A-06A).  
 

Table 2. ICCs for segmentation reliability.  
ICCs with 95% confidence intervals for trained and novice rater on T1w CE and FLAIR 
MRI contrasts.  
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Intra-observer and inter-observer reliability was excellent for all parameters, suggesting 

the segmentation protocol was reliable for the analysis of further MRI examinations. 

The practiced rater consistently showed higher intra-observer reliability than the novice 

rater. The more practised rater consistently achieved coefficients of variation < 10%. 

Assessment of CE volumes with a median <5cm3 showed an ICC of 0.795 (0.526-0.939), 

suggesting good reliability in measuring small lesions, however lower reliability than 

tumour volumes >5cm3.   

3.3  Segmented Tumour Volumes 

A total of 111 CE and 111 GT volumes were segmented from the available serial MRIs. A 

variety of segmented CE and GT volumes can be seen in Figure. 14. WWS27 exemplifies 

a relatively straightforward CE and GT segmentation with central necrotic core that 

could not be measured according to RANO criteria. Other examples were chosen in 

order to visualize segmentations of tumours with irregular CE rims (WWS33A) or 

multifocal, minimally enhancing or small (1.5cm3) CE lesions (WWS07A, WWS13A and 

WWS39A respectively). Tumours with blurred boundaries (WWS26A), multifocal 

(WWS21A) and extensive (WWS11A) T2/FLAIR lesions that are typically considered non-

measurable as well as segmented volumes of challenging cases such as tumours with 

close proximity to adjacent fat from the scalp (WWS38C) or an orbit (WWS40A) and a 

resection cavity (WWS28C) are also depicted in Fig. 14.  

For contrast-enhancing (CE) tumour tissue, the mean preoperative tumour volume was 

24.56 ± 16.51 cm3 for GBMs. Figure 15 depicts the CE volumes for patients with a 
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minimum of 3 serial MRI time points. Table 3 shows the median CE tumour volumes for 

all MRIs. The average standard deviation for all CE measurements was 1.23 cm3.  

For GT volumes, the mean preoperative volume was 93.8 ± 42.3 cm3 for GBMs and 

50.77 ± 44.9 cm3 for non-GBM gliomas. Table 4 shows the median GT volumes for all 

patients’ MRIs. The average standard deviation for all GT measurements was 4.14 cm3.  

Analysis of all patients that had maximal safe resection with a B scan available showed 

the average percent of CE tissue resected was 66 ± 33 % (n=24). 11 patients had 

resections of over 80% and 5 of these were >90%. 
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Figure 14. Segmented CE and GT volumes of example subjects.  
Segmented tumours with axial reference image for 12 patients on T1w CE or T2/FLAIR 
MRI contrasts.  
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Figure 15. CE Tumour Volumes for serial MRIs. Data tables include categorical time points and 

median volumes in cm3. Patients with fewer than 3 MRIs were excluded from figure.  
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Average pre-operative GT volumes were significantly larger (p=0.02) for IDH wild-type 

gliomas (99.7 ± 45.8 cm3) than IDH-mutant gliomas (56.3 ± 43.8 cm3) (Fig. 16). Pre-

operative CE volumes were also significantly different for IDH-mutant and IDH wild-type 

gliomas (p=0.007); however, there was no significant difference when excluding patients 

with no contrast enhancing lesion due to T2/FLAIR mismatch. No significant differences 

were found between MGMT methylated and non-methylated gliomas for both CE and 

GT volumes. 

 
Figure 16. Pre-operative GT and CE volumes for IDH mutant and IDH wild-type 
gliomas.  
Pre-operative CE volumes box blot excluding gliomas with no CE lesion (p=0.115).  
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Table 3. Median CE Tumour Volumes.  

Patient  A  B  C  D  E  F 

WWS01  
31.84 ± 0.32 

 
4.04 ± 0.37 

 
    

 
    

 
    

 
    

WWS02  
20.76 ± 0.98 

 
2.99 ± 0.86 

 
29.43 ± 2.04 

 
39.74 ± 1.71 

 
    

 
    

WWS03  
56.87 ± 6.06 

 
10.62 ± 0.20 

 
56.67 ± 1.04 

 
    

 
    

 
    

WWS04*  
27.64 ± 0.63 

 
18.63 ± 2.30 

 
10.42 ± 3.57 

 
10.63 ± 0.42 

 
5.06 ± 0.57 

 
    

WWS05  
10.95 ± 0.67 

 
3.21 ± 0.78 

 
6.51 ± 1.37 

 
6.13 ± 2.06 

 
5.80 ± 0.28 

 
32.20 ± 2.21 

WWS06  
42.23 ± 1.95 

 
11.15 ± 0.96 

 
44.70 ± 4.50 

 
24.32 ± 2.77 

 
29.96 ± 3.46 

 
94.48 ± 2.18 

WWS07  
33.37 ± 0.68 

 
29.34 ± 0.57 

 
43.12 ± 0.31 

 
33.43 ± 0.83 

 
    

 
    

WWS08  
27.05 ± 0.21 

 
3.29 ± 0.68 

 
6.03 ± 1.32 

 
8.80 ± 1.01 

 
    

 
    

WWS09  
5.07 ± 0.06 

 
0.19 ± 0.34 

 
1.48 ± 0.41 

 
    

 
    

 
    

WWS10  
13.52 ± 0.12 

 
0.94 ± 0.26 

 
1.84 ± 0.13 

 
    

 
    

 
    

WWS12  
19.68 ± 1.39 

 
2.85 ± 0.49 

 
    

 
18.72 ± 0.42 

 
    

 
    

WWS13**  
5.07 ± 1.29 

 
4.62 ± 0.43 

 
0.00 ± 0.00 

 
0.00 ± 0.00 

 
0.00 ± 0.00 

 
    

WWS14**  
0.00 ± 0.00 

 
0.00 ± 0.00 

 
0.38 ± 0.17 

 
0.00 ± 0.00 

 
    

 
    

WWS15**  
0.00 ± 0.00 

 
    

 
0.00 ± 0.00 

 
0.52 ± 0.07 

 
0.72 ± 0.08 

 
    

WWS16  
11.86 ± 1.49 

 
0.93 ± 0.08 

 
0.09 ± 0.00 

 
0.39 ± 0.07 

 
0.99 ± 0.04 

 
    

WWS18**  
0.00 ± 0.00 

 
0.00 ± 0.00 

 
0.00 ± 0.00 

 
    

 
    

 
    

WWS20  
17.83 ± 1.10 

 
1.15 ± 0.87 

 
0.11 ± 0.01 

 
    

 
    

 
    

WWS21  
3.69 ± 0.13 

 
    

 
2.79 ± 0.43 

 
    

 
    

 
    

WWS22  
42.49 ± 3.79 

 
16.62 ± 0.65 

 
18.49 ± 2.06 

 
    

 
    

 
    

WWS23  
31.13 ± 1.75 

 
41.96 ± 4.14 

 
    

 
    

 
    

 
    

WWS25  
43.46 ± 4.66 

 
7.33 ± 0.28 

 
    

 
    

 
    

 
    

WWS26  
2.75 ± 1.04 

 
    

 
    

 
    

 
    

 
    

WWS27  
22.54 ± 1.89 

 
6.45 ± 2.00 

 
9.11 ± 0.19 

 
    

 
    

 
    

WWS28  
    

 
2.83 ± 0.18 

 
2.30 ± 0.63 

 
2.94 ± 0.23 

 
    

 
    

WWS29*  
24.34 ± 0.64 

 
    

 
    

 
    

 
    

 
    

WWS30  
29.43 ± 1.20 

 
8.54 ± 1.69 

 
22.11 ± 0.94 

 
24.09 ± 0.40 

 
23.96 ± 1.33 

 
31.38 ± 1.04 

WWS31  
52.25 ± 4.80 

 
14.26 ± 0.97 

 
32.53 ± 2.25 

 
    

 
    

 
    

WWS32  
9.86 ± 1.18 

 
3.49 ± 1.89 

 
21.05 ± 4.03 

 
17.44 ± 2.23 

 
29.07 ± 3.84 

 
    

WWS33  
52.10 ± 1.86 

 
15.44 ± 1.39 

 
28.29 ± 0.66 

 
    

 
    

 
    

WWS36***  0.00 ± 0.00 
 

0.00 ± 0.00 
 

    
 

    
 

    
 

    

WWS37**  
0.00 ± 0.00 

 
0.00 ± 0.00 

 
    

 
    

 
    

 
    

WWS38  
11.80 ± 0.98 

 
0.00 ± 0.00 

 
8.36 ± 0.30 

 
    

 
    

 
    

WWS39  
1.50 ± 0.09 

 
   

 
    

 
    

 
    

 
    

WWS40  
19.95 ± 0.65 

 
13.88 ± 0.67 

 
    

 
    

 
    

 
    

* Oligodendroglioma 
** Astrocytoma Grade 2 
*** NOS 
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Table 4. Median GT Tumour Volumes.  

Patient  A  B  C  D  E  F 

WWS01  
107.39 ± 2.29 

 
59.75 ± 1.08 

 
    

 
    

 
    

 
    

WWS02  
158.09 ± 3.61 

 
147.73 ± 1.88 

 
185.72 ± 0.13 

 
202.28 ± 4.69 

 
    

 
    

WWS03  
117.76 ± 6.01 

 
87.52 ± 2.19 

 
65.89 ± 1.54 

 
    

 
    

 
    

WWS04*  
133 ± 4.28 

 
93.91 ± 1.44 

 
36.11 ± 5.38 

 
108.14 ± 0.85 

 
99.17 ± 6.71 

 
    

WWS05  
33.82 ± 1.54 

 
34.18 ± 0.03 

 
115.35 ± 3.18 

 
63.58 ± 1.46 

 
69.75 ± 6.13 

 
100.16 ± 6.84 

WWS06  
137.87 ± 10.0 

 
98.00 ± 1.10 

 
179.81 ± 9.98 

 
91.15 ± 5.92 

 
125.66 ± 7.24 

 
239.34 ± 23.6 

WWS07  
118.4 ± 0.53 

 
65.61 ± 5.07 

 
107 ± 6.18 

 
46.29 ± 4.47 

 
    

 
    

WWS08  
97.53 ± 2.46 

 
55.21 ± 0.63 

 
20.25 ± 3.23 

 
35.69 ± 3.72 

 
    

 
    

WWS09  
90.94 ± 1.57 

 
85.11 ± 0.81 

 
3.40 ± 0.63 

 
    

 
    

 
    

WWS10  
40.78 ± 2.12 

 
10.08 ± 0.64 

 
1.90 ± 0.96 

 
    

 
    

 
    

WWS12  
120.96 ± 4.81 

 
81.79 ± 1.13 

 
    

 
117.99 ± 2.84 

 
    

 
    

WWS13**  
90.88 ± 4.52 

 
27.11 ± 2.92 

 
21.77 ± 2.00 

 
23.38 ± 1.66 

 
23.105 ± 1.52 

 
    

WWS14**  
12.7 ± 1.66 

 
13.29 ± 0.21 

 
8.045 ± 1.20 

 
3.12 ± 0.32 

 
    

 
    

WWS15**  
11.51 ± 1.17 

 
    

 
23.35 ± 1.87 

 
24.78 ± 1.08 

 
6.375 ± 0.72 

 
    

WWS16  
69.6 ± 6.61 

 
55.78 ± 4.10 

 
14.68 ± 1.70 

 
10.93 ± 1.22 

 
16.33 ± 0.62 

 
    

WWS18**  
16.27 ± 0.40 

 
15.59 ± 0.01 

 
5.23 ± 0.62 

 
    

 
    

 
    

WWS20  
97.08 ± 2.39 

 
77.09 ± 5.44 

 
16.85 ± 1.34 

 
    

 
    

 
    

WWS21  
37.33 ± 4.79 

 
    

 
30.24 ± 2.71 

 
    

 
    

 
    

WWS22  
115.71 ± 1.77 

 
80.90 ± 3.51 

 
53.11 ± 0.96 

 
    

 
    

 
    

WWS23  
74.6 ± 6.54 

 
123.7 

± 
17.44 

 
    

 
    

 
    

 
    

WWS25  
75.41 ± 6.38 

 
48.98 ± 1.47 

 
51.15 ± 1.99 

 
    

 
    

 
    

WWS26  
13.05 ± 5.35 

 
    

 
    

 
    

 
    

 
    

WWS27  
85.74 ± 4.04 

 
85.87 ± 1.16 

 
    

 
    

 
    

 
    

WWS28  
    

 
88.53 

± 
13.57 

 
64.88 

± 
13.77 

 
107.56 ± 2.10 

 
    

 
    

WWS29*  
77.55 ± 0.75 

 
    

 
    

 
    

 
    

 
    

WWS30  
101.8 ± 7.29 

 
90.80 ± 3.18 

 
97.96 ± 1.86 

 
158.14 ± 5.30 

 
96.79 ± 5.83 

 
183.33 ± 2.45 

WWS31  
108 ± 5.30 

 
56.53 ± 1.72 

 
31.3 ± 0.86 

 
    

 
    

 
    

WWS32  
72.53 ± 6.70 

 
43.52 ± 3.00 

 
28.66 ± 2.12 

 
57.05 ± 6.17 

 
185.93 ± 16.1 

 
    

WWS33  
202 ± 7.82 

 
133.99 ± 7.05 

 
76.55 ± 2.81 

 
    

 
    

 
    

WWS36***  42.12 ± 2.79 
 

39.53 ± 2.79 
 

    
 

    
 

    
 

    

WWS37**  
22.12 ± 1.10 

 
16.56 ± 0.41 

 
    

 
    

 
    

 
    

WWS38  
52.13 ± 1.32 

 
40 ± 0.93 

 
58.59 ± 3.72 

 
    

 
    

 
    

WWS39  
74.54 ± 2.14 

 
    

 
    

 
    

 
    

 
    

WWS40  
141.77 ± 3.54 

 
144.03 ± 6.44 

 
    

 
    

 
    

 
    

* Oligodendroglioma 
** Astrocytoma Grade 2 
*** NOS 
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3.4  ADC map analysis 

Average ADC for all pre-operative CE tumour volumes was 1.24 ± 0.18 µm2/s and 1.37 ± 

0.16 µm2/s for GT tumour volumes. WWS26 (GBM, MGMT non-methylated and IDH 

wild-type) had the lowest ADC average for the CE component (1.06 µm2/s), whereas 

WWS32 (GBM, MGMT methylated, IDH-mutant) had the highest ADC average for the CE 

component (1.78 µm2/s).  

Significant ADC differences related to IDH mutational status could not be observed in CE 

volumes (averaged 1.23 µm2/s in IDH wild-type gliomas compared with 1.31 µm2/s in 

IDH mutant gliomas) or GT volumes (averaged 1.37 µm2/s IDH wild-type and 1.39 µm2/s 

IDH mutant). Similarly, no significant differences were found between mean ADC values 

for MGMT methylation status for both CE and GT ROIs.  

GBM patients were found to have a mean ADC of 1.24 ± 0.18 µm2/s for the preoperative 

CE component of the tumour. The mean preoperative CE volume with ADC values <0.8 

µm2/s was 1.5 ± 1.6 cm3 for GBM patients, comprising only a very small portion of the 

total CE volume. 

Three cases of resected GBMs with follow-up clinical diagnoses are depicted in Figures 

17, 18 and 19. Two cases were labelled as having PsP (Fig.17 and 18) and one case of 

recurrence (Fig.19). The volumetric ADC histograms for both CE and GT ROIs are shown 

for each case.  
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Figure 17. ADC analysis of a 63-year-old male patient with a clinical diagnosis of 

Pseudoprogression of a GBM  

CE T1w (a), FLAIR (b) and ADC parametric maps (c) of serial MRIs of WWS02 for time 

points A, B, C and D and resulting quantitative histogram. Volumes are plotted in cm3 

and colour coded according to ADC (µm2/s) threshold (<4, <1.5, <1.2 and <1). Surgical 

resection removed 86% of the pre-operative CE volume. PsP was diagnosed at time 

point C and D.
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Figure 18. ADC analysis of a 38-year-old female patient with a clinical diagnosis of 

Pseudoprogression of a GBM.  

CE T1w (a), FLAIR (b) and ADC parametric maps (c) of serial MRIs of WWS08 for time 

points A, B, C and D and resulting quantitative histogram. Volumes are plotted in cm3 

and colour coded according to ADC (µm2/s) threshold (<4, <1.5, <1.2 and <1). Surgical 

resection removed 88% of the pre-operative CE volume. PsP was diagnosed at time 

point C and D.  
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Figure 19. ADC analysis of a 38-year-old female patient with a clinical diagnosis of 

recurrence of a GBM.  

CE T1w (a), FLAIR (b) and ADC parametric maps (c) of serial MRIs of WWS32 for time 

points A, B, C, D and E, with corresponding quantitative histograms. Volumes are plotted 

in cm3 and colour coded according to ADC (µm2/s) threshold (<4, <1.5, <1.2 and <1). 

Surgical resection removed 65% of the pre-operative CE volume. Recurrence was 

diagnosed at time point E.  
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3.5  Correlation with EV RNA 

The 10 patients with RNA measures (ng of RNA/ mL of plasma from liquid biopsy) 

included 9 GBMs and 1 oligodendroglioma. The correlation matrices were run with 8 

variables: [RNA], CE volume, FLAIR volume, and ADC volumes within masks defined by 

the two ROIs (CE and GT) for 4 thresholds (<4, <1.5, <1.2 and <1 µm2/s). The thresholds 

<0.8, <0.6 and <0.5 were excluded due to patients having little or no tumour volume 

under these levels of ADC thresholding. The Spearman correlation analysis using the 

naïve RNA data did not yield any significant results.  

Using the transformed data, an initial correlation matrix was run using all 10 patients 

with a total of 24 measures at different MRI time points. Pearson correlation of GT 

volume of tumour tissue with an ADC <1 showed a significant positive correlation with 

RNA concentration (r=0.608, p=0.002).  

The patient with the oligodendroglioma was then excluded from the correlation matrix 

to assess the relationship between RNA concentration and GBM features exclusively. 

The remaining 9 patients had a total of 22 RNA measures at various MRI time points. Of 

the patients included in the RNA correlation study, 1 patient (WWS32) was a GBM IDH-

mutant, MGMT methylated, two patients (WWS30 and WWS08) were a GBM IDH wild-

type with MGMT methylation and the remaining 6 patients were GBM IDH wild-type, 

MGMT non-methylated.  

Pearson correlation of CE volume of tumour tissue with an ADC <1 µm2/s showed a 

significant positive correlation with RNA concentration (r=0.581). In addition, GT tumour 
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volumes with ADC <1.2 and <1 showed significant positive correlations with RNA 

concentration (0.583 and 0.684) (Figures 20 and 21).  

 

Figure 20. Correlations between tumour volumes and RNA concentration.  

A correlation heatmap (Pearson r) of Tumour Volumes and RNA samples. [RNA] is 

log(RNA) in ng normalized to ml of plasma. Significant correlations (p<0.005) are 

highlighted in black.  
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Figure 21. Scatterplot matrix of significant correlations between ADC tumour volumes 

and RNA concentration.  

[RNA] is log(RNA) in ng normalized to ml of plasma. All correlations were significant at 

the p<0.005 level.   
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CHAPTER 4  DISCUSSION 

Gliomas can be difficult to quantify for clinical study. Standard methods of assessment 

(e.g. RANO criteria) and subjective evaluation of images leave uncertainty with regard to 

factors that influence tumour burden, such as overall size, amount of non-enhancing 

tumour tissue and cellularity. Having reliable measures of tumour volume is crucial for 

comparing MRI features to novel biomarkers, such as EV counts and RNA concentrations 

from liquid biopsies. Therefore, my goal was to develop a reliable method to assess 

tumour features quantitatively on several MRI contrasts.  

4.1 Segmentation on MRI  

This study used a manual segmentation approach, with a hybrid of boundary and 

threshold-based segmentation that assesses 5 MRI contrasts: T1, T1c, T2, T2 FLAIR, 

ADC/DWI, and it can also be applied to perfusion imaging for rCBV/rCBF ROIs. This 

segmentation technique has high inter- and intra-observer reliability. However, it should 

be acknowledged that inter-rater reliability may have been augmented as initial training 

on assessing brain tumour features on MRI was given by the second rater (experienced 

neuroradiologist, Schmidt. M). A practised rater can detect changes in the volume of 

gadolinium-enhancing tissue and FLAIR hyperintense tissue ≥ 10%. Importantly, the 6 

patients included in the reliability study represented a spectrum of tumour appearances 

that displayed a wide variety of factors that could influence measurement error, such as 

multifocal lesions, large necrotic cores, blurred boundaries and severe motion artifacts 
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(Fig. 13). Despite this variability among tumours, reliability for both CE and GT volumes 

was excellent, ranging from 0.93-0.991 across raters and MRI contrasts (Table 2).  

The use of complex algorithms in tumour segmentation techniques is a key reason to 

why segmentation techniques are often not adopted into practice (Menze et al., 2015; 

Wadhwa et al., 2019). 

The benefit of the present technique is that it is simple and does not rely on the 

implementation of new, complex algorithms. It only requires an understanding of the 

neuroimaging features and behaviour of gliomas and familiarity with standard clinical 

image analysis software. Thus, it can be taught to clinicians and radiologists, the 

intended target audience.  

All MRI examinations in this study were performed as part of routine clinical care, and 

the image post-processing utilized tools embedded within readily available clinical 

software. All examinations in this study were performed with the same 1.5T MRI 

scanner using the same imaging parameters. This can be a barrier in longitudinal studies 

if different scanners are used resulting in varying imaging parameters (Reimer et al., 

2017). Therefore, replication of the current study and technique should be performed 

with other MRI scanners (such as a 3T scanner) to ensure that the results of this study 

can be generalized.  

This segmentation technique has the capacity to evaluate all serial MRIs throughout the 

disease timeline, including post-operative MRI scans with surgical resection cavities (Fig. 

14). This allows the volume of tumour tissue resected during surgery to be quantified. 
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This is vital information as the percent of tumour tissue surgically resected is a known 

factor in influencing survival outcomes (Lacroix et al., 2001). Moreover, having the 

ability to quantify tumour tissue in serial MRIs allows for individual patients' CE and GT 

volumes to be tracked longitudinally and thus monitor their disease progression and 

treatment effects quantitatively (Fig. 15, Tables 3 amd 4).  

This technique also has the ability to quantify non-enhancing T2 hyperintense tissue 

which includes peritumoral edema and non-enhancing solid tumour tissue. These non-

enhancing components have key roles in tumour growth and invasion, as well as 

neurological symptoms (Dallabona et al., 2017; Schoenegger et al., 2009; Leao et al., 

2020). It is now well known that neoplastic infiltration of cancer cells is present within 

peritumour edema, yet there is no standard for measuring T2 hyperintensity. Having a 

reliable technique for quantifying T2 hyperintensity is needed to assess the prognostic 

implications of non-enhancing tumour tissue.  

Lastly, when quantifying non-enhancing tumour tissue, there was significant higher GT 

volumes in IDH wild-type (99.7 cm3) than IDH-mutant (56.3 cm3) gliomas (Fig. 18). This is 

consistent with the literature that IDH wild-type gliomas typically carry a worse 

prognosis and evidence suggesting that extensive peritumoural edema may contribute 

to shorter survival times (Lacroix et al., 2001). It is also known that peritumoral edema is 

a common feature of high-grade gliomas such as GBM IDH wild-type (Schoenegger et 

al., 2009; Wick et al., 2013; Reifenberger et al., 2017). Interestingly, CE tumour volume 

was not significantly different between IDH mutational status when gliomas with 
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T2/FLAIR mismatch sign were excluded (Fig. 16). This is likely a result of low statistical 

power as 5/9 IDH-mutant gliomas exhibited T2/FLAIR mismatch and no-enhancing 

component.  

4.2 ADC map analysis 

DWI allows the non-invasive assessment of tumour cellularity as cellular structures 

impede water movement, resulting in areas of high and low cellular density throughout 

the tumour tissue (Kwee et al., 2010). ADC is the most common measure of diffusion 

restriction, with areas of high cellular density exhibiting low ADC values, such as solid 

tumour tissue, and areas of low cellular density exhibiting higher ADC values (Lee et al., 

2012). ADC measures have been studied extensively for brain tumour characterization 

and differentiation of PsP from recurrence (Kwee et al., 2010; Hygino et al., 2011; Van 

Dijken et al., 2017).  

Although several studies have found the mean ADC of GBMs to be within 0.363-0.820 

µm2/s (Kono et al., 2001; Darbar et al., 2018), in the present study GBM patients had a 

mean ADC of 1.245 ± 0.18 µm2/s for the CE tumour volume. This is likely due to the use 

of point ROIs to evaluate ADC values in prior studies, biasing toward areas of highly 

restricted tissue. My findings suggest that only a small portion of the CE tissue in glioma 

patients has ADC <0.8 µm2/s, and that applying multiple thresholds to the ADC map for 

both CE and GT volumes provides a more comprehensive assessment for the purpose of 

evaluating changes in cellularity over time.  
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Consistency in ADC studies has also been reduced by examining heterogeneous patient 

groups with different tumour grades. Optimal cut-off values to distinguish between PsP 

and recurrence may vary, depending on the molecular profile of the tumour. Since GBM 

IDH wild-type and GBM IDH-mutant are now regarded as different tumours, the latter 

now being classified as Astrocytoma IDH-mutant grade 4, it is important to ensure these 

tumours are evaluated separately as this has likely influenced ADC cut-off values within 

the literature (Louis et al., 2021; Reimer et al., 2017). This heterogeneity of included 

patients can also make direct comparison between studies extremely difficult. Although 

IDH-mutant gliomas had higher mean ADC values in the present study (1.31 and 1.39 

µm2/s for CE and GT volumes, respectively) than IDH-wildtype gliomas (1.23 and 1.37 

µm2/s for CE and GT volumes), this difference was not statistically significant. This may 

be due to the limited number of patients with IDH-mutations (n=9).  

Lastly, a limitation of many studies evaluating PsP vs progression is that both entities 

may exist simultaneously within the tumour tissue. Three cases were chosen to examine 

this phenomenon and how this may be reflected in ADC values (Figures 17-19).  

In the case of WWS02, an IDH wild-type, MGMT non-methylated GBM (Fig. 17), time 

points C and D were clinically determined to be PsP. We can see a large increase in the 

enhancing component with lower cellularity (ADC > 1.2 µm2/s), suggesting PsP at time 

point C and D, congruent with the diagnosis. However, when comparing time point D to 

C there was a large increase in volume of CE tissue with an ADC value < 1.2 µm2/s and 

<1 µm2/s suggesting that tumour cellularity is increasing and therefore tumour 

progression may be evident. This is also true for the GT volume at time point D, as the 
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percent of restricted tissue is increasing despite the stable visual appearance of T2 

hyperintense tissue.  

For the case of WWS08, an IDH wild-type, MGMT methylated GBM (Fig. 18), this patient 

was also diagnosed with PsP at time points C and D. This is supported by the large 

increase in CE volume with high ADC values (<4 and <1.5 µm2/s) and relatively stable 

volumes of restricted CE tissue (<1.2 and <1 µm2/s), suggesting that the CE volume on 

follow-up MRIs is largely non-restricted tissue. It is also important to note the large 

increase in GT volume with ADC values <1.2 and <1, which could indicate tumour 

progression specifically throughout the non-enhancing component of the tumour.  

Lastly, Fig.19 depicts the disease timeline of WWS32, an IDH-mutant MGMT methylated 

GBM diagnosed with tumour recurrence at time point E. This diagnosis is supported 

both visually and by the increase in CE and GT volumes of tumour tissue with ADC values 

<1.2 and <1 µm2/s. Although progression was diagnosed at time point E, by examining 

the ADC histograms we can detect increases in restricted CE and GT volumes (ADC <1.2 

and <1 µm2/s) at time point D compared to time point C. This case highlights a potential 

role for ADC measures in earlier detection of tumour recurrence.  

Statistical comparison of diffusion restricted tissue volumes at various ADC thresholds in 

patients with PsP versus progression is not possible at this time, due to the limited 

number of cases with an established clinical diagnosis, as diagnosis of PsP can only be 

confirmed retrospectively. Further analysis of ADC measures for serial MRIs should be 

performed with a larger cohort to determine the use of ADC in earlier detection of 



73 
 

tumour recurrence. The benefit of this segmentation protocol is that it is possible to 

apply the technique to existing clinical datasets of glioma patient MRIs and 

retrospectively assess ADC in known cases of progression and PsP.  

4.3  Correlation with RNA  

This study demonstrated significant positive correlations between RNA concentration 

and diffusion restricted tumour tissue within the CE and GT regions. Specifically, there 

were significant correlations between the volume of CE tissue with ADC values <1 

µm2/s, as well as the volume of GT tissue with ADC values <1.2 and <1 µm2/s (Figures 20 

and 21). Interestingly there was no significant correlation between RNA concentration 

and CE or GT tumour volumes, suggesting that RNA concentration is specifically 

associated with the volume of highly cellular tissue and not the total enhancing or non-

enhancing tumour volumes. The strongest correlation with RNA concentration (0.684) 

was the volume of tissue falling under the 1 µm2/s ADC threshold within the GT ROI. 

This novel finding highlights that the non-enhancing component of tumour tissue could 

play a key role in RNA output in GBM.  

In the study performed by Osti et al. (2019), it was found that tumour size, as measured 

on T1w images, did not affect EV output; however, extent of necrosis was negatively 

correlated with the degree of EV secretion. This finding is consistent with the 

assumption that viable tumour tissue releases EVs (Osti et al., 2019). Despite this 

finding, when controlling for level of necrosis by thresholding during the segmentation 

protocol, it was still found that CE tumour volume does not significantly influence RNA 
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concentration. By additionally controlling for regions of low cellular density within the 

CE region and the GT region by applying incremental ADC thresholds, the findings 

demonstrate that the amount of highly cellular tissue is correlated with RNA output. 

This captures the idea that two tumours of similar volumes may have different RNA 

concentrations depending on how cellular each tumour is.  

Although these initial findings are promising, it is important to note the small number of 

patients with available RNA concentrations. Further study using a larger sample size is 

needed to validate the relationship between tumour cellularity and EV and RNA 

secretion.   

Lastly, RNA concentration could be high when the tumour is extremely cellular or when 

the BBB is compromised, and it is likely that both factors influence EV output and 

therefore RNA concentration. If there is a highly cellular tumour with no access to blood 

vessels, RNA concentration might be low; similarly, if there is a tumour with high 

perfusion and low cellular density, RNA concentration might also be low. 

Differences in perfusion may account for some of the variability in the relationship 

between ADC and RNA, and controlling for perfusion may lead to a stronger correlation. 

Therefore, applying this segmentation protocol to perfusion maps of rCBV and rCBF is an 

important future direction in understanding the relationship between gliomas and EV 

secretion and subsequently RNA concentration. Similarly, applying this protocol to a 

larger cohort would allow variables such as MGMT methylation and IDH-mutation status 

to be controlled for, as these factors may also influence EV secretion.  



75 
 

4.4  EV Analysis  

Due to the Covid-19 pandemic, solutions required in the Vn96 capture of EVs were 

diverted to Covid-19 testing, limiting the capacity to isolate and quantify tumour-

derived EVs during this time. A total of 9 patients EV counts for pre-operative MRIs were 

available; however, quality assurance is still ongoing and the EV data generated to date 

are not ready for interpretation at this time.  

The RNA concentrations were determined to be reliable and therefore were used for 

further analysis in this thesis. As significant correlations were found between RNA 

concentration and ADC thresholded volumes, future comparison of EV counts should 

focus on the following measures: CE volumes with ADC values <1 µm2/s and GT volumes 

with ADC values <1.2 and <1 µm2/s throughout the disease timeline.   

This thesis proposes a reliable method for measuring brain tumour features that is 

representative of tumour burden. This segmentation protocol could be used to compare 

patient-derived EV and RNA profiles with changes seen on MRI and to determine if 

changes in EV and RNA concentrations precede or follow changes on imaging. 

Therefore, analyzing total RNA content and tumour specific EV concentrations from 

glioma patient plasma and correlating these longitudinally with the disease course is an 

important future direction. If these biomarkers correlate with disease state, using EV 

and RNA profiles could allow regular monitoring of disease progression and treatment 

effects that is patient specific and minimally invasive. Ultimately, the goal is to develop a 
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predictive model using both MRI and EV parameters that correlates strongly with 

tumour behaviour. 

4.5  Conclusion 

In summary, this study has developed a reliable protocol for quantifying tumour 

volumes on multiple MRI contrasts using readily available clinical software. This 

technique can be applied to all serial MRI examinations including post-operative scans 

with resection cavities in order to assess the volume resected during surgery. 

Furthermore, this technique overcomes limitations of traditional means for MRI 

assessment and quantification. My results from applying the segmentation technique to 

ADC parametric maps demonstrates its potential utility in evaluating diffusion 

restriction in the longitudinal assessment of tumour behaviour.  

For widespread use of this technique in clinical research it will be necessary to evaluate 

the accuracy of measurements by applying the technique to a realistically generated 

synthetic dataset of brain tumours with known volumes. Further research with a larger 

cohort of glioma patients is needed to validate the initial findings of this study and to 

ensure their generalizability.  

  



77 
 

APPENDIX A Proof of concept: ROI cloning for Perfusion Imaging Analysis 

In order to discern if the same protocol could be applied for perfusion imaging, the GT 

and CE tumour ROIs were created following the same steps within Brainstat AIF. The 

ROIs were then cloned to rCBF and rCBV maps (Fig. S1). Thresholding could be 

completed in a similar fashion as ADC thresholding and can be applied in either 

direction, depending on what the observer is examining (ie. Volume of tumour tissue 

that has high perfusion or low perfusion). rCBF and rCBV maps have dimensionless units.  

 

Figure 22. ROI cloning of enhancing and non-enhancing component of a GBM to 

Perfusion imaging.  

a) CE and CT ROI cloned to Perfusion image, rCBF and rCBV parametric maps. b) Example 

of thresholding using rCBF map, with high cut-offs of <5 and <3 used. c) rCBF map 

thresholded with a low cut-off of >5. 
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APPENDIX B Table 5. Patient Demographics and clinical data.  

M male, F female, Y yes, N no. Blank cells indicate no available information for the 

patient in the category.  

Patient Sex Age  Grade Pathology 
MGMT 

Methylated 

(Y/N) 

IDH 

Mutant 

(Y/N) 

ATRX 

Mutant 

(Y/N) 

1p19q co-

deletion 

(Y/N) 

TERT 

Promoter 

Mutant 
EGFR 

Amplification 
WWS01 F 73 IV GBM Y N     

WWS02 M 63 IV GBM N N     

WWS03 F 71 IV GBM Y N     

WWS04 M 47 III Oligo Y Y N Y Y N 
WWS05 F 67 IV GBM N N     

WWS06 M 56 IV GBM N N N N   

WWS07 F 61 IV GBM N N     

WWS08 F 38 IV GBM Y N N N Y Y 
WWS09 M 60 IV GBM N N     

WWS10 F 54 IV GBM N N N N Y Y 
WWS12 F 50 IV GBM Y N     

WWS13 F 36 II 
Diffuse 

Astrocytoma 
Y Y N N   

WWS14 M 31 II 
Diffuse 

Astrocytoma 
Y Y N N   

WWS15 M 37 II 
Diffuse 

Astrocytoma 
N Y Y    

WWS16 M 61 IV GBM N N     

WWS18 F 31 II 
Diffuse 

Astrocytoma 
Y Y Y N   

WWS20 M 72 IV GBM N N     

WWS21 M 68 IV GBM Y N     

WWS22 M 78 IV GBM N N     

WWS23 F 65 IV GBM Y N     

WWS25 M 78 IV GBM Y N     

WWS26 F 66 IV GBM N N     

WWS27 M 67 IV GBM  Y N     

WWS28 M 70 IV GBM Y N     

WWS29 F 60 III Oligo Y Y N Y   

WWS30 M 57 IV GBM Y N     

WWS31 M 75 IV GBM Y N     

WWS32 F 38 IV GBM Y Y Y N   

WWS33 M 64 IV GBM Y N     

WWS36 F 66 III NOS Y N N N N N 
WWS37 M 38 II 

Diffuse 

Astrocytoma 
Y Y Y N   

WWS38 M 60 IV GBM N N     

WWS39 M 37 IV GBM N Y     

WWS40 M 56 IV GBM Y N N N Y Y 
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